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RESUMO
O plasma frio é uma alternativa aos métodos tradicionais de conservagao térmica e se apresenta
como uma técnica promissora para preservar e reter parametros de qualidade. Sendo assim, o
objetivo deste estudo é avaliar o efeito de dois tipos de plasma frio (descarga de barreira
dielétrica e descarga luminescente) sobre os aspectos qualitativos de mac¢éd (cubo e suco) e
araca-boi (polpa). Foi avaliada a aplicacdo do plasma de descarga de barreira dielétrica (DBD)
com diferentes frequéncias: 50, 200, 400, 600, e 900 Hz por 15 min para a maca; e 10, 15 e 20
min para o aracéa-boi, com aplicacdo do plasma de descarga luminescente com fluxo de gas
entre 10 e 30 mL/min de 10 a 30 min. Os efeitos da aplicagdo do plasma na magé foram
avaliados na atividade enzimatica (polifenoloxidase-PPO e peroxidase-POD), compostos
fenolicos, capacidade antioxidante, colorimetria, concentracdo de aglcares e acidos organicos.
Para as polpas de araca-boi, as analises avaliadas foram: vitamina C, peréxido de hidrogénio e
perfil de compostos volateis. A aplicacdo dos dois tipos de plasma foi capaz de inativar
parcialmente as enzimas (PPO e POD) responsaveis pelo escurecimento, contribuiu para um
aumento dos fenolicos e da atividade antioxidante. O plasma DBD induziu um maior aumento
do conteudo fendlico do que o plasma de descarga luminescente. A frequéncia de excitacao de
50 Hz proporcionou um suco de ma¢d com o maior contetdo fendlico total e capacidade
antioxidante. As alteragdes nos parametros de cor ndo comprometeram a qualidade do produto.
A aplicacdo de plasma de descarga luminescente induziu a reducéo do teor de sacarose € 0
aumento da glicose, frutose e acido malico, diferente do plasma de barreira dielétrica, que
induziu a reducdo de agucar e 0 aumento do teor de acido malico. A tecnologia de plasma frio
hidrolisou a sacarose em glicose e frutose por clivagem na ligacao éter. O plasma DBD induziu
ainda mais o consumo de glicose e frutose, provavelmente através do mecanismo
fenilpropanoide. Com isso, a tecnologia de plasma frio poderia ser utilizada para modular as
caracteristicas sensoriais dos produtos de macd, alterando tanto a dogura como a relagao agucar-
acido. Para o araca-boi, a partir das condi¢cdes de processo estudadas, foi observado que o
plasma aumentou o teor de vitamina C, reduziu o teor de peroxido de hidrogénio e influenciou
na modificacdo dos compostos volateis. Portanto, o plasma frio pode ser utilizado como uma
técnica para preservacéo e retencdao dos parametros de qualidade de frutas estudadas, a partir

de condicGes de processo avaliadas para alcancar os objetivos especificos.

Palavras-chave: Qualidade nutricional; Descarga de barreira dielétrica; Plasma de descarga

luminescente.



ABSTRACT

Cold plasma is an alternative to traditional methods of thermal conservation and presents itself
as a promising technique to preserve and retain quality parameters. Thus, the objective of this
study is to evaluate the effect of two types of cold plasma (dielectric barrier discharge and glow
discharge) on the qualitative aspects of apple (cube and juice) and guava (pulp). The application
of dielectric barrier discharge (DBD) plasma at different frequencies: 50, 200, 400, 600, and
900 Hz for 15 min was evaluated for apple and 10, 15, and 20 min for guava, with the
application of glow discharge plasma with gas flow rate between 10 and 30 mL/min for 10 to
30 min. The effects of plasma application on apple were evaluated on enzyme activity
(polyphenoloxidase-PPO and peroxidase-POD), phenolic compounds, antioxidant capacity,
colorimetry, concentration of sugars and organic acids. For the araca-boi pulp the analyses
evaluated were: vitamin C, hydrogen peroxide and volatile compounds profile. The application
of the two types of plasma was able to partially inactivate the enzymes (PPO and POD)
responsible for browning, contributed to an increase in phenolics and antioxidant activity. The
DBD plasma induced a greater increase in phenolic content than the glow discharge plasma.
The 50 Hz excitation frequency provided apple juice with the highest total phenolic content and
antioxidant capacity. The changes in color parameters did not compromise the quality of the
product. The application of glow discharge plasma induced a decrease in sucrose content and
an increase in glucose, fructose and malic acid, unlike the dielectric barrier plasma which
induced a decrease in sugar and an increase in malic acid content. The cold plasma technology
hydrolyzed sucrose into glucose and fructose by cleavage at the ether bond. DBD plasma further
induced the consumption of glucose and fructose, most likely through the phenylpropanoid
mechanism. With this the cold plasma technology could be used to modulate the sensory
characteristics of apple products by altering both sweetness and sugar-acid ratio. For guava,
from process conditions studied it was observed that plasma increased the vitamin C content,
reduced the hydrogen peroxide content and influenced the modification of volatile compounds.
Therefore, cold plasma can be used as a technique for preservation and retention of quality
parameters of studied fruits, from process conditions evaluated to achieve the specific

objectives.

Key-words: Nutritional quality; Dielectric barrier discharge; Glow discharge.
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1 INTRODUCAO

As frutas sdo fontes de componentes essenciais a manutencao da vida, desempenhando
um importante papel na dieta do ser humano, com evidéncias de beneficios associados ao seu
consumo devido as suas propriedades (ABADIAS et al., 2008; BERGER et al., 2010). Por isso,
0 seu consumo € recomendado por organiza¢des como Organizacdo Mundial da Saude (OMS)
e a Organizagdo para Alimentacédo e Agricultura (FAO).

O Brasil esta entre os trés maiores produtores de frutas, e a maioria das suas producdes
é destinada ao mercado interno®. Dentre elas, a maga (Malus domestica) ganha destaque, pois
estd entre as dez frutas mais produzidas no pais e mais consumidas no mundo (ANDRADE,
2020; BUENO et al., 2021).

Assim, do volume total produzido da safra de maca, cerca de 20% a 25% sdo destinados
a producao de sucos. Desde entdo, a industrializacdo vem ganhando espaco para a producao de
diversos produtos a base de maca, o que esta relacionado a uma tendéncia em busca de uma
alimentacdo mais saudavel (KIST et al., 2019). As macds sdo fontes de fibra, compostos
bioativos como vitaminas e compostos fendlicos de diferentes classes que apresentam
propriedades antioxidantes e que s@o capazes de proteger o corpo humano dos radicais livres e
de algumas doencas (HYSON, 2011).

Nesse contexto, os consumidores estdo em busca de sucos de frutas com aparéncia mais
natural, sabor fresco e menos conservantes. Sendo assim, a manutencéo da qualidade do produto
é um desafio para a industria, sabendo que a cor e o sabor sdo indicadores importantes para o
suco de maca processado (Y1 et al., 2017), como também a relagdo aglicar-acido, que esta
associada, principalmente, ao sabor do suco (LOPEZ e al., 2007).

O Brasil também se destaca por possuir diversas variedades de frutas exoticas, dentre
elas o0 araca-boi (eugenia stipitata), que é um fruto da regido amazénica que apresenta
importantes compostos nutricionais e funcionais, ja que € rico em vitaminas, fibras,
antioxidantes (carotenoides, flavonoides e compostos fenolicos) e compostos volateis
(ARAUJO et al., 2019; NERI-NUMA et al., 2013).

Em relagdo as caracteristicas fisicas e sensoriais, o fruto é arredondado, cor amarelo-

claro e com polpa carnuda e suculenta, de aromas agradaveis, porém, com carater acido o que

! Disponivel em: http://www.fao.org/faostat/en/#data/QC. Acesso em: 19 julho. 2021.
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limita o consumo in natura (ARAUJO et al., 2019; NERI-NUMA et al., 2013), sendo, entAo,
considerado uma alternativa para a formulacdo de sucos, geleias, doces e sorvetes (NEVES et
al., 2015).

Para a conservacdo desses produtos alimenticios, reducdo de deterioracdo e
fornecimento continuo ao longo do ano, tecnologias de preservacdo sdo estudadas, uma das
mais utilizadas (principalmente para sucos) para inativar micro-organismos e enzimas é o
tratamento térmico (por meio de processos de pasteurizacao ou esterilizacdo) (MISRA et al.,
2014a). Porém, o uso do calor pode alterar alguns parametros de qualidade, como sabor, aroma,
cor e valor nutricional desses produtos, uma vez que possuem componentes termossensiveis,
como vitaminas e pigmentos (WANG et al., 2012; MISRA et al., 2014a).

Nos ultimos anos, algumas técnicas nao térmicas tém sido estudadas para substituir 0s
métodos convencionais de conservacdo que utilizam o calor. Dentre elas, tem-se o plasma frio,
que consiste em submeter a matriz alimentar a um gés ionizado composto por particulas (ions,
elétrons, fotons e radicais livres) produzidas a partir de uma descarga elétrica, que é responsavel
por iniciar inimeras reacGes quimicas de significativa importancia (RAMAZZINA et al.,
2015). E um tratamento realizado a baixas temperaturas, que evita os efeitos negativos do calor,
além de contribuir para a preservacao das caracteristicas sensoriais dos produtos (HERCEG et
al., 2016), processo de descontaminacdo de alimentos e seguranga microbiologica (MISRA et
al., 2014a).

Quando comparados aos metodos térmicos convencionais, 0 processamento com 0
plasma frio apresenta algumas vantagens, como: baixas temperaturas, processo operacional
com baixo custo, aplicacdo para uma grande variedade de produtos (ZIUZINA et al., 2013),
aumento da vida Util (SUROWSKY et al., 2015), inativacdo de enzimas e minimizacéo da perda
do valor nutritivo (MISRA et al., 2014b).

O plasma frio pode ser produzido sob condic6es de pressdo atmosférica ou vacuo, com
alguns tipos de configuracGes de equipamentos no que diz respeito & forma de geracdo de
energia. No processamento de plasma de descarga luminescente, um fluxo de gas é produzido
e distribuido em uma cadmara que pode lidar com um grande ndmero de amostras e com
condi¢des de baixas pressdes. Para o plasma com descarga de barreira dielétrica a pressao
atmosférica, diversas espécies reativas sdo geradas, que podem causar alteracBes na matriz
alimentar (ALVES FILHO et al., 2016; NIEMIRA, 2012).

Nesse sentido, os efeitos do processamento com o plasma frio podem ser
influenciados pelo tipo de equipamento, tempo de tratamento, gas de alimentacéo, fluxo de gas

e tensdes aplicadas (MIR et al., 2016). Portanto, estudos estdo sendo avaliados para verificar se
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0 impacto €é positivo ou negativo na qualidade dos produtos agricolas (KOVACEVIC et al.,
2016).

Diante do exposto, 0 objetivo deste estudo € avaliar o efeito de dois tipos de plasma frio
(descarga de barreira dielétrica e descarga luminescente) sobre os aspectos qualitativos
(atividade enzimética, capacidade antioxidante, compostos fenolicos, cor) da maca e identificar
seus principais compostos (agucares e acidos). Da mesma forma, avaliar os efeitos dos dois
tipos de plasma frio para a polpa do araca-boi na concentracdo de vitamina C, perdéxido de

hidrogénio e caracterizar o perfil de compostos organicos volateis.
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2 REVISAO BIBLIOGRAFICA

2.1 Meétodos de conservacao térmicos e nao térmicos

O tratamento térmico (UHT — Ultra high temperature e pasteurizacdo) ¢ um dos
métodos de conservacdo mais empregados em alimentos com a finalidade de inativar enzimas
enddgenas e micro-organismos patogénicos e deteriorantes que podem afetar a seguranca e a
qualidade do produto (AWUAH; RAMASWAMY; ECONOMIDES, 2007; CASSANI et al.,
2016; SUCUPIRA et al., 2017). Como também atuar no aumento da vida Util, principalmente
nos periodos de entressafra de frutas nas inddstrias de processamento de polpas e sucos
comerciais (MISRA et al., 2016).

Contudo, a aplicacdo de calor pode alterar as caracteristicas sensoriais (reducdo de
frescor, alteracdo na cor e no sabor) e causar perdas nutricionais desses produtos
(DEMIRDOVEN; BAYSAL, 2014). Portanto, para atender as necessidades dos consumidores
que estdo em busca de alimentos mais saudaveis e mais proximos ao natural, assim como
apresentar caracteristicas de bem-estar, prazer e praticidade, novas tecnologias vém ganhando
espaco a fim de preservar os atributos sensoriais e garantir a seguranca alimentar (DJEKIC et
al., 2018; JERMANN et al., 2015).

As tecnologias ndo térmicas surgem para substituir o processamento térmico com o
objetivo, também, de reter os compostos (antioxidantes, vitaminas, pigmentos e compostos
volateis), que podem sofrer danos pelo calor, reduzindo, com isso, a degradacdo e mantendo a
qualidade nutricional (PUTNIK et al., 2019). Além disso, essas novas tecnologias podem
alterar a qualidade sensorial (sabor, aroma, textura e cor) e nutricional de forma positiva devido
a reagdes quimicas que ocorrem, levando em consideracdo a matriz alimentar e as condic¢Ges de
processo (ALVES FILHO et al., 2016; FERNANDES et al., 2016; HERCEG et al., 2016).

Os processos nao térmicos em destaque sdo: alta pressao hidrostatica, campo elétrico,
0zonio, luz ultravioleta, ultrassom e plasma frio (FARKAS, 2016). Tais processos vém sendo
aplicados em diversas matrizes alimentares (frutas, hortalicas, cereais e seus derivados) e as
pesquisas investigam o efeito sobre as propriedades reoldgicas, sensoriais, nutricionais e
microbiologicas (DJEKIC et al., 2018; MEHTA et al., 2019). Portanto, essas tecnologias
emergentes tém o desafio de manter a qualidade dos produtos, ja que o processamento térmico
tradicional causa impactos negativos (DJEKIC et al., 2018).
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2.2 Plasma Frio

A tecnologia ndo térmica do plasma frio vem sendo estudada no processamento de
alimentos, ja que temperaturas baixas (aproximadamente 30 °C) ndo danificam os nutrientes. O
plasma frio é produzido em baixos niveis de pressdo e poténcia, sem um equilibrio
termodindmico da energia liberada entre as particulas constituintes (NIEMIRA, 2012).

Além disso, o plasma é definido como o quarto estado da matéria que exibe
comportamento diferente dos outros estados (sélido, liquido e gasoso) e é considerado como
um gas neutro, ionizado ou parcialmente ionizado. Sendo assim, campos elétricos e magnéticos
influenciam o gés, que passa a ser um condutor elétrico e causa uma descarga elétrica (EKEZIE
etal., 2017; NIEMIRA, 2012).

Em vista disso, 0 gas da origem a diversas particulas e moléculas: radicais de hidrogénio
e hidroxila, radicais livres, elétrons livres, ions positivos e negativos, fotons de UV, moléculas
excitadas (exemplos: Oz e N2) e nédo excitadas (exemplo: ozonio) (NIEMIRA; GUTSOL, 2011).
Essas particulas carregadas sofrem colisdes, assim interagem com 0s micro-organismos e com
o substrato alimentar (PANKAJ et al., 2013) levando a diversas rea¢des quimicas, dentre elas:
isomerizacao, cisdo, hidrogenacao, hidrdlise, dimerizacdo, oxidacdo, desamidacao, nitracao,
sulfoxidacao, desidrogenacdo e/ou hidroxilacdo de aminoacidos (TAKAI et al., 2014).

No ambito alimenticio, o plasma frio é considerado uma tecnologia emergente para
conservagdo e descontaminagdo, bem como em aplicagOes para inativar enzimas, modificar
embalagens de alimentos, remover toxinas e tratar aguas residuais (GANESAN et al., 2021;
PANKAJ et al., 2018).

O plasma frio, em particular, apresenta vantagens, como: eficiéncia na inativacao
microbiana; reducdo nas perdas de processamento; aumento da vida de prateleira de produtos
in natura e processados; maior seguranca quimica do alimento; retencdo e melhoria na
qualidade (propriedades fisico-quimicas, nutricionais, sensoriais e compostos bioativos) em
alguns produtos alimenticios; bem como beneficia a questao de sustentabilidade ambiental, por
ser uma tecnologia que ndo deixa residuos (GANESAN et al., 2021; KEENER; MISRA, 2016).

Porém, essas melhorias e modifica¢6es dependem de alguns fatores que influenciam as
reacOes na matriz alimentar, como: a forma de energia para a geracdo do plasma, o tipo de
equipamento e o processamento que envolve o tipo e o fluxo do gas, pressao, tensao, frequéncia
e tempo (OLIVEIRA et al., 2018; PANKAJ et al., 2018; PEREZ-ANDRES et al., 2018;
ZIUZINA et al., 2013).
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A eficécia do plasma vai ser determinada por outros fatores além das variaveis do
processo, que sdo 0s parametros intrinsecos da natureza da matriz do alimento (tipo, umidade,
pH) e a sua forma (solido ou liquido), ja que a interacdo com as espécies reativas ocorre de
formas diferentes e também a concentracdo dessas espécies formadas (EKEZIE et al., 2017;
MURANY 1, WUNDERLICH; HEISE, 2008).

O gerador de plasma opera a pressdo atmosférica (sem necessidade de camara para
manter a pressdo) ou a baixa pressdo. O gas usado para ser ionizado pode ser: ar sintético,
Nitrogénio, Hélio, Argbnio ou misturas de gases (NIEMIRA, 2012). Além disso, a descarga
de plasma é formada por alguns meios (tipos de energia que ionizam o gas): descarga de barreira
dielétrica (DBD), jatos de plasma, descargas de corona, descargas por micro-ondas, descarga
de brilho uniforme (luminescente) e descarga de radiofrequéncia (EKEZIE et al., 2017;
NIEMIRA, 2012).

A forma de geracdo do plasma DBD ocorre entre dois eletrodos que possuem diferenga
de potencial, os quais estdo separados por uma ou mais barreiras dielétricas (MISRA et al.,
2015; PANKAJ et al., 2013). Essas barreiras (podem ser materiais isolantes, como o plastico)
sdo fundamentais para limitar a corrente da descarga, evitando a transicdo do arco para o
ambiente, favorecendo, assim, a formacdo de um grande nimero de microdescargas para um
tratamento homogéneo (TENDERO et al., 2006).

Esse tipo de geracdo de plasma possibilita diferentes geometrias de eletrodos e uma
variedade de gases pode ser utilizada quando se compara com outras configuracdes. Para tanto,
alguns parametros importantes devem ser levados em consideragéo durante o0 processo, COmo:
0 gas utilizado, a operacdo elétrica da descarga e a distancia entre os eletrodos (EHLBECK et
al., 2011; MISRA et al., 2015).

Para o plasma de descarga luminescente a partir de radiofrequéncia a baixa pressao, uma
corrente de gas é produzida entre dois eletrodos e entregue em uma camara de vacuo onde se
encontram as amostras. E um tipo de equipamento que permite o controle das taxas de fluxo de
gés, a composi¢do do gas usado e o tempo de contato (NIEMIRA, 2012).

O fluxo de géas é fundamental, pois ele determina a velocidade que as espécies reativas
sdo levadas para o local de destino, sabendo que algumas dessas apresentam vida curta.
Portanto, o controle do fluxo, o tempo e a frequéncia podem melhorar a eficiéncia do processo
(NISHIME et al., 2017). O que também pode influenciar é o tipo de equipamento, ja que podem
haver variagdes para 0 comportamento e concentragdo das espécies reativas formadas. Por

exemplo: no plasma de descarga luminescente as taxas de colisdes entre os elétrons e outras
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moléculas presentes sao menores do que do plasma a pressao atmosférica (MISRA et al., 2011,
NIEMIRA, 2012).

Sendo assim, a pesquisa com o plasma frio na area de qualidade de alimentos vem sendo
estudada nos ultimos anos pelo grupo de pesquisa do laboratério NADP (Nucleo de analises e
desenvolvimentos de processos) da Engenharia Quimica na UFC, com responsabilidade do
professor Fabiano André Narciso Fernandes juntamente com outros parceiros. No qual diversos
estudos ja foram divulgados no meio cientifico em relacdo aos resultados inovadores desta

tecnologia e esta tese também contribui de forma relevante.

2.3 Efeito do plasma nos aspectos de qualidade de alimentos

Os impactos nos componentes e nas propriedades dos alimentos que afetam a qualidade
estdo sendo estudados para verificar se o plasma frio € uma alternativa promissora para

substituir os tratamentos térmicos.

2.3.1 Enzimas

A inativacdo de enzimas em produtos alimenticios pela aplicacdo do plasma frio tem
sido estudada, jA que a reducdo da atividade enzimatica pode evitar o escurecimento e
problemas no processamento e armazenamento desses produtos. As principais enzimas
enddgenas responsaveis pelo escurecimento sdo: PPO (polifenoloxidase) e POD (peroxidase)
(THIRUMDAS et al., 2015).

Com a aplicagdo do plasma com presenca de campos elétricos e geracao de espécies
reativas, ocorre uma interacdo com 0s aminodacidos, que impede as enzimas de atuarem em seus
substratos e/ou nas coenzimas de ligacdo, causando uma catalise devido as alteracBes de
conformacao em torno do centro ativo (RODACKA et al., 2016; THIRUMDAS; ANNAPURE,
2020).

A exposicéo das proteinas a esses radicais leva a diversas mudancas quimicas e fisicas:
clivagem e desdobramentos de algumas ligacGes, oxidacdo de grupos de cadeia lateral,
mudancas na conformacéo e hidrofobicidade (HEADLAM et al., 2006), induz modificacGes
nas cadeias laterais e leva a perda da estrutura secundaria das enzimas (perda da folha B e a —
hélice, devido ela possuir um forte momento dipolo) (LI et al., 2014; SEGAT et al., 2016;
SUROWSKY et al., 2013).
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Além disso, alguns fatores desempenham um papel importante na inativacéo
enzimatica: o tipo de enzima/proteina, tipo de plasma, gas, frequéncia, poténcia e outros
parametros de processamento. Como mostraram Surowsky et al. (2013), no estudo com o uso
de argonio combinado com diferentes concentragdes de oxigénio no plasma, que constataram
melhores efeitos de inativagdo enzimatica do que com apenas o oxigénio puro em diferentes
alimentos.

O tempo de processamento também foi significativo para Khani et al. (2017), que
observaram que o plasma causou inativacdo da peroxidase do tomate em mais de 90%; ja
para lllera et al. (2019), em anélise de sucos de macad, houve uma reducgdo significativa da
atividade da enzima PPO com o aumento do tempo de processo.

Outro alimento estudado também para avaliar o efeito do plasma com diferentes tensdes,
tempos e frequéncias foi a 4gua de coco verde. Constatou-se que a frequéncia foi o0 parametro
mais importante para reduzir a peroxidase, exceto em frequéncias mais altas (PORTO et al.,
2020). Comportamento similar ocorreu com o0 suco de camu-camu, no qual diferentes
frequéncias foram testadas e, na maioria, observou-se um aumento na inativacao das enzimas
PPO e POD, com excecdo para a maior frequéncia (960 Hz) que favoreceu a concentragéo de
enzima por liberagéo intracelular desta (DE CASTRO et al., 2020).

Embora a inativacdo enzimatica por plasma frio esteja sendo estudada e comprovada, é
fundamental entender o mecanismo de interacdo que ocorre para que se possa otimizar 0s

parametros de processamento (ATTRI et al., 2015).

2.3.2 Cor

A cor é um importante atributo dentre as preferéncias do consumidor, sendo assim
considerada como um parametro de controle de qualidade pela industria. Dessa forma, qualquer
alteracéo indesejavel durante o processamento pode comprometer a aceitabilidade por parte dos
consumidores (BARBA; ESTEVE; FRIGOLA, 2012). A formacio da cor e a sua aparéncia
notavel nos produtos alimenticios se deve a presenca de pigmentos que podem ser naturais ou
sintéticos e por meio de rea¢fes quimicas de origem enzimética ou ndo (PANKAJ et al., 2008).

Diversos estudos relataram os efeitos da aplicacdo do plasma frio na cor de vegetais.
Exemplo disso € o trabalho de Kovacevic¢ et al. (2016) com suco de roma, no qual observaram
que o fluxo de gas do plasma frio influenciou na mudanca de cor do suco (cor mais clara) e 0

aumento desse fluxo aumentou o teor de pigmento (antocianina), o que explica a mudanca de

24


https://www.sciencedirect.com/science/article/pii/S030881462101815X?casa_token=AR_1fmvHE0YAAAAA:rAi_14yf3UdqtcrI1f3yuiGbii16kzxlQlAQLnhwxduQEfTZ-RxoehxK_2lVVYwOkuUOgBuLZ8E#b0560
https://www.sciencedirect.com/science/article/pii/S030881462101815X?casa_token=AR_1fmvHE0YAAAAA:rAi_14yf3UdqtcrI1f3yuiGbii16kzxlQlAQLnhwxduQEfTZ-RxoehxK_2lVVYwOkuUOgBuLZ8E#b0560
https://www.sciencedirect.com/science/article/pii/S030881462101815X?casa_token=AR_1fmvHE0YAAAAA:rAi_14yf3UdqtcrI1f3yuiGbii16kzxlQlAQLnhwxduQEfTZ-RxoehxK_2lVVYwOkuUOgBuLZ8E#b0560
https://www.sciencedirect.com/science/article/pii/S030881462101815X?casa_token=AR_1fmvHE0YAAAAA:rAi_14yf3UdqtcrI1f3yuiGbii16kzxlQlAQLnhwxduQEfTZ-RxoehxK_2lVVYwOkuUOgBuLZ8E#b0275
https://www.sciencedirect.com/science/article/pii/S030881462101815X?casa_token=AR_1fmvHE0YAAAAA:rAi_14yf3UdqtcrI1f3yuiGbii16kzxlQlAQLnhwxduQEfTZ-RxoehxK_2lVVYwOkuUOgBuLZ8E#b0275
https://www.sciencedirect.com/science/article/pii/S030881462101815X?casa_token=AR_1fmvHE0YAAAAA:rAi_14yf3UdqtcrI1f3yuiGbii16kzxlQlAQLnhwxduQEfTZ-RxoehxK_2lVVYwOkuUOgBuLZ8E#b0275
https://www-sciencedirect.ez11.periodicos.capes.gov.br/science/article/pii/S092422442100340X?via%3Dihub#bib25
https://www-sciencedirect.ez11.periodicos.capes.gov.br/science/article/pii/S092422442100340X?via%3Dihub#bib25
https://www-sciencedirect.ez11.periodicos.capes.gov.br/science/article/pii/S092422442100340X?via%3Dihub#bib25
https://www-sciencedirect.ez11.periodicos.capes.gov.br/science/article/pii/S092422442100340X?via%3Dihub#bib47
https://www-sciencedirect.ez11.periodicos.capes.gov.br/science/article/pii/S092422442100340X?via%3Dihub#bib47
https://www-sciencedirect.ez11.periodicos.capes.gov.br/science/article/pii/S092422442100340X?via%3Dihub#bib47
https://www-sciencedirect.ez11.periodicos.capes.gov.br/science/article/pii/S092422442100340X?via%3Dihub#bib47
https://www-sciencedirect.ez11.periodicos.capes.gov.br/science/article/pii/S092422442100340X?via%3Dihub#bib5
https://www-sciencedirect.ez11.periodicos.capes.gov.br/science/article/pii/S092422442100340X?via%3Dihub#bib5
https://www-sciencedirect.ez11.periodicos.capes.gov.br/science/article/pii/S092422442100340X?via%3Dihub#bib5

cor.

Um outro fator que também pode influenciar é o tempo de processamento, como afirma
Pankaj et al.(2017), que trabalharam com suco de macé e mostraram que 0 maior tempo de
exposicao teve efeito mais significativo na mudanga de cor. Wang et al.(2020), também
trabalhando com aplicacdo de plasma em suco de maca, observaram cor mais clara e mais
amarela, e explicam que essa mudanca esta relacionada com as reacdes de oxidagdo e
isomerizacao de pigmentos.

Fernandes et al. (2019) observaram, em suco de acerola submetido ao tratamento com
o plasma, uma cor mais clara, resultado do aumento de carotenoides, no entanto, pardmetros de
matiz, luminosidade e croma ndo apresentaram mudancas significativas. Conforme o que
ocorreu no suco de tomate, apds a aplicacdo do plasma houve uma mudanca na cor, mas ndo
foi significativa, comportamento que pode ser explicado pela degradagdo de pigmentos
carotenoides (ALl et al., 2021).

De forma geral, o plasma frio € eficaz na manutencdo da cor de sucos e frutas. As
mudancas que ocorrem se devem a degradacédo de pigmentos, reacGes quimicas e enzimaticas,
bem como outros fatores relacionados a matriz alimentar, se € liquido ou s6lido, condicGes de
armazenamento e parametros de processamento do plasma (gés, poténcia, frequéncia e tempo)
(MISRA et al., 2016; PANKAJ et al., 2018).

2.3.3 Antioxidantes

Os antioxidantes atuam na qualidade dos alimentos, ja que sdo compostos que
combatem os radicais livres (responsaveis por infec¢des e doencgas) e previnem os vegetais de
oxidagbes. Alguns dos compostos antioxidantes sdo: vitamina C, vitamina E, compostos
fendlicos e carotenoides (PANKAJ; WAN; KEENER, 2018).

Para avaliar o potencial antioxidante, métodos sdo realizados, como: atividade de
eliminacdo de radicais: Acido 2,2-azino-bis (3-etilbenzotiazolina-6-sulfénico) (ABTS), 1,1-
difenil-2-picrilhidrazil (DPPH), poder antioxidante de reducao de ferro (FRAP) e capacidade
de absorcdo de radical de oxigénio (ORAC) (ALI et al., 2020; PANKAJ et al., 2017; WANG
etal., 2012).

Pesquisas para determinar a capacidade antioxidante nos alimentos tratados com o
plasma estdo sendo realizadas para verificar a vantagem dessa tecnologia. Assim, estudos

mostraram uma relacdo direta da concentragdo de antioxidantes e compostos fendlicos, como
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foi verificado no suco de laranja e suco de acerola submetidos ao tratamento com o plasma
(ALMEIDA et al., 2015; FERNANDES et al., 2019). Conforme a quantidade de fenolicos no
suco era reduzida, o potencial antioxidante também era. Essa diminuicdo da atividade
antioxidante pode ser devido a redugdo dos fendlicos por reacdo com espécies reativas de
oxigénio e perda da vitamina C (SRUTHI et al., 2021).

O contrario também pode ser relatado por Rodriguez et al. (2017) no suco de caju, com
um aumento de fendlicos e de antioxidantes quando exposic¢des por periodos menores ao plasma
foram utilizadas. Dessa forma, alguns fatores (tipo de alimento, fonte de geracdo do plasma,
modo e tempo de exposi¢do) tém que ser levados em consideragdo para que o tratamento com
o plasma seja eficaz em manter ou aumentar os antioxidantes (MISRA, 2016; PANKAJ; WAN;
KEENER, 2018).

2.3.4 Compostos fendlicos

Os compostos fendlicos sdo componentes encontrados em vegetais que atuam de forma
benéfica, sendo considerados compostos bioativos, com potencial antioxidante e associados a
saude devido ao seu efeito positivo no combate a doencas (PARR; BOLWELL, 2000). Dessa
forma, estudos mostraram que a ingestao de alimentos com esses componentes ajuda na reducéo
de céncer, diabetes e doengas cardiovasculares (BAZZANO et al., 2008). Eles atuam, também,
na protecdo dos alimentos contra os radicais livres e manutencdo da qualidade, além de
possuirem propriedades antioxidantes, anti-inflamatdrias e antimicrobianas (SRUTHI et al.,
2021).

Os fendlicos séo definidos como metabdlitos secundarios e consistem em um anel
aromatico com um ou mais grupos hidroxila, com estrutura variando de simples a polimeros de
alta massa molecular (GOMES-MAQUEO, 2018). Dentre os diversos tipos de compostos
fendlicos existentes, pesquisas com a macd apresentaram diferencas significativas conforme a
variedade da fruta e dos diferentes compostos presentes, como: flavonois (quercetina),
antocianinas, acidos fendlicos e flavan-3-ols (catequinas e procianidinas) (CEYMANN et al.,
2012; MINNOCCI et al., 2010).

Tecnologias inovadoras, como o plasma frio, estdo sendo estudadas para verificar o
efeito da sua aplicacdo no teor de compostos fenodlicos. Gomes-Maqueo et al. (2020) apontam
que essa tecnologia pode aumentar o contetdo dos fendlicos, promovendo a liberagdo dos
compostos ligados durante o processamento e induzir a sintese deles pela ativagdo da via

fenilpropanoide durante o armazenamento, como mostrado no estudo de Illera et al. (2019) com
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suco de macd (aumento de 69 e 64% dos compostos fendlicos apds 4 e 5 min de tratamento,
respectivamente).

Outros estudos também apresentam resultados benéficos a partir de um aumento na
concentracdo dos compostos fendlicos. De acordo com Rodriguez et al. (2017), em suco de
caju, constataram que os fenolicos aumentaram com a utilizacdo da menor taxa de fluxo de gas
do plasma. Do mesmo modo, no suco de mirtilo, Hou et al. (2019) observaram aumento desses
compostos com maiores tempos de tratamento e concentracdes de oxigénio. Sobretudo, o
aumento dos fendlicos podem ser devido as rupturas e despolimerizacéo na parede celular do
vegetal com a agdo do plasma, liberando-os para fora da célula vegetal (LANDBO; MEYER,
2001).

No entanto, estudos apontaram a reducdo dos fendlicos. Em suco de acerola e suco de
cereja, o conteldo desses compostos foram diminuidos conforme aumentava o tempo de
processamento com o plasma (GAROFULIC et al., 2014; FERNANDES et al., 2019). Do
mesmo modo, a exposic¢ao do plasma, de forma direta e indireta, em apenas algumas condic¢des
de processo, levaram a reducédo dos fenolicos em suco de laranja prebidtico (ALMEIDA et al.,
2015).

Dado o exposto, a degradacdo dos compostos fendlicos pode ser devido a reacdo com
as especies reativas de oxigénio e espécies ionicas geradas no plasma que levam a oxidagéo
(GAROFULIC et al., 2014; FERNANDES et al., 2019). Além disso, os fendlicos sdo sensiveis
ao ataque de ozénio formado em algumas condicdes pelo plasma e que podem degradar o anel
aromatico (PEREZ et al., 2002).

2.3.5 Vitamina C

O éacido ascorbico (conhecido como vitamina C) é considerado como ingrediente
funcional em alimentos, j& que apresenta atividade antioxidante, funcdo protetora contra
doencas coronarias, ajudando, assim, no combate aos radicais livres e algumas espécies reativas
de oxigénio e nitrogénio, além de ser um dos parametros fundamentais para definir a qualidade
nutricional na inddstria de sucos (WAGHMARE, 2021).

Apresenta caracteristicas como: solubilidade em agua, é termolabil e instavel em
algumas condicdes de processamento (SILVEIRA et al., 2019). Portanto, investigacdes se
concentram em verificar as modifica¢Ges na concentracédo de vitamina C induzidas pelo plasma

frio. Alguns estudos relataram que ndo houve a reducao do contetido do &cido ascorbico apos o
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tratamento com o plasma frio, como afirmam Ramazzina et al. (2015), trabalhando com kiwi;
Shi et al. (2011), analisando suco de laranja; Fernandes et al. (2019), estudando suco de
acerola; e Paixdo et al. (2019), com suco de seriguela.

Além disso, melhorias podem ainda ser observadas, como o ocorrido com o teor de
acido ascorbico de suco de caju tratado com plasma frio (descarga luminescente) em uma
condicao especifica (fluxo de N 2 de 10 mL/min durante 5 e 10 min), no qual a sua concentracao
foi superior & amostra-controle (RODRIGUEZ et al., 2017). Do mesmo modo, frutos de mirtilo
apresentaram maiores concentracdes de acido ascérbico quando submetidos ao plasma frio
(descarga de barreira dielétrica) (DONG; YANG, 2019).

O aumento da vitamina C pode estar relacionado a ativacao da enzima desidroascorbato
redutase. O &cido ascorbico sofre oxidacao e forma a molécula de acido desidroascorbico e esta
é naturalmente convertida de volta em &cido ascérbico devido & agdo da enzima
desidroascorbato redutase por meio do ciclo ascorbato-glutationa (NOCTOR; FOYER, 1998).

Uma das espécies reativas formadas pelo plasma frio € o 6xido nitrico (LIU et al., 2017).
Sabendo que esta molécula pode regular o ciclo ascorbato-glutationa e aumentar a atividade da
enzima (desidroascorbato redutase) (SUN et al., 2015), pode ocorrer, consequentemente, um
aumento na concentracdo de vitamina C, como explicado por Rodriguez et al. (2017), em
condicBes testadas com baixas taxas de fluxo de plasma, j& que a ocorréncia desse ciclo é maior
do que a decomposicao do acido ascérbico.

Contudo, em algumas condi¢fes de processamento, o conteudo de &cido ascorbico foi
reduzido a medida que houve o aumento do tempo de aplica¢do no plasma frio, como mostrado
no estudo de Xu et al. (2017) com suco de laranja e Hou et al. (2019) com suco de mirtilo. Do
mesmo modo, foi observada uma pequena reducdo da vitamina C em suco de tomate, mas ndo
sendo consideradas diferencas significativas em relacdo ao controle.

A reducdo no contetdo de acido ascérbico esta relacionada ao efeito oxidativo das
espécies formadas pelo plasma e sua radiacdo (WANG et al., 2012), bem como outros fatores
que podem influenciar: o tempo de processamento, o tipo de gas e o tipo de amostra (PANKAJ
et al., 2018). Portanto, pesquisas sdo necessarias para avaliar o impacto do plasma frio nos

componentes bioativos, como a vitamina C.

2.3.6 Agucares
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Os acucares sdo substancias fundamentais que influenciam na qualidade dos produtos
alimenticios (PANKAJ, 2018). Nesse sentido, trabalhos avaliaram a aplicacdo do plasma frio e
seu efeito nos agucares.

Rodriguez et al. (2017) mostraram que houve uma reducdo no teor de sacarose no suco
de caju quando aplicado o plasma de descarga luminescente a 10 mL/min de vazéo de plasma
de ar por 15 min, como também reducdo na frutose e glicose. Neste caso, independentemente
do gés, taxa de fluxo de plasma e tempo de tratamento.

A degradacdo da frutose e da glicose pode ocorrer seguindo um caminho semelhante
ao da ozonologia, em que o 0zonio forma radicais de oxigénio que reagem com compostos de
acidos formadores de frutose e glicose. Além disso, os radicais gerados pelo plasma podem
reagir com a frutose e a glicose, aumentando a reducdo desses dois agucares (WANG;
HOLLINGSWORTH; KASPER, 1999).

Em outro estudo com suco de laranja prebi6tico, também foi observado redugdo de
glicose e frutose ao aplicar o plasma frio e um aumento de sacarose ao longo do tempo de
tratamento, o que explica a degradacdo dos oligossacarideos devido ao alto grau de
polimerizacgéo, resultando na liberacéo do actcar simples (ALMEIDA et al., 2015). No entanto,
Alves Filho et al. (2016), estudando o uso de processamentos nao térmicos (plasma e 0z6nio)
em suco de laranja, verificaram que o tratamento com plasma frio aumentou a concentragéo de
frutose e sacarose em relacdo a amostra-controle e ao processamento com 0zonio.

Dessa maneira, 0 plasma pode gerar impacto na qualidade sensorial e nutricional dos
sucos de frutas, como foi mostrado por Farias et al. (2021), que, utilizando o plasma de descarga

luminescente, observaram o aumento do poder adogante em sucos de maca.

2.3.7 Sabor e aroma

O sabor esta relacionado a percepcdo de constituintes volateis ativos, que sdo formados
durante a mastigacdo, sendo, assim, a base da interpretacdo dos receptores da lingua. Durante
0 processamento de alimentos, diversas reacdes quimicas sdo formadas, as quais envolvem uma
gama de metabdlitos, e estes levam ao desenvolvimento de compostos volateis. Portanto, a
estabilidade e protecdo dos sabores sdo de grande importancia para a inddstria de alimentos no
desenvolvimento de produtos (SHIRANI et al., 2020).

Uma caracteristica importante para o sabor e aroma dos sucos de frutas e influéncia da
percepcao do doce € a proporcao agucar-acido (COLARIC et al., 2005; PETKOVSEK et al.,
2007), uma vez que os acidos sdo usados para regular essa percepcao de dogura dos agucares,
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reduzindo o sabor doce. As relagdes aclcar-acido mais baixas resultam em uma percepg¢ao mais
baixa da docura. Ainda assim, proporcdes de acgucar-acido muito baixas (<20 para macas)
aumentam a acidez do produto e o sabor azedo (PETKOVSEK et al., 2007).

Dependendo da composicao dos alimentos e das condi¢6es de aplicagcéo do plasma frio,
pode haver mudancas consideraveis no sabor. Em vista disso, € fundamental identificar as
espécies quimicas que podem influenciar na percepcdo do sabor e evitar, assim, impactos
negativos do tratamento (SHIRANI et al., 2020).

Nesse sentido, Campelo et al. (2020) constataram que o plasma frio interagiu com
moléculas de odor da polpa do camu-camu, causando mudangas perceptiveis no aroma e
induzindo vérias reacdes quimicas (hidrogenacdo, abertura e fechamento de anel, hidrolise e
rearranjo de moléculas). Desse modo, o uso do plasma frio pode possibilitar a modificacéo de

sabor e aroma, bem como a melhoria da qualidade sensorial de alimentos.

3 MATERIAIS E METODOS

3.1 Materiais

Macas frescas (Malus domestica) da variedade gala foram adquiridas em supermercados
(Fortaleza, CE), higienizadas e cortadas em cubos (0,8 x 0,8 x 0,8 cm). As macas foram
selecionadas por tamanho e variedade. Para a preparacdo do suco, no liquidificador a fruta foi
diluida com agua (razdo 1:1 v/v), em seguida, as amostras (fruta e suco) foram tratadas com o
plasma frio e, posteriormente, mantidas a -18 °C até serem analisadas.

Os frutos do araca-boi (Eugenia stipitata) apresentados na Figura 1 foram adquiridos no
mercado local de Manaus (AM) e a obtencdo da polpa de araca-boi foi realizada no Laboratério
NADP, na Universidade Federal do Ceara (UFC). Para a preparacao do suco, no liquidificador,
a polpa foi diluida com agua (razdo 1:1 v/v), em seguida, o suco foi submetido ao
processamento com o plasma frio.

Foram trés experimentos e para cada analise realizada, triplicatas eram obtidas. Além

das amostras para 0 processamento, para cada experimento a amostra controle era separada.

Figura 1 — Fruto (araca-boi)
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GUSTAVO GIACON

Fonte: Viveiro Ciprest — Plantas Nativas e Exoticas?.

3.2 Processamento com o plasma frio

3.2.1 Plasma de descarga de barreira dielétrica

Os tratamentos de plasma de descarga de barreira dielétrica (Figura 2a) foram realizados
usando um sistema gerador de plasma de bancada (Inergiae modelo Pulse). O plasma foi gerado
em um espaco (1,5 cm) entre dois eletrodos de aluminio de 8 cm, usando duas placas de acrilico
de 5 mm como barreiras dielétricas. Os experimentos com suco de macgé foram realizados
aplicando cinco frequéncias diferentes: 50, 200, 400, 600 e 900 Hz. O plasma foi usado por 15
min nessas frequéncias (FARIAS et al., 2020) e 10, 15 e 20 min para o ara¢a-boi. O plasma foi
gerado aplicando uma tensdo de 20 kV entre os eletrodos. Placas de Petri acrilicas contendo
20 mL de suco de maca (ou suco de ara¢a-boi) ou 20 g de cubos de maca foram colocadas no
espaco entre os eletrodos e submetidas ao tratamento com plasma. As amostras de referéncia
foram armazenadas sem serem tratadas pela tecnologia de plasma. Todos os ensaios foram

realizados em triplicata.

Figura 2 — Esquema do plasma de barreira dielétrica (a) e plasma de descarga luminescente

(b)

2 Disponivel em: https://ciprest.blogspot.com/2016/11/araca-boi-ou-fruta-iogurte-eugenia.html. Acesso em: 10
fev. 2022.
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Fonte: elaborada pela autora.

3.2.2 Plasma de descarga luminescente

Os tratamentos com plasma de descarga luminescente (Figura 2 b) foram realizados
usando um sistema de plasma de bancada PE-50 (Plasma Etch, EUA). O plasma foi gerado em
ar sintético (grau FID 4.0, pureza 99,95%, White Martins, Brasil). Uma fonte de frequéncia de
radio de 50 kHz foi usada para excitar os ions e criar plasma aplicando 80 kV através dos
eletrodos. O ar que passava pelo eletrodo era alimentado em uma cadmara de processamento (19
X 22 x 9 cm) que continha as amostras. Uma bomba de véacuo (Krytox 5CFM-2- Stage, EUA)
foi usada para manter a cdmara de processamento em 0,3 bar.

Os experimentos foram realizados em trés diferentes taxas de fluxo de plasma de ar (10,
20 e 30 mL/min) e em trés tempos de processamento (10, 20 e 30 min). A faixa operacional
para taxa de fluxo de plasma e tempo de processamento foi baseada em estudos anteriores de
NOSSO grupo que mostraram que essas faixas sao mais significativas para induzir mudangas em
sucos de frutas (ALVES FILHO et al., 2018; 2019; RODRIGUEZ et al., 2017).

Para cada experimento, trés tubos de polipropileno, com 40 mL de suco de macé ou
suco de araca-boi, foram colocados na cdmara de tratamento e submetidos ao tratamento com
plasma de descarga luminescente. Uma amostra de referéncia foi armazenada sem ser tratada

pela tecnologia de plasma. Todos os ensaios foram realizados em triplicata.

3.3 Analises bioquimicas, quimicas e fisicas

3.3.1 Atividade enzimatica (polifenoloxidase)

Para a realizacdo dessa anélise, foram pesados 2 g da fruta ou 2 g de suco da mesma,
adicionou-se 10 mL de tampdo fosfato pH 7.0 com PVP (polivinilpirrolidona) para ser

homogeneizado em Ultra-Turrax (Synth IKA T25) e depois centrifugado em centrifuga
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refrigerada (10.000 rpm/4 °C/20 min SIGMA), em seguida, ficou mantido em geladeira 4 °C
por 30 min. Para cada leitura, adicionou-se 0,3 mL de amostra e 1,85 mL de tampé&o fosfato
(0,20M) pH 6,0 com catecol e agitou-se, rapidamente, para transferir para cubeta. A absorbancia
de 395 nm foi lida em espectrofotometro (Evolution 201) a cada min por 10 min, conforme
Wissemann e Lee (1980), adaptada por Fernandes (2012). Os resultados foram expressos em

unidade de atividade enzimatica (UAE/min/g de fruta).

3.3.2 Atividade enzimatica (peroxidase)

Nessa anélise, foram pesados 2 g da fruta ou 2 g de suco da mesma, adicionou-se 10 mL
de tampao fosfato (0,05M) pH 7.0 com PVP (polivinilpirrolidona) para ser homogeneizado em
Ultra-Turrax (Synth IKA T25) e depois centrifugado em centrifuga refrigerada (10.000 rpm/4
°C/20 min SIGMA). Em seguida, ficou mantido em geladeira 4°C por 30 min. Para cada leitura,
adicionou-se 0,6 mL de amostra, 1 mL de tampé&o fosfato pH 5,0 com guaiacol e 0,1 mL de
H202 0,3%, agitou-se, rapidamente, e foi transferido para a cubeta. A absorbancia de 470 nm
foi lida em espectrofotometro (Evolution 201) a cada min por 10 min, conforme Matsuno e
Uritani (1972), adaptada por Fernandes (2012). Os resultados foram expressos em UAE/min/g

de fruta.

3.3.3 Compostos fendlicos

Foram pesados 3 g da fruta ou suco para a realizacdo dessa andlise, em seguida,
adicionou-se 10 mL de etanol 96% e foi homogeneizado em Ultra-Turrax (Synth IKA T25 por
2 min), filtrou-se a amostra para transferir para o tubo de ensaio. Para cada leitura, adicionou-
se 0,1 mL de extrato, 0,2 mL de solucdo Folin e 0,2 mL de &dgua. Esperou-se por 3 min para
reacdo e adicionou-se 1 mL de carbonato de sodio, foi agitado rapidamente e transferido para
cubeta. A absorbancia de 765 nm foi lida em espectrofotdmetro (Evolution 201). A quantidade
de fendlicos totais foi expressa em miligramas de &cido galico/L a partir de uma curva de
calibracdo com solucdo de acido galico (armazenado sob refrigeracéo, conforme a metodologia

de Folin e Ciocalteau (1927), com adaptagdes de Fernandes (2012).

3.3.4 Capacidade antioxidante
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A determinacéo da capacidade antioxidante pelo método DPPH foi realizada de acordo
com o método descrito por Brand-Williams et al. (1995), com modificacdes. Uma amostra de
5 mL de suco de maca foi adicionada a 10 mL de metanol e homogeneizada em Ultra-Turrax
(IKA modelo T25 Digital) a 13000 rpm por 2 min. O extrato foi centrifugado (modelo Sigma
2-16 KL) a 5000 rpm por 5 min, e o sobrenadante foi transferido para tubo de ensaio e mantido
em banho de gelo. A soluc¢éo de trabalho foi preparada com 0,024 g de DPPH diluido em 100
mL de metanol. O decréscimo na absorbancia foi medido a 515 nm contra um branco (metanol)
a cada 1 minuto durante 10 min. Os resultados foram calculados com base na curva de
calibracdo padrdo (R? = 0,982) preparada com 6 concentracgdes diferentes de trolox (0,1 - 0,6
mg/g em metanol) e foram apresentados como mg de equivalente de trolox por g ou mL da

amostra.

3.3.5 Colorimetria

A anélise colorimétrica das amostras da maca em cubos e do suco foi determinada com
0 equipamento colorimetro (konica minolta). Foram realizadas duas leituras de cada amostra
antes e apos a aplicagdo do plasma. O L* indica a luminosidade, 0 “eixo a” representa uma
escala do verde (- a) ao vermelho (+ a) e 0 “eixo b” uma escala do azul (- b) ao amarelo (+ b).
Foram determinas os parametros de AL, Aa e Ab. Os valores de delta (AE) foram determinados
para indicar se houve alteragdo de cor, a partir da diferenga entre as amostras tratadas com o
plasma e a amostra ndo tratada, levando em consideracdo os parametros L, a e b. Todas as
analises foram realizadas cinco vezes (ASSOCIACAO BRASILEIRA DE NORMAS
TECNICAS, 1992; OLIVEIRA et al., 2003).

3.3.6 Perdxido de hidrogénio

Nesse experimento, pesou-se 1g da fruta ou suco, adicionou-se 6 mL de agua destilada
para homogeneizar em Ultra-Turrax (Synth IKA T25). Em seguida, foi centrifugado (5 min) e
transferido para tubo de ensaio, agitou-se. Para a leitura, foi adicionado 0,5 mL da amostrae 1
mL de iodeto de potassio (1,0 M), e lida em espectrofotdometro (Evolution 201) em 390 nm,
seguindo metodologia de Ovenston e Rees (1950), com modificacdes de Fernandes (2012). Os
valores foram expressos em pmol/L a partir de uma curva de calibragdo com 5 pontos (minimo
100 pmol/L e méximo 500 pumol/L), elaborada com solucéo de perdxido de hidrogénio (100

umol/L) e solucéo de iodeto de potassio.
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3.3.7 Vitamina C

Para esse experimento foi pesado 1 g da fruta ou 1 mL do suco, adicionou-se 10 mL de
oxalato de sodio (NaC204) (concentracdo 0,0056 mol/dm® e foi homogeneizado em Ultra-
Turrax (Synth IKA T25). Em seguida, filtrou-se, retirou-se 1 mL do filtrado e adicionou-se 9
mL de oxalato de sodio. A amostra foi agitada para leitura em espectrofotébmetro (Evolution
201) em 266 nm, para o branco, a solucdo usada foi oxalato de sodio. Os valores foram
expressos em mg acido ascérbico/ mL a partir de uma curva de calibragdo de 5 pontos preparada
com solucéo padrdo de acido ascoérbico (FERNANDES et al., 2015). Essa analise foi baseada

na metodologia proposta por Selimovi¢ e Salki¢ (2011), adaptada por Fernandes (2012).

3.3.8 Perfil de compostos organicos volateis por cromatografia gasosa

O procedimento foi realizado de acordo com metodologia do grupo de pesquisa de
Godoy Alves Filho et al. (2017). Uma aliquota de 5,0 mL de polpa de araca-boi foi adicionada
a um frasco de 20 mL e equilibrado a 60 °C durante 10 min, com agitagao constante a 500 rpm.
Utilizou-se um sistema automatizado de coleta por Headspace (HS). A temperatura foi mantida
em 60 °C ao longo da extracdo dos compostos volateis com agitacao.

Apos a extracdo, 5 mL foram injetados no cromatdgrafo gasoso, com injetor mantido a
230 °C durante 3 min para recondicionamento da fibra. Amostras foram analisados em um
cromatdgrafo gasoso acoplado a espectrometria de massas (GC-EM), Termo Scientific, modelo
ISQ e Trace CG Ultra MS, modelo ISQ conectado a um detector de ion trap operando no modo
El a 70 eV e 200 °C com uma faixa de varredura de massa de 40 a 400 m/z a uma taxa de
amostragem de 3,0 ps. O gas de arraste foi o hélio a 1,0 mL/min. O injetor e a interface com
temperaturas de 250 °C no modo Splitless.

A rampa de temperatura era: 40 °C por 2 min, aumentado para 200 °C a 5 °C-min ~ 1.
A temperatura era mantida a 200 °C por 5 min e depois aumentada para 260 °C a 30 °C-min ~
1 A temperatura final (260 ° C) foi mantida durante 5 min. As separacdes cromatograficas
foram realizadas usando coluna 5% fenil-metil filme de 30 m x 0,25 mm ID x 0,25 um. Os
espectros de massa foram comparados com a biblioteca de espectros de massa NIST e com
aqueles disponiveis na literatura (FRANCO; SHIBAMOTO, 2000; PINO; QUIJANO, 2008).

35



3.3.9 Determinacdo de acgUcares e acidos por espectroscopia de ressonancia magnética
nuclear (RMN)

Amostras de suco de maca e amostras de cubos de maca liquefeitas no Ultraturrax foram
centrifugadas por 3 min a 6.000 rpm antes dos experimentos de RMN de *H. Uma aliquota de
165 puL das amostras de maca foi misturada com 400 uL. de D20 (99,9%) e 35 pL de uma
solucdo contendo 14 mM de EDTA e 1% de sodio-3-trimetilsilil propionato (TMSP-da),
atingindo um volume total de 600 pL. A solu¢do final foi inserida em um tubo de RMN de 5
mm.

Os experimentos de RMN de 'H foram realizados em um espectrometro Agilent 600
MHz equipado com um One Probe™ de deteccdo inversa de 5 mm (*H-F / *N-31P) com um
gradiente Z ativamente protegido. As aquisicdes de RMN de 'H foram realizadas sob
parametros quantitativos: 5 min de espera antes de iniciar a aquisicdo para estabilizar a
temperatura da amostra com a sonda fixada em 298 K; pulso calibrado para 90° (8,20 us de
duracéo); tempo de aquisi¢cdo de 5,0 s e tempo entre as aquisi¢fes de 22,0 s alcancados pela
sequéncia de pulsos de inversdo e recuperagdo considerando 7T1 (99,9% de precisdo da
relaxagdo dos nticleos de *H), e valor de ganho de receptor fixo em 40 para todas as aquisicoes
para receber o0s sinais na mesma amplitude.

Os espectros de RMN de *H foram adquiridos com 16 varreduras usando a sequéncia
de pulso PRESAT para supressao de agua ndo deuterada a 4,76 ppm, uma janela espectral de
16,0 ppm com numero de ponto de 32k. O TMSP-ds foi usado como um padrdo interno
(simpleto em 0,0 ppm). Os espectros foram processados aplicando multiplicacdo exponencial
do FID por um fator de 0,3 Hz e transformacéo de Fourier de 16k pontos. A correcdo de fase
foi realizada manualmente e a correcdo da linha de base foi aplicada em toda a faixa espectral.

A identificacdo dos constituintes nas amostras de maca antes e ap6s 0 processamento
foi realizada por meio de experimentos de RMN 2D, como H-'H gCOSY, H-3C gHSQC e
1H-13C gHMBC. Os resultados foram comparados com os dados existentes em bancos de
dados de acesso aberto® (BELTON et al., 1997; 1998).

3.3.10 Anélise quantitativa de agUcares e acidos organicos por RMNq de *H

Os compostos destacados pela analise estatistica multivariada com sinais nao

sobrepostos foram quantificados. Sacarose, a-glicose, B-glicose, frutose, acido malico, acido

3 Disponivel em: www.hmdb.ca. Acesso em: 10 fev. 2022.
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acético, alanina e acido latico foram quantificados pelo método de referéncia externa (ALVES
FILHO et al., 2016; 2018). Uma solucdo padrdo de sacarose (5,0 mg / L) foi previamente
utilizada para calibrar o equipamento. A sonda foi atualizada com todos os parametros
necessarios para determinar as concentragdes em amostras desconhecidas. A incerteza
combinada dos resultados foi estimada com base nos erros analiticos e nos desvios-padrao das
trés repeticGes de amostragem.

Os resultados quantitativos foram avaliados por analise de fator Unico de variancia
(ANOVA) sob um nivel de significancia de 0,05 para certificar as variagGes estatisticamente
significativas entre as concentrac@es do composto. A comparacdo de médias utilizando o teste

de Tukey e Levene para testar a homogeneidade da variancia.

3.3.11 Poder adogante

O poder adocante das amostras foi determinado com base no poder adogante da sacarose
(100), frutose (170) e glicose (74) (HOBBS, 2009; TIEFENBACHER, 2017). O poder adogante
da frutose varia entre 100 e 170, dependendo do pH do meio, temperatura, concentragdo e
efeitos sinérgicos. Neste trabalho, o valor de 170 foi aplicado devido ao efeito sinérgico entre
a sacarose e a frutose, e a presenca dos acidos malico e citrico (CURTIS et al., 1984;

MCBRIDE, 1986). O poder adogante das amostras foi calculado de acordo com a Equacéo 1.

5

sample

= QGSG + Cfsf + Csss

(1) Onde C é a concentracdo do composto i (g/L), S é o poder adogante do composto i

(adimensional) e os subscritos g, f e s referem-se, respectivamente, a glicose, frutose e sacarose.

3.3.12 Analise estatistica

3.3.12.1 Andlise estatistica multivariada dos dados adquiridos por RMN de H

Uma anélise multivariada ndo supervisionada por Anlise de Componentes Principais
(PCA) foi desenvolvida para investigar a influéncia de diferentes processos ndo térmicos na
composi¢do da amostra de macé. Para construgcdo da matriz numerica, cada espectro de RMN
de H foi convertido para American Standard Code for Information Interchange (ASCII),

importado pelo programa Origin ™ 9.4. A area afetada pela supressdo de d4gua nao deuterada,
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de acordo com o perfil de saturagdo do solvente ndo deuterado (entre & 4,66 a 5,00), foi excluida
do conjunto de dados. A matriz numérica resultante apresentou dimensionalidade de 280.665
pontos, composta por 63 amostras de suco x 4.455 variaveis em cada espectro entre 6 0,8 € 5,5.
Essa matriz foi posteriormente importada pelo programa PLS Toolbox ™ (versao 8.6.2,
Eigenvector Research Incorporated, Manson, WA EUA) para analise estatistica multivariada.
Anteriormente a avaliacdo PCA, algoritmos para corre¢do de linha de base, alinhamento
de variaveis usando COW (Correlation Optimized Warping) e normalizacdo pela area total
foram aplicados nos espectros de RMN de H (variaveis) e foram aplicados antes da
decomposi¢do da matriz (ALVES FILHO et al., 2016; 2018). O pré-tratamento de centralizagdo
dos dados em torno da média proporcionou melhores diferencas entre as amostras de maca, nao
permitindo que ruidos e pequenos sinais ndo identificados afetassem negativamente a
distribuicdo da amostra. O algoritmo Singular Value Decomposition (SVD) foi aplicado para
decomposi¢do da matriz original em escores e pesos sob um nivel de confianga de 95%.

3.3.12.2 Andlise de variancia

Os dados obtidos de cada condicdo operacional foram submetidos a analise de variancia
(ANOVA), teste de Tukey ao nivel de 95% de confianga, utilizando o programa estatistico
STATISTICA (Statsoft) versdo 10. As analises bioquimicas, quimicas e fisicas foram realizadas

em triplicata, sendo calculadas a média e o desvio padrdo de cada uma delas.

3.3.12.3 Mapa de calor (heat map)

Para verificar os efeitos do plasma frio no perfil dos compostos organicos volateis do
araca-boi, um mapa de calor (heat map) foi desenvolvido para apresentar por meio de
intensidade de cores a concentracdo dos compostos em cada tratamento realizado. Esse mapa é
um agrupamento representado por cores, no qual a maior intensidade de cor indica maior

concentracdo do composto.
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4 EFFECT OF DIELECTRIC BARRIER DISCHARGE PLASMA EXCITATION
FREQUENCY ON THE ENZYMATIC ACTIVITY, ANTIOXIDANT CAPACITY AND
PHENOLIC CONTENT OF APPLE CUBES AND APPLE JUICE

Esta secdo contém o resumo, uma breve introducdo, os resultados, a discussdo, a
conclusédo e as referéncias do artigo que foi publicado na revista cientifica Food Research

Internacional.

Abstract

Cold plasma is a potential alternative to traditional thermal conservation methods because of
its high efficiency in the preservation and retention of quality parameters. The objective of this
study was to evaluate the application of atmospheric cold plasma on some qualitative aspects
of apple cubes and apple juice. The research used dielectric barrier discharge plasma and
studied different excitation frequencies of plasma: 50, 200, 400, 600, and 900 Hz. The effects
of plasma application were evaluated on enzymatic activity (PPO and POD), total phenolic
compounds, antioxidant capacity, and colorimetry. Plasma treatment partially inactivated the
polyphenol oxidase enzyme in apples cubes and juice. Inactivation of peroxidase occurred only
in apple juice. Total phenolic content and antioxidant capacity presented no significant
difference between the treated and control samples of apple cubes, while significant changes
were observed in apple juice. The changes in color parameters were slight and did not
compromise the product quality. Plasma application was able to partially inactivate the enzymes
responsible for browning while maintaining the quality and sensory properties of apple cubes

and juice.

1. INTRODUCTION

Apples have high amounts of phenolic compounds (2.9 to 4.9 mg/g), and its
browning enzymes are highly active (KALINOWSKA et al., 2014). Upon processing, apple
products tend to darken very quickly, and thermal processes are usually applied to reduce color
change by inactivating the browning enzymes (ANTHON AND BARRETT, 2002; MISRA et
al., 2014). Thermal processes, however, decrease the contents of vitamins, phenolic
compounds, and other bioactive compounds related to flavor (WANG et al., 2012).

Non-thermal processes, such as cold plasma, may be an alternative to inactivate

browning enzymes without compromising much the quality attributes of apple products
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(ALVES FILHO et al., 2018; HERCEG et al., 2016; MISRA et al., 2014; WANG et al., 2012).
Cold plasma processes consist of subjecting samples to ionized gases produced from electrical,
microwave, or radio-frequency discharges. Although cold plasma may inactivate browning
enzymes, plasma species (ions, electrons, free radicals, 0zone, photons, and other species) may
induce positive or negative chemical changes in the samples (ALVES FILHO et al., 2019, 2016;
RAMAZZINA et al., 2015), which need to be evaluated.

Dielectric barrier discharge plasma became one of the most used plasma systems in
academic research and is currently being tested in industrial applications. Although most
systems apply an excitation frequency of 50 or 60 Hz, it is possible to apply higher excitation
frequencies obtaining different responses and effects (CASTRO et al., 2020). The available
information on the effects of the excitation frequency is scarce and similar study has been
conducted only for the exotic camu-camu pulp (CASTRO et al., 2020). No information is
available on the effects of excitation frequency on the more commercial apple juice, and no
information is available regarding whether the effects are more pronounced in fruit flesh or fruit
juices.

This study reports the inactivation of browning enzymes (polyphenol oxidase and
peroxidase) by dielectric barrier discharge plasma applying excitation frequencies between 50
and 900 Hz. This study evaluated the effects of plasma application on enzyme inactivation, and
some quality attributes that are directly influenced by enzyme inactivation: total phenolic
content, antioxidant capacity, and color. Two different matrices were studied (apple cubes and
apple juice) to evaluate how tissue structure affects the desired plasma effects.

2. RESULTS AND DISCUSSION
2.1. Enzyme inactivation

Table 1 presents the polyphenol oxidase and peroxidase activities on apple cubes and
apple juice subjected to different plasma excitation frequencies. PPO was partially inactivated
in the juice at all plasma excitation frequencies, and in apple cubes at excitation frequencies
between 50 and 200 Hz. POD activity in apple cubes increased, while it decreased in the juice

except for the assay carried out at 600 Hz, where no statistical difference (p < 0.05) was noticed.

Table 1 - PPO and POD activity for the untreated and plasma-treated apple cubes and apple

juice.
Treatment PPO activity POD activity
Apple cubes (UAE/min.g) (UAE/min.g)
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Untreated 0.013+0.0012 0.014 +0.005 *
50 Hz 0.013+0.001 2 0.064 +0.013°
200 Hz 0.007 +0.001 ° 0.099 +0.020 ©
400 Hz 0.016 £ 0.001 ¢ 0.106 + 0.029
600 Hz 0.019 +0.001 ¢ 0.095 +0.022 b¢
900 Hz 0.017 +0.001 0.136 +0.015 ¢
Apple juice (UAE/min.mL) (UAE/min.mL)
Untreated 0.006 + 0.001 2 0.063 + 0.006 *
50 Hz 0.003+£0.001° 0.030 +0.014 "
200 Hz 0.005 £ 0.001 2 0.036 + 0.002 b¢
400 Hz 0.004 +0.001 2 0.031+£0.001°
600 Hz 0.006 + 0.001 * 0.064 +0.010®
900 Hz 0.004 £0.001 2 0.045 £ 0.004 ©

Fonte: elaborada pelo autor.

The treatment carried out at 200 Hz presented the highest decrease in PPO activity in
apple cubes (-46 %), while the treatment carried out at 50 Hz presented the highest decrease in
apple juice (-50 %). At these frequencies, POD activity increased in apple cubes and decreased
in apple juice. It was not possible to find an operating condition able to inactivate both PPO and
POD in apple cubes. For apple juice, the excitation frequency of 50 Hz seems to be a satisfactory
compromising point where a decrease in both PPO (-50 %) and POD (-56 %) could be achieved.
Inactivation of PPO and POD at 50 Hz was also observed in tomatoes subjected to in-package
plasma application (PANKAJ et al., 2013).

The increase in POD activity may be explained by the formation of hydroxyl radicals
(OH-) during plasma application due to the dissociation of water in the cubes and juice. A high
concentration of this radical in the samples triggers the POD enzyme and increases its activity.
This response mechanism was already observed in apple juice subjected to ultrasound
treatment, a process known to produce hydroxyl radicals, which increased the POD activity
(SILVA et al., 2015).

Oxygen reactive species (ROS) formed during plasma application in atmospheric air are
known to damage cell membranes of fruits and vegetables. A natural response of fruit and
vegetable under these circumstances is to increase the production and activity of antioxidant
enzymes such as POD, PPO, and SOD (superoxide dismutase) (ALSCHER et al., 2002;
MARCHESE et al., 2008; MISHARA et al., 2012).

Plasma acts efficiently on the surface of the samples but has low penetration power.

Thus, one would expect that the inactivation of PPO and POD would be higher in apple juice
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than apple cubes because the intact cell walls act as a protective barrier against plasma species.
The results confirm this expectation with both enzymes activities decreasing in the juice, while
POD activity increased in apple cubes.

The low penetration power of plasma species also explains the increased activity of POD
in apple cubes. The formation of hydroxyl radicals in apple cubes occurred in the cube surface,
triggering the POD response on the whole cube. The low penetration of plasma species,
however, induced a small inactivation of these enzymes because of only the enzymes near the
fruit surface were inactivated. This phenomenon was also observed with cherry tomatoes
(MISRA et al., 2014).

Takai et al. (2012) proposed an inactivation mechanism for PPO and POD induced by
plasma. The authors proposed that the loss in enzymatic activity was due to chemical
modifications caused by plasma species (OH-, O2"-, HOO-, and NO-) in reactive amino acids
side-chains (cysteine, tryptophan, tyrosine, and aromatic rings of phenylalanine). This chemical
modification would be responsible for the inactivation of PPO and POD in apples, melons, and
potatoes subjected to DBD plasma (BUBLER et al., 2016; TAPPI et al., 2016, 2014). Surowsky
et al. (2013) proposed that the inactivation of PPO and POD could also be related to changes in
the secondary structure of these molecules resulting in the reduction of the amount of a-helix
structures. However, these changes are time-dependent, and its occurrence increases with
increasing plasma application time.

Khani et al. (2017) showed a decrease in enzymatic activity by 98% in tomato POD
subjected to gliding arc plasma (16 kV, 20 kHz, 7 min) showing that the food matrix and plasma
equipment system and setup may lead to higher reduction in POD activity. Chutia et al. (2019)
reported an enzymatic decay higher than 80% in coconut water PPO and POD subjected to
dielectric barrier plasma (18 kV, 50 Hz, 5 min) showing that enzymes of the same class but

from other matrix can be more susceptible to inactivation by plasma discharge.

2.2. Phenolic compounds

Table 2 presents the concentration of total phenolics compounds in apple cubes and
apple juice after plasma treatment. Apple cube and apple juice not subjected to plasma treatment
presented a total phenolic content of 538.3 + 3.5 mg gallic acid equivalent/g and 212.6 + 9.1
mg gallic acid equivalent/mL, respectively. Plasma application increased the phenolic content
in both apple cubes and juice. The only exception was observed in apple cubes subjected to

plasma application at 900 Hz.
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Table 2 - Total phenolics content of the untreated and plasma-treated apple cubes and apple

juice.
Treatment Apple cubes Apple Juice
(mg/ g) (mg/mL)
Untreated 538.3+35¢% 2126+9.18
50 Hz 647.0+10.4°¢ 3457 +7.8P
200 Hz 532.2+52%2 282.6+18.7°¢
400 Hz 593.0 + 33.0 ¢ 230.4+0.949
600 Hz 720.0+13.0° 319.1+1.7¢
900 Hz 4957 +20.0° 239.6+0.44

Fonte: elaborada pelo autor.

The trends for the phenolic content followed an inverse relationship with PPO enzyme
activity for plasma application between 50 and 400 Hz. Lower PPO activities induced higher
phenolic content in both cubes and juice. This result is expected because both PPO and POD
use phenolic compounds as substrate against oxidants (ROBARDS et al., 1999). With the
decrease in enzyme activity, these enzymes consume fewer phenolics compounds. The increase
in phenolic content at 600 Hz could not be correlated to enzyme activity and might have been
caused by the depolymerization of polyphenols.

The increase in the phenolic content was higher in apple juice due to the lower activity
of both PPO and POD in the juice in comparison to the apple cubes. The highest increase in
phenolic content was observed at excitation frequencies of 50 (20 %) and 600 Hz (34 %).

The decrease in PPO and POD activities and the consequent increase in total phenolic
compounds is a positive effect of plasma processing. Other processes, such as thermosonication
(60 to 80 °C, 15 min), resulted in a reduction of total phenolics in apple juice (GARDNER et
al., 2000). Phenolic compounds are secondary metabolites of fruits and have an essential role
in the development of the nutritional and sensory properties (flavor and color) of apples. Thus,
it is essential to maintain or increase its content.

In related work, plasma processing also increased the phenolic content in pomegranate
juice (HERCEG et al., 2016). This work showed that the phenolic content increased with
processing time and gas flow rate. However, in their work, the depolymerization of
ellagitannins caused an increase in ellagic acid, and thus in total phenolic content. In contrast,
caffeic and protocatechuic acids decreased due to reaction with plasma generated species.

High excitation frequency (900 Hz) decreased the total phenolic contents in apple cubes
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(-8 %) and increased only slightly the contents in apple juice (13 %). The increase in the
excitation frequency showed a similar effect as the increase in the energy input in grape pomace
subjected to plasma processing, where the total phenolic content increased up to 80 kJ/kg and
then decreased with increasing energy inputs (BOUSSETTA et al., 2011).

Rana et al. (2020) reported an slight increase in phenolic compounds in strawberries
subjected to dielectric barrier discharge plasma (60 kV, 50 Hz, 10 to 30 min), due to an increase
in chlorogenic acid and phloretin. However, the authors have pointed out that over-exposure to

plasma could lead to oxidation of phenolics.

2.3. Antioxidant Activity

Figure 3 presents the antioxidant activity of the untreated and treated apple cubes and
apple juice. The untreated apple cubes presented an antioxidant activity of 0.324 + 0.018
umol/min.g by the DPPH method. The untreated apple juice presented an antioxidant activity

of 0.126 £+ 0.014 umol/min.mL by the DPPH method.

Figure 3 - Effect DBD plasma processing at different excitation frequencies on antioxidant

capacity of apple cubes (a) and apple juice (b), measured by the DPPH method.
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Fonte: Farias, Rodrigues e Fernandes (2020)

The antioxidant capacity of the treated apple cubes did not change significantly after
plasma treatment at 400 Hz and decreased after plasma treatment between 600 (-33 %) and 900
Hz (-28 %). The results for antioxidant capacity are in line with the phenolics content, except
for the treatment carried out at 600 Hz, which resulted in the lowest antioxidant capacity.

The antioxidant capacity of the treated apple juice increased significantly (p < 0.05)
when applying plasma at excitation frequencies of 50 (50 %) and 200 Hz (10 %), which is in
line with the increase observed in total phenolics content.

Changes in the antioxidant capacity were also not observed in kiwis and probiotic
orange juice subjected to DBD plasma processing (ALMEIDA et al., 2017; RAMAZZINA et
al., 2015). On the other hand, cashew apple juice subjected to plasma treatment presented a
significant increase in antioxidant capacity. However, this result was reported for glow
discharge plasma, which induces the formation of different plasma species (RODRIGUEZ et
al., 2017).

2.4. Color

Color is a quality and freshness indicator in foods, influencing costumers whether to
buy or not the product. Table 3 presents the CIELab color parameter for the untreated and
plasma-treated apple cubes and apple juice. Plasma treatment induced imperceptible changes
in the color of the apple cubes since color change is only noticeable when the AE is higher than
3 (TIWARI et al., 2008). Only the excitation frequency of 200 Hz induced a change greater
than AE = 3.0 in apple cubes.

Table 3 - CIELab color parameters for the untreated and plasma-treated apple cubes and apple

juice.
Treatment AL Aa ab AE
Apple cubes
Untreated * - - -
50 Hz -1.62+0.9%® 1.67+0.0¢ -0.30+£0.9°2 25+07%®
200 Hz -2.28+052 2.79+0.1°¢ 1.01+092 3.8+0.6°"
400 Hz -1.06+0.2%® 1.28+0.1° -0.51+0.18 1.7 £0.2 %¢
600 Hz -0.87+0.2%® 0.53+0.0° 2.28+0.6% 25+06®
900 Hz -0.85+0.4%® 0.35+0.1° 0.65+1.42 14+£09%
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Apple juice

Untreated* - - - --

50 Hz -5.23+2.1° 6.09+0.1¢ 6.51 +0.6 ¢ 10.4 +0.7¢
200 Hz -15.17+0.1° 12.30+0.4" -3.29+£0.32 19.8+0.0°2
400 Hz -11.86+1.9° 10.73+0.02 3.17+0.9¢ 16.4+11°
600 Hz -15.79+0.82 12.63+0.1° -3.69+0.12 20.6+0.7°
900 Hz -11.81+0.32 1050+0.12 0.31+0.1° 15.8+0.12

Fonte: elaborada pelo autor.

* The control sample values are not in the table, because the A data is related to the sample difference with the decreasing
treatment of the control sample.

However, plasma treatment induced significant changes in apple juice with all plasma-
treated juices presenting an AE higher than 10 in relation to the untreated juice. Plasma
application reduced the luminosity and increased the redness of the apple juice. The treatment
at excitation frequencies of 200 and 600 Hz presented the biggest changes in color. The changes
in color can be related to PPO enzyme activity since the most significant changes in color
occurred in the treatments with the lowest reductions in PPO enzyme activity.

Plasma treatment decreased the luminosity of pumpkin puree, but the decrease observed
after plasma application was smaller than for thermally treated pumpkin puree (SANTOS-JR
et al., 2018). Plasma-treated cherry tomatoes presented the same trend of our results, with a
decrease in luminosity, an increase in redness, and no significant changes in yellowness
(BERMUDEZ-AGUIRRE et al., 2013). Studies with strawberries, tomatoes, pomegranate
juice, and kiwi did not report significant changes in the color of these products subjected to
plasma processing (KOVACEVIC et al., 2016; RAMAZZINA et al., 2015; VUKIC et al.,
2016).

Pankaj et al. (2017) reported that non-significant changes were observed in the color of
white grape juice subjected to dielectric discharge plasma (60 kV, 50 Hz, 1 to 4 min). This
result may indicate that longer exposure time causes higher color deviation, as occurred with
apple juice. However, exposure reduction implies in increasing the voltage of the plasma
system, which will increase the concentration of several plasma reactive species leading higher
chemical changes in the product. In their work, both total phenolics and antioxidant capacity
decreased with longer processing time. Herein, an increase in both total phenolics and
antioxidant capacity increased. Thus, there is a trade-off between application of higher voltage

and longer processing.

3. CONCLUSIONS
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Dielectric barrier discharge plasma induced partial inactivation of the polyphenol
oxidase in both apple cubes and apple juice, contributing to an increase in total phenolics
content and antioxidant activity. Plasma application induced partial inactivation of the
peroxidase enzyme only in apple juice. The inactivation efficacy was highly dependent on the
food structure, being higher in the juice than in the minimally processed apple.

Plasma processing induced slight changes in the total phenolics content, antioxidant
activity, and color of apple cubes while inducing more significant changes in this quality
parameter in apple juice. The effect of the plasma excitation frequency was higher in apple
juice. The excitation frequency of 50 Hz provided an apple juice with the highest total
phenolic content, antioxidant capacity, and lowest color change.

Dielectric barrier discharge plasma systems can be built to work at excitations
frequencies ranging from 50 to 30,000 Hz. This work showed that a specific excitation
frequency may have a significant effect on some quality parameters, while not significantly
affecting other parameters. This observation opens some opportunities to search for optimal
excitation frequencies for specific goals, were a desired property change may be obtained

while not significantly affecting other food properties.
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5 NMR EVALUATION OF APPLE CUBES AND APPLE JUICE COMPOSITION
SUBJECTED TO TWO COLD PLASMA TECHNOLOGIES.

Esta secdo contém o resumo, a introducdo, os resultados, a discussao, a conclusao e as
referéncias do artigo que foi publicado na revista cientifica LWT- Food Science and

Technology.

Abstract

This study evaluated the effects of two cold plasma technologies, glow discharge plasma and
dielectric barrier discharge plasma (DBD), on the chemical composition of apple cubes and
apple juice analyzed by 'H NMR coupled with chemometrics. The effects of different
technologies (glow discharge and DBD) and operating conditions (processing time, gas
flowrate, and excitation frequency) were evaluated on the concentration of sugars and organic
acids of apple juice and apple cubes. Changes in sugars and organic acids were observed after
the application of both plasma technologies. Glow discharge plasma application induced the
decrease in sucrose content and the increase in glucose, fructose, and malic acid. Dielectric
barrier discharge plasma induced sugar reduction and increased malic acid content. Cold plasma
technology depolymerized sucrose into glucose and fructose by cleavage at the ether bond.
DBD plasma further induced glucose and fructose consumption, most probably through the
phenylpropanoid mechanism. Cold plasma technology could be used to modulate apple

products' sensory characteristics, altering both sweetness and sugar-acid ratios.
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1. INTRODUCTION

Apples are used in many food products, both as a marketed ingredient and as a hidden
ingredient. Products such as tarts, granola, dried fruit mixes, and others use minimally
processed or dried apple slices or apple cubes in their composition, where apples are marketed
as ingredients. However, several fruit-based products incorporate apple puree or apple juice as
hidden ingredients due to their sugar, pectin, organic acid, vitamin, and phenolic content. All
these organic compounds regulate the sweetness, acidity, antioxidant capacity, and viscosity of
fruit-based products without significantly impacting the product taste.

Preservation technologies have been studied to reduce spoilage to allow a continuous
supply of apples and apple products throughout the year. Heat treatment (pasteurization or
sterilization processes) is the leading preservation technique used to inactivate microorganisms
and enzymes in fruit juices because of its effectiveness and high cost-benefit (MISRA et al.,
2014). However, heat-based processes alter several nutritional and sensory parameters of fruit
juices, such as taste, aroma, color, vitamin, and phenolic content (WANG et al., 2012).
Consumers are currently demanding fruit products with a more natural appearance and fresh
flavor, less sucrose and additives, and no artificial preservatives.

To meet consumer demands, apple products began to be mixed in other food products,
acting as natural sweeteners and flavoring agent due to their sugar content and malic acid
content. But new non-thermal preservation technologies are still required to reduce the changes
imparted by the heat-based process (WANG et al., 2012; MISRA et al., 2014).

Among the non-thermal technologies, cold plasma was suitable for preserving several
fruits and fruit-based products (BOURKE et al., 2018; CASTRO et al., 2020; HOSSEINI et al.,
2020; ZIUZINA et al., 2014). Cold plasma processing consists of subjecting a food matrix to
an ionized gas produced from an electrical discharge (RAMAZZINA et al., 2015). The
treatment can be carried out at ambient temperature, avoiding the adverse effects of heat
(HERCEG et al., 2016).

Cold plasma can be produced under atmospheric conditions or vacuum. Depending on
the technique, there are advantages and disadvantages. For instance, in the glow discharge
plasma, a gas stream is produced and delivered in a chamber containing many samples, but low
pressures are required. In the dielectric barrier discharge, processing can be carried out at
ambient temperature and pressure, but a lower amount of sample can be processed at a time.
Several reactive oxygen and nitrogen species (ROS and RNS) are generated in both
technologies, which may cause changes in the food matrix (ALVES FILHO et al., 2016;
NIEMIRA, 2012). The chemical modifications induced by plasma application can be either
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positive or negative, improving or degrading some food matrix's nutritional and sensory
properties. Changes to organic compounds depend on the type of plasma technology, voltage,
gas, gas flowrate, exposure time, food structure, and composition (CAMPELO et al., 2020;
FERNANDES et al., 2019; RODRIGUEZ et al., 2017).

Studies on the preservation of apples and apple-based products using cold plasma
technology have already reported the effectiveness of this technology in reducing the microbial
load (SUROWSKY et al., 2014) and extending their shelf-live (TAPPI et al., 2014). However,
few studies have addressed the chemical changes induced by cold plasma technologies on
apples and apple-based products (RAMAZZINA et al., 2016; FARIAS; RODRIGUES;
FERNANDES, 2020). Therefore, an evaluation of the effects of cold plasma technologies on
apple macro- and micro-components is required for their application. NMR analysis can be
used to evaluate some of its macro- and micro-components, such as sugars and organic acids.

Nuclear Magnetic Resonance (NMR) analytical method is an essential tool for detecting
and measuring many compounds in different products, such as sugars and organic acids in
fruits, and for comparing samples using multivariate statistics (SPRAUL et al., 2009). In this
work, NMR analysis results were evaluated by chemometrics, which consists of applying
statistics and mathematical methods to process or chemical data, aiming to understand the
associations between the variables.

This work evaluates the effects of two cold plasma technologies (dielectric barrier
discharge and glow discharge plasma) on apple cubes and apple juice composition attained by
NMR analysis. The chemical changes in the composition of apple cubes and apple juice were
reported and analyzed utilizing chemometrics. The sugar and organic acid composition changes

were correlated to the product sweetness, acidity, and sweet/acid relation.

2. RESULTS AND DISCUSSION
2.1. NMR analysis and compound quantification

The composition of samples prepared using apple juice and apple cubes before and after
cold plasma processing was investigated by *H NMR coupled to multivariate statistical
analysis. Initially, the main organic compounds were identified. Figure 4 presents a
representative H NMR spectrum obtained from the control sample (untreated apple juice).
Only the compounds between the chemical shifts ¢ 0.8 and 5.5 are illustrated due to the absence
of compounds in the aromatic region (6 5.5 to 9.0). The compounds' structures, *H and **C
chemical shifts, multiplicity, correlations, and constant coupling are described in

Supplementary Material.
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Figure 4- 1H NMR spectrum from non-processed apple juice (control sample) with the
identified compounds
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Fonte: Farias et al., (2021)

Although the o and B-glucose signals (at ¢ 5.22 and 4.63 respectively) are near the pre-
saturation region of the non-deuterated water (0 4.76), the evaluation of the saturation profile
did not show significant influence on their signals. Sucrose was found to be the main organic
compound in non-processed apple products.

Sucrose, glucose, and fructose were the main organic compounds found in the apple
samples. These compounds were also seen as the main organic compounds in the Granny Smith,
Pink Lady, and Jonagold varieties (Y1 et al., 2017). These compounds are directly related to the
samples' sweetness and are an essential quality indicator for minimally processed apples and
apple juices.

Malic acid was also present in high concentrations in the samples, while citric and quinic
acids were determined in lower concentrations. This observation corroborates with the results
reported for Granny Smith apples, which contain 7.9 g/L of malic acid and 0.3 g/L of citric acid
on average (DEL CAMPO et al., 2006; Yl et al., 2017).

Table 4 presents the quantification of the main compounds found in apple juice and
cubes applying NMR analysis. Only the compounds significantly affected by plasma
application were quantified. Alanine, ethanol, quinic acid, lactic acid, and acetic acid did not

change significantly and were not quantified. The statistical significance of the changes was
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accessed by principal component analysis (PCA), which will be presented and discussed further

in this article.

Table 4 - The concentration of fructose, glucose, sucrose, and malic acid of the untreated and

plasma-treated apple products.

Operating Sucrose Glucose Fructose Malic Acid
Condition (mg/mL) (mg/mL) (mg/mL) (mg/mL)
Apple juice subjected to Glow Discharge Plasma
2.587 £ 0.017 0.452 + 0.006
Control 5.971+£0.041°9 6.106 £+ 0.431°¢ A
10 mL/min 4.920 £ 0.013 0.690 + 0.013
_ 5.918 + 0.006 ¢ 8.061 +0.128 "
10 min d g
10 mL/min 4.680 £ 0.032 0.664 + 0.001
5.582+0.020 f 7.831+0.011 9"
20 min c f
10 mL/min 4.980 £ 0.026 0.718 + 0.005
_ 5.927 +0.050 9 7.333+0.106 °"
30 min d h
20 mL/min 4.000 £ 0.028 0.583 + 0.004
_ 4.902 +0.027 ¢ 6.860 + 0.024 ¢
10 min b d
20 mL/min 4.376 £ 0.028 0.624 + 0.005
5.279 +0.042 © 6.940 + 0.287 ©f
20 min f e
20 mL/min 3.621 £ 0.016 0.519 + 0.003
_ 4.359 +0.013" 5.544 +0.033°
30 min € ¢
30 mL/min 3.982 +0.025 0.569 + 0.004
4.639 £0.033 ¢ 6.285 + 0.054 ¢
10 min b d
30 mL/min 4.739 £ 0.033 0.667 + 0.003
_ 5.642 +0.028 7.377 £0.048 ™
20 min ¢ f
30 mL/min 2.519 +0.010 0.347 £ 0.007
2.913+0.023% 4.195 + 0.066 ?
30 min a
Apple juice subjected to Dielectric Barrier Discharge Plasma
3.643 £ 0.044 0.446 + 0.008

Control

12.925 +0.013°

8.505+0.101°

a
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50 Hz 1.559 + 0.004 0.958 + 0.014
_ 10.476 + 0.024 ¢ 6.111 +0.152 %
15 min d
200 Hz 1.807 £ 0.005 0.500 £ 0.001
_ 8.151+ 0.007 © 7.006 + 0.082 ¢
15 min b ¢
400 Hz 2.084 + 0.036 0.451 £ 0.017
_ 5.936 +0.071° 6.348 + 0.094 °
15 min ¢ a
600 Hz 2.154 £ 0.016 0.457 £0.010
5.593 +0.025% 6.049 £ 0.043%
15 min d a
900 Hz 1.506 + 0.007 0.375 + 0.004
_ 5.537 +0.008 ® 5.586 + 0.045 ¢
15 min a b
Apple cubes subjected to Dielectric Barrier Discharge Plasma
3.643 £0.044 0.446 £ 0.008
Control 12.925+0.013f 8.505+0.101°¢ A
50 Hz 3.550 + 0.050 0.811 + 0.000
9.437+£0.051° 8.355+0.075°¢
15 min d a
200 Hz 3.636 + 0.008 0.795 £ 0.004
_ 6.133+0.011°2 6.964 + 0.054 @
15 min de a
400 Hz 3.100 + 0.029 0.611 + 0.009
6.844 +0.030° 7.733+£0.052°
15 min b ¢
600 Hz 3.224 £ 0.027 0.771£0.010
11.977 £ 0.037 ¢ 7.876 +0.037°
15 min c d
900 HZ 2.723 £ 0.003 0.808 £ 0.010
12.153 + 0.010 ¢ 6.822 + 0.036 ®
15 min a a

Fonte: elaborada pelo autor.

As a general trend, plasma application reduced sucrose concentration in both apple juice
and cubes. The reduction in sucrose concentration for apple juice subjected to glow discharge
plasma was between 1% and 51.2%, showing high dependence on the operating conditions that
were employed. Increases in processing time and air flow rate increased the reduction in sucrose
in the glow plasma system. The decrease in sucrose concentration for apple juice subjected to
DBD plasma was between 18.9 and 57.1%, showing a high dependence on the excitation

frequency. The reduction range attained for the apple cubes subjected to DBD plasma (between
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6.0 and 52.5%) was lower than the reduction observed for the apple juice, which may explain
the higher difficulty in plasma species to diffuse into the fruit matrix and react with sucrose
molecules.

Although the maximum reduction levels in sucrose content were in the same order of
magnitude for both plasma systems, the DBD plasma system converted a higher sucrose amount
into glucose, fructose, and other components. Due to the natural variation of in apple sugar
content between fruits and lots, the reduction of sucrose observed for apple juice subjected to
DBD plasma (7.388 mg/mL) was much higher than for the apple juice subjected to glow
discharge plasma (3.058 mg/mL), indicating that the DBD plasma produces a greater amount
of plasma species that can break the ether link between glucose and fructose (Figure 5).

Figure 5 - Decomposition of sucrose into glucose and fructose.
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Fonte: Farias et al., (2021)

The changes observed in glucose and fructose concentration differed considerably
between glow discharge plasma and DBD plasma. While the concentration of fructose and
glucose increased after glow discharge plasma application, it decreased when DBD plasma was
applied.

The increase in fructose and glucose in apple juice subjected to glow discharge plasma
was slightly higher than the sucrose concentration reduction, increasing total soluble sugars.
This slight increase may be due to the decomposition of starch and glycoside compounds that
NMR does not detect. Decomposition of glycoside compounds would generate an aglycone
compound and glucose, fructose, or other sugar molecules. Such reactions have already been
reported after plasma application in compounds such as anthocyanins and alkaloids
(LINHARES et al., 2020). Furthermore, apples in the stage of maturity used in this work still
contain a certain amount of starch, which may depolymerize, generating glucose and other
short-chain sugars. Depolymerization of starch and oligosaccharides have been reported
previously in cold plasma treatment (ALMEIDA et al., 2017; ZHU, 2017).

The concentration of fructose and glucose decreased after DBD plasma application

when compared to the control sample. Thus, while sucrose produces glucose and fructose, these
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two compounds are being consumed in other reactions. Glucose and fructose are consumed to
produce energy by the fruit defense system through the phenylpropanoid mechanism (DIXON;
PAIVA, 1995; MATSUDA et al., 2005). All experiments were carried out with fresh fruit, cut
or juiced, and then subjected to plasma application. As such, the samples had viable cells (apple
cubes) and viable enzymes (apple juice and cubes), which may have responded to the reactive
oxygen species (ROS) generated by the DBD plasma application activating the
phenylpropanoid mechanism. Furthermore, air plasma generates singlet and nitrogen radicals
that can react with fructose and glucose, increasing these two sugars' reduction (WANG;
HOLLINGSWORTH; KASPER, 1999).

The glow discharge plasma and the DBD plasma systems, although being plasma
systems, operate in very different conditions of excitation frequencies, generating different
plasma species. The results presented herein indicate that glow discharge plasma generates ROS
in a concentration and composition that does not activate the phenylpropanoid mechanism. In
contrast, the DBD plasma generates the ROS that activates the apple’s defense system, leading
to glucose and fructose consumption.

The effects of DBD plasma application on freshly produced apple juice differed from
the effects observed for its application in pasteurized orange juice regarding sugar content.
While total sugar content decreased in freshly made apple juice, it increased slightly in
pasteurized orange juice, where the fruit's defense mechanism is inactive (ALVES FILHO et
al., 2016).

Overall, the concentration of malic acid tended to increase after plasma application. The
highest increase (115 %) in malic acid concentration was observed for apple juice subjected to
DBD plasma at an excitation frequency of 50 Hz. The increase was much lower, applying other
excitation frequencies (up to 12%). Apple cubes subjected to the same process presented a
considerable increase in malic acid content (between 37 and 82%). The matrix difference, in
this case, played a fundamental role in generating and maintaining malic acid levels in apple
cubes and not in apple juice. The solid matrix may have protected malic acid from highly
oxidizing ROS, such as ozone, generated at increased concentrations at higher excitation
frequencies. Glow discharge plasma application resulted in an increase in malic acid content,
which was higher at shorter processing times and air flowrate. The increase in processing time
and flowrate decreased the malic acid content, as could be observed more clearly when
operating for 30 min at a 30 mL/min air flow rate.

The increase in malic acid content may be related to the reduction of sucrose and

glucose. As sucrose and glucose are consumed for energy production, pyruvate is produced via
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glycolysis due to the partial activation of defense mechanisms. Pyruvate may be converted into
oxaloacetate and further on to malic acid through the cytosolic malate production route (Figure
6), which depends on only two cytoplasmatic enzymes (pyruvate carboxylase and malate-
dehydrogenase) and does not depend on fully functioning mitochondria, as the oxidative TCA
and the glyoxylate pathways (KOVILEIN et al., 2020; ONIK et al., 2019).

Figure 6- Cytosolic malate production pathway.
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Fonte: Farias et al., (2021)

2.2. PCA analysis

An unsupervised chemometric method by Principal Component Analysis (PCA) was
applied to explore the changes on sample composition. The analysis was carried out on the H
NMR dataset composed of apple samples before (control) and after non-thermal processing.
The region affected by the non-deuterated water suppression according to the saturation
profiling (6 4.66 to 5.00) was excluded before evaluation.

To detail the effect of non-thermal processing on apple product composition, the impact
of plasma processing was first evaluated with separate PCAs for apple juice and apple cubes
(Figures 7 and 8). Figure 7 presents the PCA for the apple juice subjected to different processing
conditions by glow discharge plasma (green) varying the plasma flowrate from 10 to 30 mL/min
and treatment duration from 10 to 30 min and subjected to different processing conditions by
DBD plasma (blue) varying the treatment frequency from 50 to 900 Hz. Both PC1 and PC2
were relevant axes for apple juice discrimination according to the non-thermal processing

influence, which retained 69.8% of the total variance.
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Figure 7 - PC1 x PC2 scores coordinate system with control apple juice (non-processed
material) marked in black color, apple juice subjected to glow discharge plasma in green, apple
juice subjected to dielectric barrier discharge plasma in blue (a); and loadings plot with the

relevant compounds for samples discrimination (b).
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Apple juice processed by glow discharge plasma and DBD plasma presented significant
differences retained by the PC2 axis (24.51% of the captured variance), with glow discharge
plasma samples at negative values of PC2 due to the simultaneous high amounts of a and j-
glucose (6 5.21 and ¢ 4.64) and fructose (0 4.11), and the DBD plasma samples at positive
values of PC2 due to the higher amounts of sucrose.

Among the glow discharge plasma samples, most processing conditions did not result
in significant differences, with samples concentrated in neutral values of PC1. Apple juice
processed by glow discharge plasma presented the most significant compound variation
retained in the PC1 axis (45.34% of the total variance), which was related by samples processed
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at 20 mL/min for 10 min and 10 mL/min for 30 min located at negative and positive values of
PC1, respectively. The sample subjected to 10 mL/min of air flow rate for 30 min was marked
by a higher sucrose content, glucose, and malic acid (at ¢ 2.67 and 2.83). In comparison, the
sample subjected to 20 mL/min of air flow rate for 10 min was marked by a higher ratio between
glucose + fructose and sucrose.

The apple juice subjected to DBD plasma processing at excitation frequencies of 200,
400, and 600 Hz presented similar composition to the non-processed apple juice (control) by
their clustering at negative scores of PC1 and positive of PC2. The juices subjected to DBD
plasma at excitation frequencies of 50 Hz showed a significant difference from the other
condition, placed in high positive values of both PC1 and PC2, given its higher sucrose and
malic acid amounts.

PC1 and PC2 were relevant axes for apple juice discrimination according to the non-
thermal processing influence, which retained 88.0% of the total variance. Apple cubes subjected
to DBD plasma processing at excitation frequencies of 50, 200, and 400 Hz (Figure 8) presented
the most significant composition effect. Since the high signals intensity on loadings plot is
related to high compounds variability among the samples, apple cubes subjected to DBD plasma
operating at 50 and 400 Hz showed a relevant impact on the decrease of sucrose (¢ 5.42) and
fructose (0 4.11), represented by the negative values of PC1 that retained 68.62% of the total
variance. Also, the processing of apple cubes at 200 Hz resulted in increased glucose and

fructose content compared to the other apple cube samples treated by DBD plasma.
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Figure 8 - PC1 x PC2 scores coordinate system with control apple cubes (non-processed
material) marked in black color, apple cubes subjected to dielectric barrier discharge plasma in

colors (a); and loadings plot with the relevant compounds for samples discrimination (b).
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Figure 9 a presents the resulting scores with the control samples marked in black color,
apple juice subjected to glow discharge plasma in green, apple juice subjected to dielectric
barrier discharge plasma in blue, and apple cubes subjected to dielectric barrier discharge

plasma in red. Figure 9 b shows the respective loadings plotted in line format.
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Figure 9 - PC1 x PC2 scores coordinate system with control apple juice (non-processed
material) marked in black color, apple juice subjected to glow discharge plasma in green, apple
juice subjected to dielectric barrier discharge plasma in blue, and apple cubes subjected to
dielectric barrier discharge plasma in red (a); and loadings plot with the relevant compounds
for samples discrimination (b).
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Both PC1 and PC2 were relevant axes for apple juice discrimination according to the
non-thermal processing influence, which retained 77.61% of the total variance. The complete
principal component analysis of the data confirms the differences between the plasma
technologies and the matrixes (juice and cubes). Three clusters can be observed through the
scores plot. Juice samples subjected to glow discharge plasma placed mainly at positive values
of PC1 and negative values of PC2 mainly because of their simultaneous high content of o and
B-glucose (6 5.21 and ¢ 4.64) and fructose (o 4.11). Apple juice samples subjected to DBD

plasma placed mostly near neutral values of PC1 and PC2 and positive values of both PC1 and
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PC2. And apple cubes samples subjected to DBD plasma placed mainly at negative values of
PC1 and positive values of PC2 because of the lower contents of sucrose, glucose, and fructose,
except for the samples subjected to 900 Hz, which presented higher amounts of sucrose
compared to the others processed cubes.

These clusters indicate that glow plasma tends to decrease sucrose content and increase
glucose and fructose content slightly. DBD plasma application tends not to modify apple juice
unless applied at low excitation frequencies (50 Hz).

The PCA showed a good separation among the processes, indicating the trends observed
for apple products' non-thermal treatment. Alves Filho et al. (2016) had also demonstrated a
clear separation of the sample slightly greater with 82.1% of the total variance in the PC1 and
PC2 scores in their work with orange juice, evaluating the application of ozone and atm plasma
at 70 kV for different treatment times (15, 30, 45 and 60 s). Based on ANOVA single factor
analysis, variation tendencies observed in the PCA evaluations corroborated with the
guantitative results.

According to Misra et al. (2014), who carried out a study on the kinetics of peroxidase
inactivation in different media subjected to DBD plasma, enzyme inactivation was faster in
liquid media than in liquid media whole fruits. Plasma does not have great penetrating power,
acting more intensely on the surface of the sample. As such, the juice will be more exposed to

plasma species than the apple cubes, which have the protection of the cell walls.

2.3. Total sugar concentration and sweetening power
A food product's sweetness should not be determined by its total sugar content because
each sugar has its sweetening power. Table 5 presents the total sugar content of the apple

products studied herein and its sweetening power.

Table 5 - Total sugar concentration of fructose, sweetening power, and sugar-acid ratio.

Operating Total sugar Sweetening power  Sugar-Acid Ratio
Condition (mg/mL)

Apple juice subjected to Glow Discharge Plasma

Control 14.66 + 0.48°¢ 1826 + 77 F 324+1.419
10 mL/min
) 1890 +0.12 9 2326 +21°¢ 27.4+ 0.4
10 min
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10 mL/min

_ 18.09 £ 0.06f 2236+ 6°¢ 27.2+0.1"%
20 min
10 mL/min
) 18.24 +0.03 f 2208 +6 ¢ 254+0.2¢%
30 min
20 mL/min
_ 15.76 + 0.03 ¢ 1952 + 11 ¢ 27.0 £ 0.3 3¢
10 min
20 mL/min
_ 16.60 £ 0.31° 2031 £51° 26.6 + 0.4 3¢
20 min
20 mL/min
_ 13.52 +£0.06 ° 1647 +8° 26.0 0.3
30 min
30 mL/min
) 1491 +0.01°¢ 1827 +4°¢ 26.2 £ 0.2 ¢
10 min
30 mL/min
_ 17.76 £0.10 2169 +13° 26.6 + 0.3 8¢
20 min
30 mL/min
) 9.63+0.09¢ 1191 +14°2 27.7+08°¢
30 min
Apple juice subjected to Dielectric Barrier Discharge Plasma
Control 25.07+0.10°f 3008 +16f 56.2 +1.3¢
50 Hz
) 19.06 +0.16 ¢ 2269 + 26 ¢ 199+05°¢
15 min
200 Hz
) 18.02 +0.16 ¢ 2218 + 6 ¢ 36.0+0.3%
15 min
400 Hz
) 1549+0.21°¢ 1910+ 26 ¢ 344+17%
15 min
600 Hz
_ 14.94 +0.06 ° 1832+ 8P 32.7+06°
15 min
900 Hz
) 13.44 +0.03° 1675+ 7% 35.8+04¢%
15 min
Apple cubes subjected to Dielectric Barrier Discharge Plasma
Control 25.08+0.10F 3008+ 16F 56.2 +1.349
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50 Hz

) 21.34+0.15° 2627 +18¢% 26.3+0.2%
15 min
200 Hz

) 16.73+0.052 2066 +9 ¢ 21.0+0.1°¢
15 min
400 Hz

) 17.68 +0.10° 2228 + 13 P 289+0.6°"
15 min
600 Hz

) 23.98 +0.05°¢ 2775 +5¢ 299+05°
15 min
900 Hz

_ 21.70 £0.03 ¢ 2577 £5°¢ 26.8+0.4°
15 min

Fonte: elaborada pelo autor.

Plasma application changed the sugar composition profile of the apple juice and apple
cubes and changed the sweetness of these products (measured by their sweetening power). The
effect of glow discharge plasma on the sweetening power of apple juice samples depended on
the operating condition applied, resulting in an increase or decrease of the sweetening power.
DBD plasma resulted in a reduction of the sweetness power of both apple juice and cubes.

The highest increase in sweetening power (27%) was observed for apple juice subjected
to 10 mL/min of air plasma flowrate for 10 min, a condition that resulted in the highest amount
of fructose in the juice. While, the highest decrease in sweetening power (44%) was observed
for apple juice subjected to DBD plasma applied at an excitation frequency of 900 Hz for 15
min due to the reduction of sucrose, glucose, and fructose in the juice.

The differences observed between the two cold plasma technologies are considerable.
Glow plasma technology showed to increase the sweetening power of apple juice, which can
be very interesting to produce apple juice that will be used as a natural sweetening agent. In this
case, lesser volumes of apple juice could be employed to attain the same sweetening effect.

DBD plasma application significantly reduced the apple juice sweetening power,
producing a juice with lower total sugar content and lower sweetness. Commercial application
of such products could favor products labeled as low sugar content.

Previous work with cashew apple juice (RODRIGUEZ et al., 2017) subjected to glow
discharge plasma has also shown reduced sucrose content when applied at 10 mL/min air
plasma flowrate for 15 min, condition very similar to the results presented herein for apple
juice. The work presented by Rodriguez et al. (2017) did not estimate the sweetening power of

cashew apple juice. Still, differently from this work, their glucose and fructose content did not
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increase; thus, the sweetening power of cashew apple juice was likely to decrease.

The reduction of sucrose accompanied by the increase in glucose and fructose has been
reported for thermal treatment of cashew apple juice and passion fruit juice, leading to juices
with higher sweetness (DAMASCENO et al., 2008; SOARES et al., 2017). In both cases, the
juice's acidity induced the hydrolysis of sucrose at pasteurization temperatures (> 90 °C).
Sweetness increase can be achieved by thermal treatment, but it is accompanied by degradation
of several organic compounds with consequent deleterious impact on the juices' sensory quality
(DAMASCENQO et al., 2008; SOARES et al., 2017). Glow discharge plasma, however, could
be used to increase the sweetening power of apple juices without presenting a major impact on
the sensory and nutritional quality of fruit juices (ALVES FILHO et al., 2016; FERNANDES
et al., 2019; PAIXAO et al., 2019).

2.4. Sugar-acid ratio

The sugar-acid ratio is very important for the taste and flavor of fruit juices, and
influences the sweetness perception (COLARIC et al., 2005; LOPEZ et al., 2007;
PETKOVSEK et al., 2007). Acids are used to regulate this sweetness perception of sugars,
reducing the sweet taste. Lower sugar-acid ratios result in a lower perception of the sweetness.
Still, very low sugar-acid ratios (< 20 for apples) increase the acidity of the product and the
sour taste (PETKOVSEK et al., 2007).

Table 2 presents the sugar-acid ratio for the control samples and the samples subjected
to non-thermal processing. All samples subjected to cold plasma showed a lower sugar-acid
ratio than the control (untreated) sample due to the increase in malic acid. DBD plasma
application resulted in a higher reduction sugar-acid ratio (up to 65%) than glow discharge
plasma application (up to 21%). The higher reduction attained by DBD plasma was due to the
concomitant increase in malic acid and reduction of sugars (sucrose, glucose, and fructose).

The perceived sweetness intensity as a function of the sugar-acid ratio was correlated
by Sharma et al. (1991) using Equation 2.

— 1.3
s = 0.02 SAR 2

Where, s is the perceived sweetness intensity (varying from 0 to 10), and SAR is the sugar-

acid ratio (w/w %).

The perceived sweetness intensity of the untreated apple juice was 3.7. After DBD
plasma treatment, the perceived sweetness intensity varied between 1.0 and 2.1, with the lowest
7



value attained after treatment for 15 min at 50 Hz. Nowadays, apple juice is blended with other
more expensive juices to reduce cost and improve the preservation of the blended juice due to
its sugar and malic acid content. Although apple juice does not have a pronounced taste, a
limited amount of apple juice can be blended with other juices because of its high perceived
sweetness intensity. DBD plasma-treated apple juice could be added in higher amounts since
1.3 L of DBD treated apple juice would have the same amount of sugar and malic acid as 1.0 L
of the untreated juice. Still, it would have only a third of the perceived sweetness intensity.

Glow discharge plasma-treated apple juice would be a better choice for blended juices,
where the cost is not an issue, but apple juice is added to increase sugar and organic acid content.
In this case, the same content of sugars and malic acid would be obtained in 0.80 L of glow
plasma-treated juice (treatment condition: 10 min at 10 mL/min air plasma flowrate). However,
the perceived sweetness intensity would be half the perceived sweetness intensity of the
untreated apple juice. In this context, plasma treatment can modulate the desired characteristics
of apple juice to be sold as apple juice or to be blended with other juices.

A second flavor characteristic influenced by the sugar-acid ratio is the sourness of a
food product. The perceived sourness intensity as a function of the sugar-acid ratio was
correlated by Sharma et al. (1991) using Equation 3.

— -1.03
50 = 15.02 5AR (3)

Where, SO is the perceived sourness intensity (varying from 0 to 10), and SAR is the sugar-
acid ratio (w/w %).

The sugar-acid ratio of all samples was above 20 or within its standard deviation,
denoting that the juices and cubes would still be considered sweet. The perceived sourness
intensity of the untreated apple juice was 0.2. After plasma treatment, the perceived sourness
intensity varied between 0.4 and 0.7, with the highest value attained after treatment for 15 min
at 50 Hz. Although an increase is observed in the perceived sourness intensity after plasma

treatment, its value is still below 1.0, indicating that the juice does not become sour.

3. CONCLUSION

Cold plasma processing changed the composition of apple cubes and apple juice. The
changes strongly depended on the processing conditions and cold plasma technology.

Glow discharge plasma tended to reduce sucrose content and increase glucose, fructose,
and malic acid. These changes significantly increased the sweetening power and reduced the
sugar-acid ratio of the apple juices. The most significant changes were attained operating at 20
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mL/min of air plasma flowrate for 10 min and at 10 mL/min of air plasma flowrate for 30 min.

Dielectric barrier discharge plasma reduced the sucrose, glucose, and fructose content
and increased malic acid content. DBD plasma decreased the sweetening power and the sugar-
acid ratio of apple juice and apple cubes. The most significant changes were attained at 50 and
900 Hz.

Cold plasma technology depolymerized sucrose into glucose and fructose by cleavage
at the ether bond. DBD plasma further induced glucose and fructose consumption, most
probably through the phenylpropanoid mechanism. Therefore, cold plasma treatment alters
apple products' sensory characteristics and could be used to modulate both sweetness and sugar-

acid ratios.
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APPENDIX A - ORGANIC COMPOUNDS IDENTIFIED IN THE APPLE PRODUCTS BY NMR ANALYSIS.

Compound Structures JH 6 13C JotH s13C
(multip.* J in Hz) ref. ref.
;
2 1-3.65 (0) 54.5 3.64 (q 7.08) 60.3
Alcohols Ethanol H3C/\o|-| 2-1.18 (t7.20) 21.2 1.17 (t7.08) 19.6
¢ 3.94 (0) 3.90(q7.3)
: . : 2 _CHs -3.94 (0 56.7 90 (q7.3 53.4
Amino Acids Alanine HO -1.49(d7.2) 19.2 1.52 (d 7.3) 19.1
NHy
(@]
o . -no 181.2 184.1
Organic Acids Acetic Acid ),I\z 2,06 (5) 25 1 208 (5) 26.0
HO™ ' “CHg
0
3
. , _CH -1.27(d7.2) 23.0 1.37(d 7.2) 22.9
Lactic Acid HO” 3 -4.12 (0) 71.4 4.42(q7.2) 71.4
OH
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3-1.88 (dd 13.2, a0 1.86 (dd 13.6, 138
10.4) 288 10.8) 105
7-1.93 (m) g 1.95 (dd 14.8, 3.4) 138
Quinic Acid 3,7-2.03 (m) ' 2.04 (m) '
4-355 (o) 0 3.54 s
71.2 69.1
5-4.00 (0) 730 4.01 731
6 -4.11 (0) ' 4.13 '
3-2.83(0) 48.5 2.68 (dd) 455
Malic Acid 3-2.65 (dd 4.6, 16.4) 48.5 2.85 (dd 3.0, 15.4) 455
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2 -3.47 (m) 72.3 3.89-3.36 (0) 72.2
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4 - 3.56 (m) 74.0 n 72.8
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s —simplet; d — duplet; t —triplet; q — quadruplet; dd — double duplet; o — overlapping signal; n — no information; no — not observed
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6 COMPARATIVE STUDY OF TWO COLD PLASMA TECHNOLOGIES ON THE
ENZYMATIC ACTIVITY, ANTIOXIDANT CAPACITY AND PHENOLIC CONTENT
OF APPLE JUICE

Esta secdo contém o resumo, uma breve introducdo, os resultados, a discussao, a
conclusdo e as referéncias do artigo que foi submetido para publicacdo na revista cientifica
Journal of Food Processing and Preservation.

Abstract

Cold plasma is a potential alternative to traditional thermal conservation methods and presents
itself as a promising technique for preserving and retaining quality parameters. This research
evaluates the application of dielectric barrier discharge (DBD) plasma and glow discharge
plasma on browning enzyme activity, total phenolic content, and antioxidant capacity of apple
juice. DBD plasma operating at excitation frequencies between 50 and 900 Hz, and glow plasma
discharge operating at air plasma flowrates between 10 and 30 mL/min for 10 to 30 min were
evaluated. Both plasma systems induced partial inactivation of polyphenol oxidase and
peroxidase in apple juice, contributing to an increase in total phenolics content and antioxidant
activity. DBD plasma induced a higher increase in total phenolic content than glow discharge
plasma. The excitation frequency of 50 Hz provided an apple juice with the highest total
phenolic content and antioxidant capacity. DBD plasma technology presented better efficacy in
increasing total phenolic content and antioxidant capacity in apple juice. DBD plasma and glow

discharge plasma have same efficacy in inactivating browning enzymes in apple juice.

1. INTRODUCTION

Apples are a source of vitamins, malic acid, fibers, and phenolic compounds that have
antioxidant properties and promote health benefits to humans (HYSON, 2011). Apples are one
of the most cropped and consumed fruits in the world, with a global production of over 86
million tons/year. India, China, and Brazil figure as the leading world producers of apples
(FAO, 2018). Apples are cropped for direct human consumption, take part in many
industrialized products (juices, sweets, jams), and serve as a base ingredient where pectin is
used. Apple juice is consumed worldwide directly as apple juice or mixed in concentrated form
with several other fruits acting as natural replacement for sugar, and to reduce the cost of more

expensive fruit juices.
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Pasteurization is the primary treatment used in the industry to inactivate microorganisms
and undesired enzymes in fruit juices (ANTHON; BARRETT, 2002). However, heat may alter
some sensory and nutritional properties of fruit juices. Thermolabile compounds such as
vitamins, pigments, phenolics, and other diminish during pasteurization (WANG et al., 2012).

Non-thermal technologies that minimize the adverse effects of heat-based processes are
being tested in fruit juice processing (WANG et al., 2012; ALVES FILHO et al., 2018;
BEVILACQUA etal., 2018; CASTRO et al., 2020b). Some technologies, such as high-pressure
processing, are being used in the industry. Other, like ultrasound and cold plasma, are still under
development.

Cold plasma is a technology that consists of subjecting foods to ionized gas comprised
of ions, electrons, singlets, free radicals, ozone, photons, and other ionized species. The ionized
gas is produced through electrical discharge, radiofrequency, or microwave and generates a
broad range of reactive chemical species (RAMAZZINA et al., 2015). The process is carried
out at room temperature, reducing the adverse effects caused by heat, thus contributing toward
the maintenance of most sensory characteristics, while decontaminating the product (MISRA
et al., 2014; HERCEG et al., 2016).

This work presents a comparative study between two cold plasma technologies
(atmospheric dielectric barrier discharge plasma and glow discharge plasma), evaluating the
inactivation of browning enzymes (polyphenol oxidase and peroxidase), total phenolic content,

and antioxidant capacity.

2. RESULTS AND DISCUSSION
2.1. Enzyme inactivation

Figure 10 presents the polyphenol oxidase and peroxidase activities on apple juice
subjected to different plasma excitation frequencies and different operating conditions in glow
discharge plasma. PPO was partially inactivated in the juice on all plasma excitation frequencies
and in all glow discharge conditions. POD activity decreased in the juice on most plasma
excitation frequencies, except for the assay carried out at 600 Hz (DBD plasma), where no
statistical difference (p < 0.05) was noticed. POD activity showed a lower degree of decrease
in glow discharge plasma, and half of the operating conditions did not present statistical

difference (p < 0.05) when compared to the untreated apple juice.
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Figure 10- PPO and POD enzyme activity in apple juice subjected to dielectric barrier discharge

plasma operating at different excitation frequencies (a, b), and to glow discharge plasma at

different operating conditions (c, b).
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Fonte: elaborada pelo autor.

The DBD plasma treatment carried out at 50 Hz presented the highest decrease in apple
juice in both PPO (-50 %) and POD (-56 %). Inactivation of PPO and POD at 50 Hz was also
observed in tomatoes subjected to in-package plasma application (PANKAJ et al., 2013). In
related work, Tappi et al. (2014) were able to inactivate PPO (-58 %) in apples partially, but
using a higher voltage between the DBD electrodes. Castro et al. (2020) reported high
inactivation of PPO in camu-camu pulp using the same plasma equipment used in this work,
showing that the degree of inactivation of PPO and POD enzymes depend on the food matrix
and operating conditions.

The glow discharge plasma treatment carried out at 20 mL/min air plasma for 30 min
resulted in the highest reduction in PPO (-88 %) with a lower reduction in POD (-43 %). The

treatment carried out at 10 mL/min air plasma for 30 min resulted in the highest reduction in
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POD (-65 %) with a lower reduction in PPO (-58 %). Inactivation of PPO in glow discharge
plasma was reported for seriguela juice achieving approximately 90% of inactivation when
subjected to 20 mL/min of air plasma for 15 min (PAIXAO et al., 2019). Most research reports
that a higher degree (> 50 %) of inactivation of both enzymes requires a minimum of 10 min of
plasma application (BUBLER et al., 2016; PAIXAO et al., 2019; CASTRO et al., 2020b).
The loss in enzymatic activity may be attributed to chemical modifications caused by
plasma species (OH:, Oz, HOO-, and NO-) in reactive amino acids side-chains (cysteine,
tryptophan, tyrosine, and aromatic rings of phenylalanine) as proposed by Takai et al. (2012).
This chemical modification would be responsible for the inactivation of PPO and POD in
apples, melons, and potatoes subjected to DBD plasma (TAPPI et al., 2014, 2016; BUBLER et
al., 2016). The inactivation of PPO and POD could also be related to changes in the secondary
structure of these molecules resulting in the reduction of the amount of a-helix structures as
proposed by Surowsky et al. (2013). The changes in the a-helix structures are time-dependent,
and its occurrence increases with increasing plasma application time as noticed in the juice
subjected to glow discharge plasma where the inactivation of both PPO and POD increased

after more extended application periods.

2.2. Phenolic compounds

Figure 11 presents the concentration of total phenolics compounds in apple juice after
plasma treatment. Apple juice not subjected to plasma treatment presented a total phenolic
content of 212.6 + 9.1 mg gallic acid equivalent/mL (DBD plasma batch) and 254.8 + 2.6 mg
gallic acid equivalent/mL (glow plasma batch).
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Figure 11 - Total phenolic content in apple juice subjected to dielectric barrier discharge plasma
operating at different excitation frequencies (a), and to glow discharge plasma at different
operating conditions (b).
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Fonte: elaborada pelo autor.

Plasma application increased the phenolic content on apple juice subjected to DBD
plasma processing on all excitation frequencies. Only three conditions applied in glow plasma
increased the phenolic content on the juice (10 mL/min of air plasma applied for 20 and 30 min,
and 20 mL/min of air plasma applied for 10 min). When the juice comes in contact with the
plasma at 50 Hz, there is an increase in the content of phenolic compounds due to the stress
condition in the fruit, which uses a defense mechanism releasing phenolic compounds that are
secondary metabolites of this mechanism. However, when the frequency of 200 Hz and the

others (400, 600 and 900 Hz) are submitted, the amount of phenolics is lower, since they are
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considered frequencies that end up damaging these compounds, causing degradative reactions.

The trends for the phenolic content followed an inverse relationship with PPO enzyme
activity for DBD plasma application between 50 and 400 Hz. Lower PPO activities induced
higher phenolic content in the juice. This result is expected because both PPO and POD use
phenolic compounds as substrate against oxidants (ROBARDS et al., 1999). With the decrease
in enzyme activity, these enzymes consume fewer phenolics compounds. The increase in
phenolic content at 600 Hz could not be correlated to enzyme activity and might have been
caused by the depolymerization of polyphenols, as suggested by Sarangapani et al. (2017).

Most studies carried out by our group with glow discharge plasma reported an increase
of phenolic contents under all operating conditions for cashew apple, seriguela, orange, and
camu-camu juice (RODRIGUEZ et al., 2017; ALVES FILHO et al., 2019; PAIXAO et al.,
2019; CASTRO et al., 2020a). However, acerola juice presented a decrease in phenolic content
after long applications of plasma (FERNANDES et al., 2019). Apple juice presented a different
trend. The phenolic content increased after the application of plasma at a low flow rate (10
mL/min) and decreased after the application of plasma at a high flow rate (30 mL/min). The
change in behavior may be related to the hydrolysis or hydrogenation of phenolic compounds,
as observed with terpenoids and sesquiterpenoids (CAMPELO et al., 2020b).

The decrease in POD and PPO enzyme activities and the consequent increase in total
phenolic compounds is a positive effect of plasma processing. In this sense, DBD plasma
processing has an advantage over glow plasma processing.

Other plasma technologies, such as jet plasma processing, increased the phenolic
content in fruit juices. Herceg et al. (2016) reported the increase of phenolic content in
pomegranate juice applying jet plasma, correlating the increase in phenolic content to
processing time and gas flowrates. They concluded that the decomposition of the cell membrane
caused the increase because it facilitated the hydrolysis and depolymerization of polyphenolics

and ellagitannins. A similar conclusion was proposed by Laroussi and Leipold (2004).

2.3. Antioxidant Activity

Figure 12 presents the antioxidant activity of the untreated and treated apple juice. The
untreated apple juice presented an antioxidant activity of 0.126 + 0.014 umol/min.mL (DBD
plasma batch) and 0.180 £ 0.024 umol/min.mL (glow plasma batch) measured by the DPPH

method.
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Figure 12 - Antioxidant capacity of apple juice subjected to dielectric barrier discharge plasma
operating at different excitation frequencies (a), and to glow discharge plasma at different
operating conditions (b), measured by the DPPH method.
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Fonte: elaborada pelo autor.

The antioxidant capacity of the treated apple juice increased significantly (p < 0.05)
when applying plasma at excitation frequencies of 50 (50 %) and 200 Hz (10 %), which is in
line with the increase observed in total phenolics content. The operation at 600 Hz showed a
steep decrease in antioxidant content even though the phenolic content increased. Different
excitation frequencies may induce different chemical reactions (CAMPELO et al., 2020a),

resulting in the degradation of phenolics with high antioxidant capacity while not significantly
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affecting phenolics with low antioxidant capacity. Changes in the antioxidant capacity were not
observed in kiwis and probiotic orange juice subjected to DBD plasma processing
(RAMAZZINA et al., 2015; ALMEIDA et al., 2017), while it increased in pears (Chen et al.,
2019). Thus, the effect of DBD plasma processing on phenolics content and antioxidant
capacity is directly related to the chemical reactions induced by the plasma species formed at
each excitation frequency.

The antioxidant capacity of the apple juice treated with glow discharge plasma had a
higher correlation with total phenolic content, increasing with the increase in total phenolic
content. The application of glow discharge plasma at a 10 mL/min air plasma flowrate for 10
min resulted in the highest antioxidant capacity. As a general trend, the antioxidant capacity
decreased with longer applications and higher air plasma flowrates. Tangerine peels and acerola
juice subjected to glow discharge plasma also presented a high correlation between total
phenolic content and antioxidant capacity (WON et al., 2017; FERNANDES et al., 2019).

The correlation between operating conditions and antioxidant capacity is highly
dependent on the food matrix and its constituents. Plasma-treated acerola juice (FERNANDES
et al., 2019) increased its antioxidant capacity when subjected to glow discharge plasma
operating at a high air plasma flow rate (30 mL/min). However, apple juice (this study) and
cashew apple juice (RODRIGUEZ et al., 2017) treated in the same equipment and conditions
increased its antioxidant capacity when subjected to glow discharge plasma operating at low air

plasma flow rate (10 mL/min).

3. CONCLUSIONS

Both glow discharge plasma and dielectric barrier discharge plasma induced partial
inactivation of the enzymes polyphenol oxidase and peroxidase in apple juice, contributing to
an increase in total phenolics content and antioxidant activity.

Plasma processing induced significant changes in the total phenolics content and
antioxidant activity in apple juice. DBD plasma induced a higher increase in total phenolic
content than glow discharge plasma. The excitation frequency of 50 Hz provided an apple
juice with the highest total phenolic content and antioxidant capacity. The effect of plasma
processing on phenolics content and antioxidant capacity is directly related to the chemical
reactions induced by the plasma species formed at each excitation frequency (in DBD plasma)

and each air plasma flowrates (in glow discharge plasma). Further in-depth studies should be
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carried out to elucidate how the main phenolics present in fruit juices react with plasma species

to allow better prediction of plasma application conditions on different fruit juices.

REFERENCES

ALMEIDA, F. D.L.; GOMES, W. F.; CAVALCANTE, R. S.; TIWARI, B. K.; CULLEN, P.
J.; FRIAS, J. M.; BOURKE, P.; FERNANDES, F. A. N.; RODRIGUES, S.
Fructooligosaccharides integrity after atmospheric cold plasma and high-pressure processing
of a functional orange juice. Food Res Int, n. 102, p. 282-290, 2017.

ALVES FILHO, E. G.; SILVA, L. M.A.; BRITO, E. S.; WURLITZER, N. J.; FERNANDES,
F. A.N.; RABELO, M. C.; FONTELES, T. V.; RODRIGUES, S. Evaluation of thermal and
non-thermal processing effect on non-prebiotic and prebiotic acerola juices usinglH gqNMR
and GC-MS coupled to chemometrics. Food Chem, n. 265, p. 23-31, 2018.

ALVES FILHO, E. G.; RODRIGUES, T. H. S.; FERNANDES, F. A. N.; BRITO, E. S.D. E;;
CULLEN, P. J.; FRIAS, J. M.; BOURKE, P.; CAVALCANTE, R. S.; ALMEIDA, F.D. L.;
RODRIGUES, S. An untargeted chemometric evaluation of plasma and ozone processing
effect on volatile compounds in orange juice. Innov Food Sci Emerg Technol, n. 53, p. 63-
69, 2019.

ANTHON, G. E.; BARRETT, D. M. Kinetic parameters for the thermal inactivation of
quality-related enzymes in carrots and potatoes. J Agric Food Chem, n. 50, p. 4119-4125,
2002.

BEVILACQUA, A.; PETRUZZI, L.; PERRICONE, M.; SPERANZA, B.; CAMPANIELLO,
D.; SINIGAGLIA, M.; CORBO, M. R. Nonthermal technologies for fruit and vegetable juices
and beverages: overview and advances. Compr Rev Food Sci Food Saf., n. 17, p. 2-62,
2018.

BRAND-WILLIAMS, W.; CUVELIER, M. E.; BERSET, C. Use of a Free Radical Method to
Evaluate Antioxidant Activity. LWT - Food Sci Technol, n. 30, p. 25-30, 1995.

BUBLER, S.; EHLBECK, J.; SCHLUTER. O. K. Pre-drying treatment of plant related tissues
using plasma processed air: Impact on enzyme activity and quality atributes of cut apple and
potato. Innov Food Sci Emerg Technol, n. 40, p. 78-86, 2016.

CAMPELO, P. H.; ALVES FILHO, E. G.; SILVA, L. M. A.; BRITO, E. S.; RODRIGUES,

S.; FERNANDES, F. A. N. Modulation of aroma and flavor using glow discharge plasma
technology. Innov Food Sci Emerg Technol, Elsevier, n. 62, p. 102363. 2020.

98



CAMPELO, P. H.; ALVES-FILHO, E. G.; SILVA, L. M. A;; BRITO, E. S.; RODRIGUES,
S.; FERNANDES, F. A. N. Modulation of aroma and flavor using dielectric barrier discharge
plasma technology in a juice rich in terpenes and sesquiterpenes. LWT - Food Sci Technol, p.
109644, 2020.

CASTRO, D. R. G.; MAR, J. M.; SILVA, L. S.; SILVA, K. A.; SANCHES, E. A,
BEZERRA, J. A.; RODRIGUES. S.; FERNANDES, F. A. N.; CAMPELO, P.H. Dielectric
barrier atmospheric cold plasma applied on camu-camu juice processing: Effect of the
excitation frequency. Food Res Int, Elsevier, n. 131, p. 109044, 2020.

CASTRO, D.R. G.; MAR, J. M.; SILVA, L. S.; SILVA, K. A;; SANCHES, E. A.; ARAUJO
BEZERRA, J.; RODRIGUES, S.; FERNANDES, F. A. N.; CAMPELO, P. H. Improvement
of the Bioavailability of Amazonian Juices Rich in Bioactive Compounds Using Glow Plasma
Technique. Food Bioprocess Technol Food and Bioprocess Technology, n. 13, p. 670-679,
2020.

CHEN, C.; LIU, C.; JIANG, A.; GUAN, Q.; SUN, X.; LIU, S.; HAO, K.; HU, W. The effects
of cold plasma-activated water treatment on the microbial growth and antioxidant properties
of fresh-cut pears. Food Bioprocess Technol, n. 12, p. 1842-1851, 2019.

COUTINHO, N. M.; SILVEIRA, M. R.; ROCHA, R. S.; MORAES, J.; FERREIRA, M. V.
S.; PIMENTEL, T. C.; FREITAS, M. Q.; SILVA, M. C,; RAICES, R. S. L.; ANADHEERA,
C. S.; BORGES, F. O.; MATHIAS, S. P.; FERNANDES, F. A. N.; RODRIGUES, S.; CRUZ,
A. G. Cold plasma processing of milk and dairy products. Trends Food Sci Technol, n. 74,
p. 56-68, 2018.

FERNANDES, F. A. N.; SANTOS, V. O.; RODRIGUES, S. Effects of glow plasma
technology on some bioactive compounds of acerola juice. Food Res. Int., Elsevier, n. 115, p.
16-22, 2019.

HERCEG, Z.; HOVACEVIC, D. B.; KLJUSURIC, J. G.; JAMBRAK, A. R.; ZORIC, Z.;
DRAGOVIC-UZELAC, V. Gas phase plasma impact on phenolic compounds in pomegranate
juice. Food Chem, n. 190, p. 665-672, 2016.

HYSON, D. A. A comprehensive review of apples and apple components and their
relationship to human health. Adv Nutr, n. 2, p. 408-420, 2011.

LAROUSSI, M.; LEIPOLD, F. Evaluation of the roles of reactive species, heat, and UV
radiation in the inactivation of bacterial cells by air plasmas at atmospheric pressure. Int J
Mass Spectrom, n. 233, p. 81-86, 2004.

MATSUNO, H.; URITANI, I. Physiological behavior of peroxidases isozymes in sweet
potato root tissue injured by cutting or with black rot. Plant Cell Physiol., n. 13, p. 1091-
1101, 1972.

MISRA, N. N.; PATIL, S.; MOISEEV, T.; BOURKE, P.; MOSNIER, J. P.; KEENER, K. M;

CULLEN, P. J. In-package atmospheric pressure cold plasma treatment of strawberries. J
Food Eng., p. 125, p. 131-138, 2014.

99



PAIXAO, L. M. N. M. N.; FONTELES, T. V. V.; OLIVEIRA. V. S. S.; FERNANDES, F. A.
N. A. N.; RODRIGUES, S. Cold plasma effects on functional compounds of siriguela juice.
Food Bioprocess Technol, n. 12, p. 110-121, 2019.

PANKAJ, S. K.; BUENO-FERRER, C.; MISRA, N. N.; MILOSAVLJEVIC, V.;
O’DONNELL, C. P.; BOURKE, P.; CULLEN, P. J. Applications of cold plasma technology
in food packaging. Trends Food Sci Technol, n. 35, p. 5-17, 2014.

PANKAJ, S. K.; MISRA, N. N.; CULLEN, P. J. Kinetics of tomato peroxidase inactivation
by atmospheric pressure cold plasma based on dielectric barrier discharge. Innov Food Sci
Emerg Technol, n. 19, p. 153-157, 2013.

RAMAZZINA, |.; BERARDINELLI, A.; RIZZI, F.; TAPPI, S.; RAGNI, L.; SACCHETT]I,
G.; ROCCULLI, P. Effect of cold plasma treatment on physico-chemical parameters and
antioxidant activity of minimally processed kiwifruit. Postharvest Biol Technol, n. 107, p.
55-65, 2015.

ROBARDS, K.; PRENZLER, P. D.; TUCKER, G.; SWATSITANG, P.; GLOVER, W.
Phenolic compounds and their role in oxidative processes in fruits. Food Chem, n. 66, p. 401-
436, 1999.

RODRIGUEZ, O.; GOMES, W. F.; RODRIGUES, S.; FERNANDES, F. A N. Effect of
indirect cold plasma treatment on cashew apple juice (Anacardium occidentale L.). LWT -
Food Sci Technol, n. 84, p. 457-463, 2017.

SANCHEZ-RANG[EL, J. C.; BENAVIDES, J.; HEREDIA, J. B.; CISNEROS-ZEVALLOS,
L.; JACOBO-VELAZQUEZ, D. A. The Folin—Ciocalteu assay revisited: improvement of its
specificity for total phenolic content determination. Anal Methods, n. 5, p. 5990-5999, 2013.

SARANGAPANI, C.; O’'TOOLE, G.; CULLEN, P. J.; BOURKE P. Atmospheric cold plasma
dissipation efficiency of agrochemicals on blueberries. Innov Food Sci Emerg Technol,
Elsevier Ltd, n. 4, p. 235-241, 2017.

SUROWSKY, B.; FISCHER, A.; SCHUETER, O.; KNORR, D. Cold plasma effects on
enzyme activity in a model food system. Innov Food Sci Emerg Technol, n. 19, p. 146-152,
2013.

SUROWSKY, B.; SCHLUTER, O.; KNORR, D. Interactions of non-thermal atmospheric
pressure plasma with solid and liquid food systems: A review. Food Eng Rev., n. 7, p. 82-
108, 2015.

TAKAI E.; KITANO, K.; KUWABARA, J.; SHIRAKI, K. Protein inactivation by low
temperature atmospheric pressure plasma in aqueous solution. Plasma Process Polym, n. 9,
p. 77-82, 2012.

TAPPI, S.; BERARDIRIELLI, A.; RAGNI, L.; ROSA, M. D.; GUARNIERI, A.; ROCCULLI,
P. Atmospheric gas plasma treatment of fresh-cut apples. Innov Food Sci Emerg Technol, n.
21, p. 114-122, 2014.

TAPPI, S.; GOZZI, G.; VANNINI, L.; BERARDINELLI, A.;; ROMANI, S.; RAGNI, L. Cold

100



plasma treatment for fresh-cut melon stabilization. Innov Food Sci Emerg Technol, n. 33, p.
225-233, 2016.

WANG, R. X.; NIAN, W. F.; WU, H.Y.; FENG, H.Q.; ZHANG, K.; ZHANG, J.; FANG, J.
Atmospheric-pressure cold plasma treatment of contaminated fresh fruit and vegetable slices:
inactivation and physiochemical properties evaluation. Eur Phys J, n. 66, p. 276, 2012.

WISSEMANN, K. W.; LEE, C. Y. Polyphenoloxidase activity during grape maturation and
wine production. Am J Enol Vitic, n. 31, p. 206-211, 1980.

WON, M. Y.; LEE, S. J.; MIN, S. C. Mandarin preservation by microwave-powered cold
plasma treatment. Innov Food Sci Emerg Technol, n. 39, p. 25-32, 2017.

ZIUZINA, D.; HAN, L.; CULLEN, P. J.; BOURKE, P. Cold plasma inactivation of

internalised bacteria and biofilms for Salmonella enterica serovar Typhimurium, Listeria
monocytogenes and Escherichia coli. Int J Food Microbiol, n. 210, p. 53-61, 2015.

101



7 EFEITO DO PLASMA FRIO NO PERFIL DE COMPOSTOS VOLATEIS E
QUALIDADE DA POLPA DO ARACA-BOI

Esta secdo é uma parte da tese em formato de artigo que contém o resumo, o abstract,
uma breve introducgéo, os resultados, a discussdo, a concluséo e as referéncias para posterior

publicagdo em revista cientifica.

RESUMO

Novas tecnologias estdo sendo estudadas e aplicadas para minimizar o impacto negativo nos
atributos de qualidade de alimentos submetidos ao tratamento térmico, com isso, 0
processamento ndo térmico surge como uma alternativa benéfica. O plasma frio é considerado
uma alternativa potencial aos métodos térmicos tradicionais de conservacdo. Portanto, o
objetivo desta pesquisa foi avaliar a aplicacdo do plasma frio sobre os aspectos qualitativos da
polpa do araca-boi e caracterizar o perfil aromético. Utilizou-se o plasma atmosférico de
barreira dielétrica (DBD) com frequéncia de 50, 200, 400, 600 e 800 Hz, com voltagem entre
as barreiras de 20 kV e tempo de exposicdo das amostras nos tempos de 10, 15 e 20 min. Para
o plasma a vacuo de descarga luminescente, os tempos utilizados foram 10, 20 e 30 min e com
trés vazOes diferentes de gas (10, 20 e 30 mL/min). As anélises avaliadas foram: vitamina C,
peroxido de hidrogénio e perfil de compostos orgéanicos volateis. Os resultados mostraram que
0 teor de vitamina C das amostras tratadas com os dois tipos de equipamentos foram similares
a amostra-controle, ndo havendo perda de vitamina. Contudo, em 20 min de processamento
(plasma DBD), maiores teores foram observados. A andlise estatistica mostrou diferencas
estatisticas apenas para o plasma DBD. Para o perdxido de hidrogénio, houve aumento de sua
concentracdo na maioria das condig¢des quando o plasma de descarga luminescente foi aplicado
e reducéo de peroxido de hidrogénio para a aplicacdo com o plasma DBD. A caracterizacao do
perfil de compostos volateis (21 compostos identificados) mostrou que as diferentes condicoes
operacionais do plasma frio e o tipo de equipamento influencia na mudanca da composicao das
polpas de aracé-boi. Nesse sentido, o plasma frio pode ser utilizado como uma técnica para
preservacao e retengdo dos pardmetros de qualidade do aracé-boi, a partir de condigdes de
processo estudadas que podem aumentar o teor de vitamina C, reduzir o teor de peroxido de

hidrogénio e influenciar na modificacdo dos compostos volateis.
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ABSTRACT: New technologies are being studied and applied to minimize the negative impact
on the quality attributes of foods subjected to heat treatment, with non-thermal processing
emerging as a beneficial alternative. Cold plasma is considered a potential alternative to
traditional thermal methods of preservation. Therefore, the objective of this research was to
evaluate the application of cold plasma on the qualitative aspects of the guava pulp and to
characterize the aromatic profile. The atmospheric dielectric barrier plasma (DBD) was used
with a frequency of 50, 200, 400, 600 and 800 Hz, with a voltage between the barriers of 20 kV
and exposure time of the samples in the times of 10, 15 and 20 min. For the glow discharge
vacuum plasma, the times used were 10, 20 and 30 min and with three different gas flows (10,
20 and 30 mL /min). The analyses evaluated were: vitamin C, hydrogen peroxide and volatile
organic compound profile. The results showed that the vitamin C content of the samples treated
with the two types of equipment were similar to the control sample, with no loss of vitamin.
However, at 20 min of processing (plasma DBD) higher levels were observed. The statistical
analysis showed statistical differences only for the DBD plasma. For hydrogen peroxide there
was an increase in its concentration in most conditions when the glow discharge plasma was
applied and a decrease in hydrogen peroxide for the application with the DBD plasma. The
characterization of the volatile compounds profile (21 compounds identified) showed that the
different operational conditions of the cold plasma and the type of equipment influences the
change of the composition of the aracéa-boi pulps. In this sense the cold plasma can be used as
a technique for preservation and retention of the quality parameters of the guava-pulp, from the
studied process conditions that can increase the vitamin C content, reduce the hydrogen

peroxide content and influence the modification of volatile compounds.

1. INTRODUCAO

O Brasil se destaca por possuir diversas variedades de frutas exdticas. Assim,
considerando o carater exdético e os beneficios para a salde, por serem fontes de compostos
bioativos, a introducdo dessas frutas na cadeia alimentar representa uma importante atividade
econdmica (NERI-NUMA et al., 2013). Dentre elas, o0 araga-boi (eugenia stipitata), que é um
fruto da regido amazdnica que apresenta importantes compostos nutricionais e funcionais, ja
que é rico em vitaminas, fibras, antioxidantes (carotenoides, flavonoides e compostos fenolicos)
e compostos volateis (ARAUJO et al., 2019; NERI-NUMA et al., 2013).

Em relag8o as caracteristicas fisicas e sensoriais do araga-boi, o fruto é arredondado,
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cor amarelo-claro e com polpa carnuda e suculenta, de aromas agradaveis, porém, com carater
4cido, o que limita o consumo in natura (ARAUJO et al., 2019; NERI-NUMA et al., 2013;
FRANCO; SHIBAMOTO, 2000). Com isso, 0 processamento industrial € considerado uma
alternativa para a formulagdo de alguns produtos, como: geleias, sucos, doces e sorvetes
(NEVES et al., 2015).

Para conserva-los, principalmente os sucos, a tecnologia mais utilizada para inativar
micro-organismos e enzimas € o tratamento térmico (por meio de processos de pasteurizacdo
ou esterilizacdo) (MISRA et al., 2014). Porém, o uso do calor pode alterar alguns parametros
de qualidade, como sabor, aroma, cor e valor nutricional desses produtos, uma vez que possuem
componentes termossensiveis, como: vitaminas e pigmentos (WANG et al., 2012).

Em virtude disso, as industrias de bebidas estdo em busca de desenvolver sucos e
néctares ricos nutricional e sensorialmente atraentes (BHARDWAJ; PANDEY, 2011; SOUZA
FILHO et al., 2000). Dessa forma, o processamento com frutas exdticas € um potencial para
pesquisas cientificas que estudam e caracterizam 0s principais compostos presentes nessas
frutas que influenciam a qualidade dos produtos alimenticios (FRANCO; SHIBAMOTO,
2000).

Portanto, novas tecnologias estdo sendo estudadas e aplicadas para minimizar o impacto
negativo nos atributos de qualidade desses produtos. Com isso, 0 processamento ndo térmico
surge como uma alternativa benéfica (WANG et al., 2012; MISRA et al., 2014). Dentre elas,
tem-se o plasma frio, que consiste em submeter a matriz alimentar a um gas ionizado composto
por particulas (ions, elétrons, fétons, radicais livres) produzidos a partir de uma descarga
elétrica, que é responsavel por iniciar inUmeras reagdes quimicas de significativa importancia
(RAMAZZINA et al., 2015).

Em vista disso, o objetivo desta pesquisa foi avaliar a aplicacdo do plasma frio sobre os
aspectos qualitativos (vitamina C, peroxido de hidrogénio e o perfil de compostos organicos

volateis) da polpa do aracé-boi.

2.RESULTADOS E DISCUSSAO
2.1 Vitamina C

Para as amostras da polpa do araca-boi tratadas com o plasma atmosférico DBD, a
Figura 13 mostrou que a vitamina C das polpas submetidas as condi¢6es avaliadas apresentaram
valores médios proximos ao valor da amostra-controle (1,50 mg AA/mL). E a analise estatistica

(Tabela 6) mostrou diferencas significativas na maioria dos tratamentos.
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Figura 13 — Concentracdo de vitamina C das amostras da polpa do araca-boi submetidas ao
tratamento com plasma frio atmosférico em diferentes frequéncias (50, 200, 400, 600 e 800 Hz)
e tempos (10, 20 e 30 min) e amostra controle (sem tratamento). A linha horizontal ¢ utilizada
para verificar o aumento ou redugdo da concentragcdo do composto em relagdo ao da amostra
controle.
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Fonte: elaborada pela autora.

Observou-se que houve reducdo da vitamina C em duas condi¢des (frequéncia de 200
Hz por 10 min de processamento e frequéncia de 800 Hz por 15 min de processamento).
Contudo, foi observado que em todas as diferentes frequéncias submetidas no tempo de 20 min
o teor de vitamina C aumentou em relacdo a amostra ndo tratada, mostrando, assim, que nesse
tempo, e com o tratamento do plasma a polpa, apresentou maiores concentracfes de vitamina
C. O aumento dessa vitamina também foi encontrado em estudos com o araga-boi (ARAUJO
et al., 2021), em morangos (GANI et al., 2016) e em suco de goiaba (CHENG et al., 2007)
submetidos ao ultrassom (tecnologia de conservagdo ndo térmica).

O aumento da vitamina C estd relacionado a ativacdo da enzima desidroascorbato
redutase. O &cido ascorbico sofre oxidacdo e forma a molécula de acido desidroascérbico, e
esta é naturalmente convertida de volta em acido ascorbico devido a acdo da enzima
desidroascorbato redutase por meio do ciclo ascorbato-glutationa (NOCTOR; FOYER, 1998).
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Uma das espécies reativas formadas pelo plasma frio é o 6xido nitrico (LIU et al.,
2017), que é uma molécula que pode regular o ciclo ascorbato-glutationa e aumentar a
atividade da enzima (desidroascorbato redutase) (SUN et al., 2015) e, consequentemente,
ocorrer um aumento na concentracdo de vitamina C, comportamento assim encontrado no
presente trabalho.

Assim como no plasma atmosférico DBD, as amostras submetidas ao tratamento com o
plasma a vacuo de descarga luminescente também apresentaram valores médios similares ao
valor da amostra-controle (1,45 mg AA/mL), como mostrado na Figura 14. Porém, apenas nas
condigdes de processamento de 20 mL-10min e 30 mL-30min houve uma redugéo. No entanto,
para a andlise estatica (Tabela 6), ndo houve diferencas significativas entre os tempos e

tratamentos.

Figura 14 — Concentracdo de vitamina C das amostras da polpa do araca-boi submetidas ao
tratamento com plasma descarga luminescente em diferentes fluxos de gas (10, 20 e 30/ mL) e
tempos (10, 20 e 30 min) e amostra controle (sem tratamento). A linha horizontal é utilizada
para verificar o aumento ou redugdo da concentragcdo do composto em relagdo ao da amostra
controle.
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Fonte: elaborada pela autora.
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Tabela 6 — Concentracdo de vitamina C e peroxido de hidrogénio da polpa do araga-boi sem
tratamento e com tratamento de plasma frio (DBD e descarga luminescente)

Condicao operacional

Vitamina C
(mg AA/mL)

Peroxido de
Hidrogénio
(umol/L)

Plasma de descarga luminescente

Controle 142 +0.10¢% 107.50 +£10.14¢%
10 mL/min 172 +0.51° 131.34 + 7.542
10 min
10 mL/min 1.47 +0.09° 114.50 + 15.32°
20 min
10 mL/min 1.47 +0.142 12550 + 1,172
30 min
20 mL/min 1.34+0.05° 117.34 + 4,722
10 min
20 mL/min 1.66 +0.293 106.34 + 13.673
20 min
20 mL/min 1.46 +0.09 @ 108.33 + 4.242
30 min
30 mL/min 1.61 +0.232 120.34 + 2.35°
10 min
30 mL/min 1.46 + 0.02° 129.34 + 2,253
20 min
30 mL/min 1.39+0.06° 106.00 + 2.832
30 min
Plasma de barreira dielétrica (dbd)

Controle 1.47 +0.15 % 157.34 + 4,72 abc
S0 Hz 1.48 +0.02 ® 185.50 + 4.95 @
10 min
50 H_Z 1.55 + 0.08 3¢ 151.00 + 7.07 b¢
15 min
S0 Hz 1.70 + 0.082¢ 154.67 + 1.41 ¢
20 min
200 Hz 1.42 +0.08° 158.17 + 1.18 *°
10 min
200 H_Z 1.51 + 0.02 ¢ 149.33 +2.83 ¢
15 min
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200 Hz
20 min
400 Hz
10 min
400 Hz
15 min
400 Hz
20 min
600 Hz
10 min
600 Hz
15 min
600 Hz
20 min
800 Hz
10 min
800 Hz
15 min
800 Hz
20 min

1.81+0.00°
1.61 +0.023¢
1.44 +£0.03%
1.73+0.08"
1.47 £0.02 %
1.46 +0.04%
1.67 +0.06 *°
1.48 +0.02%
1.40 +0.05 2

1.63 + 0.24 3¢

136.67 +2.35°
175.50 + 6.83 %
157.67 + 20.74 3¢
175.83 £0.712
152.67 +6.13 ¢
153.84 +1.18 ¢
152.67 +0.94
149.17 £7.30 ¢
157.00 + 9.90 2°

151.00 + 13.19 b¢

Fonte: elaborada pela autora.

2.2 Perfil dos compostos organicos volateis

Para o perfil dos compostos organicos volateis, um total de 15 compostos foram

identificados, dentre os quais as classes de: aldeidos, acidos, entre outros em anexo (Apéndice

A).

Uma analise de heat map foi realizada para apresentar, por meio de intensidade de cores,

a concentracao dos compostos em cada tratamento realizado na polpa de araga-boi. O heat map

mostrou que o plasma DBD, no geral, alterou de forma branda as concentragdes dos compostos

(Figura 15), ja que estes se mantiveram estaveis, principalmente nos tempos de 20 min de

processamento.
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Figura 15 - Heat map a partir do efeito do plasma frio (lado direito da linha vermelha - plasma
de descarga luminescente, lado esquerdo da linha vermelha — plasma DBD) sobre 0s compostos
organicos volateis presentes na polpa de araca-boi.
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Fonte: elaborada pela autora.

No entanto, o plasma DBD foi responsavel por aumentar a intensidade de alguns
compostos quando as maiores frequéncias (600 e 800 Hz) eram submetidas e com os tempos
de 10 e 15 min. Por exemplo: na condigéo de 800 Hz-15 min (frequéncia do plasma e tempo de
exposicdo) houve a formacao dos compostos 2,4-dihydroxy-2,5-dimethyl-3(2H)-furanone, 2,3-
dihydro-3,5 dihydroxy-6-methyl-4H-pyran-4-one e 5-(hydroxymethyl)-2-furaldehyde. Quando
comparada a amostra-controle, a aplicacdo do plasma reduziu o composto 2,5-dimethyl furan.

Em relacdo aos volateis, 6 compostos foram identificados (Figura 16 e Apéndice B). O
heat map indicou que houve maiores aumentos de concentracbes quando as menores
frequéncias foram utilizadas (50, 200 e 400 Hz) e também nos tempos de 10 e 15 min. Quando
comparada a amostra-controle, a aplicacdo do plasma em todas as condi¢des reduziu o
composto 2',6'-dihydroxyacetophenone.
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Figura 16 - Heat map a partir do efeito do plasma frio (lado direito da linha vermelha - plasma
de descarga luminescente, lado esquerdo da linha vermelha — plasma DBD) sobre 0s compostos
organicos voléteis presentes na polpa de araga-boi
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Fonte: elaborada pela autora.

Ao avaliar o heat map para o plasma de descarga luminescente, observou-se que, na
maioria das condi¢des (fluxo e tempo), houve um aumento nas concentrages dos compostos
(mostrados pela cor vermelha na Figura 15), com destaque para os compostos: 3-furoic acid,
methyl ester e 2-propyl-tetrahydropyran-3-ol, mostrando, assim, que o plasma de descarga
luminescente influenciou na formagéo desses compostos.

Em relacdo aos compostos volateis, o heat map indicou que, na maioria das condigdes,
ocorreu uma estabilidade nas concentracdes (cores azuis) em relacdo a amostra-controle, com
excecdo para os compostos o-pineno, que aumentou sua concentracao quando taxas de gas de
10 e 20 mL/min foram submetidos (existindo, assim, uma formacao desse composto na polpa
submetida ao plasma) e o composto 2,4-dimethyl-1,3-dioxolane na condigdo com 10
mL/10min.

Aradujo et al. (2021), em estudo com araca-boi, avaliaram por heat map a influéncia do
ultrassom em compostos de interesse e mostraram que, dependendo da intensidade e tempo de
processamento, ocorriam aumentos e reducdes desses compostos. Poodi et al. (2018) explicam
gue o colapso que ocorre nas bolhas formadas nas amostras submetidas ao ultrassom pode levar
a degradacéo ou hidrolise de alguns compostos (CASTRO; CAPOTE, 2007).

Em virtude do comportamento que ocorre com o ultrassom relacionado com o plasma
frio, a formacdo ou reducdo de compostos organicos volateis do araga-boi foi influenciada pela

acao do plasma frio por ser um gas composto por diversas espécies e particulas (NIEMIRA;
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GUTSOL, 2011), as quais sdo responsaveis por diversas reacdes quimicas, dentre elas:
isomerizacao, cisdo, hidrogenacao, hidrdlise, dimerizacdo, oxidacdo, desamidacdo, nitracao,
sulfoxidacao, desidrogenacdo e/ou hidroxilacdo de aminoacidos (TAKAI et al., 2013).

2.3 Perdxido de hidrogénio

Para a determinacdo do teor de peroxido de hidrogénio, observou-se (Figura 17) que,
para o plasma DBD, em apenas trés condi¢Ges de frequéncias e tempos de processamento (50
Hz-10 min, 400 Hz-10 min e 400 Hz-20 min) houve aumento. No entanto, em quase todos 0s
tratamentos a quantidade de perdxido foi inferior a amostra controle (Tabela 6), apresentando

diferencas estatisticas entre as condi¢des de processamento para esse tipo de plasma.

Figura 17 — Concentracdo de peroxido de hidrogénio das amostras da polpa do araca-boi
submetidas ao tratamento com plasma frio DBD em diferentes frequéncias (50, 200, 400, 600
e 800 Hz) e tempos (10, 20 e 30 min) e amostra-controle (sem tratamento). A linha horizontal
é utilizada para verificar o aumento ou reducdo da concentracdo do composto em relagdo ao da
amostra controle.
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Fonte: elaborada pela autora.

Todavia, a aplicacio com o plasma de descarga luminescente obteve maiores
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concentracBes de perdxido de hidrogénio (Figura 18), mas para a analise estatistica, ndo foram

apresentadas diferencas significativas.

Figura 18 — Concentracdo de perdéxido de hidrogénio das amostras da polpa do araca-boi
submetidas ao tratamento com plasma descarga luminescente em diferentes fluxos de gas (10,
20 e 30/ mL) e tempos (10, 20 e 30 min) e amostra controle (sem tratamento). A linha horizontal
é utilizada para verificar o aumento ou reducdo da concentracdo do composto em relagdo ao da
amostra controle.
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Fonte: elaborada pela autora.

O plasma frio forma diversas espécies reativas de oxigénio, as quais tendem a se ligar
com estruturas para a sua formacéo, sendo, entdo, oxidantes ou redutores de elétrons, formando
substancias reativas como o peréxido de hidrogénio (OLIVEIRA, 2011). Dessa forma, trata-se
de um oxidante eficiente na conversdo de SO, em SO4? , oxidagdo de sulfeto de hidrogénio,
oxidacdo de componentes inorganicos, hidrolise de formaldeido, carboidratos, componentes
nitrogenados e fendis (MATTOS et al., 2003).

Tendo em vista as reacgdes as quais o peroxido de hidrogénio é responsavel, o aumento
da sua concentracdo pela agédo do plasma influenciou na modificacdo de alguns compostos
volateis (a- pinene, 2,5-dimethyl furan, 3-furoic acid, methyl ester, 2-propyl-tetrahydropyran-
3-ol, 2,3-dihydro-3,5 dihydroxy-6-methyl-4H-pyran-4-one e 1H-pyrazole-3-carboxylic acid, 5-

methyl, ethyl ester), como mostrados por meio do heat map (Figura 15 e 16).
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3 CONCLUSAO

Os dois tipos de plasma (DBD e descarga luminescente) contribuiram para o aumento
da vitamina C. Para o plasma DBD, na maioria das condi¢des, a vitamina C se manteve estavel
em comparagéo ao controle, ndo existindo diferengas entre as condi¢Ges de processo utilizadas.

A caracterizacdo do perfil de compostos volateis mostrou que as diferentes condicdes
operacionais do plasma frio e o tipo de equipamento influenciam na mudanca da composicéo
das polpas de araca-boi, causando degradacdo ou formacao desses compostos. O plasma DBD,
na maioria das condic¢des, ndo modificou os compostos, com exce¢éo das frequéncias de 600
Hz e 800 Hz, que apresentaram maiores concentracdes dos compostos identificados.

Nesse sentido, o plasma frio pode ser utilizado como uma técnica para preservacao e
retencao dos parametros de qualidade do araga-boi, a partir de condi¢des de processo estudadas
que podem aumentar o teor de vitamina C e reduzir o teor de perdxido de hidrogénio, como foi

observado, principalmente, para o plasma DBD.
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APENDICE A- PERFIL DOS COMPOSTOS ORGANICOS VOLATEIS

Composto Férmula molecular Estrutura
2,5-dimethyl CeHsO ®)
furan \@/
Furfural CsH402 @)
(@] /
<7
Acid malic C4HeOs i i
OH
0
2,4-dihydroxy- CeHgO4 HO, o
2,5-dimethyl- M
3(2H)-furanone HsC™ g CHa
5-methyl-2- CeHsO2
furaldehyde - /@(H
(@)
D-glucose,6-0-4- C12H22011 e
D -~ O, - xH0O
galactopyranosyl- Og@H
melibiose He T on
2,6- C7H604 OH O
dihydroxybenzoic @\)J\OH
acid OoH
3-furoic acid, CsHsO
methy| ester \ / o
o
o]
2-propyl- CsHi1602 0
tetrahydropyran- HsC OH
3-ol CHs
2,3-dihydro-3,5 Cé HsO 4 K oH

dihydroxy-6-
methyl-4H-pyran-
4-one
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5- CsHeO3 7\
(hydroxymethyl)- HO\/Q”/H
2-furaldehyde O
cinnamic acid CoHsO2 Q
1H-pyrazole-3- C7H10N202 CHs
carboxylic acid, Ho\rm
5-methyl, ethyl © L,

ester

linoleic acid Ci18H3202 N N
oleic acid C18H3402

WMOH
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APENDICE B- PERFIL DE COMPOSTOS VOLATEIS

Composto Formula molecular Estrutura
2,4-dimethyl-1,3- CsH1002 5\
dioxolane <
o
a-pinene CioHis
HaC /
HsC  CHs
2'.6'- CsHsOs3 O
dihydroxyacetoph HO\'@\)‘LCHa
enone OH
ethyl isso- C26H4405 N
allocholate Ho 0
longipinane CisHz26 CHs
\ oH CH,
HsC
HgC H H
oleic acid Ci18Hz402 oH
/\/\/\/\:/\/WY
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8 CONCLUSAO

Os dois sistemas de plasma (descarga DBD e descarga luminescente) induziram a
inativacdo parcial das enzimas PPO e POD no suco de macé, contribuindo para aumentar o teor
de fendis e da atividade antioxidante. O plasma DBD com frequéncia de excitacdo de 50 Hz
proporcionou um suco de mag¢d com o maior conteudo de fenodlico total e capacidade
antioxidante e com menor mudanca de cor. De forma geral, as alteragfes nos parametros de cor
ndo comprometeram a qualidade do produto.

O plasma de descarga luminescente reduziu o teor de sacarose e aumentou a glicose, a
frutose e o acido mélico da macd. Essas alteragdes aumentaram, significativamente, o poder
adocante e reduziram a relacdo acgucar-acido dos sucos de macd. As alteracbes mais
significativas foram alcangadas operando a 20 mL/10min e a 10 mL/30min de fluxo de plasma.
O plasma de barreira dielétrica reduziu o teor de sacarose, glucose e frutose, aumentou o teor
de acido malico, diminuiu o poder adogante e a relacdo agucar-acido do suco e cubos de maca,
com mudancas mais significativas alcancadas nas condi¢des de 50 e 900 Hz. O tratamento com
o plasma frio também altera as caracteristicas sensoriais dos produtos de macé e pode ser
utilizado para modular tanto a dogura como a relacéo agucar-acido.

Nas polpas de araga-boi o plasma influenciou no aumento do teor de vitamina C e na
reducdo de peroxido de hidrogénio, principalmente com o plasma DBD. A caracterizag¢éo do
perfil de compostos volateis mostrou que as diferentes condi¢des operacionais do plasma frio e
0 tipo de equipamento influenciam na mudanca da composicdo das polpas de araga-boi,
causando degradacdo ou formacao de compostos volateis.

Portanto, o plasma frio pode ser utilizado como uma técnica para preservagao e retencéo
dos parametros de qualidade das frutas estudadas, a partir de condi¢cdes de processo avaliadas

para alcancar os objetivos especificos.
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