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RESUMO

ANJOS, Dioneire Amparo dos. Filmes e revestimentos a base de amido de banana-da-terra
(Musa paradisiaca L.) verde com o6leo essencial de capim-cidreira (Cymbopogon citratus)
para aplicacio em umbu gigante (Spondias tuberosa arr. Camara). Itapetinga, BA: UESB,
2025. 105p. Tese. (Doutorado em Engenharia e Ciéncia de Alimentos, Area de Concentragio
em Ciéncia de Alimentos). *

A crescente demanda por embalagens sustentaveis e a preocupagdo ambiental sobre o uso de
polimeros sintéticos tém impulsionado o desenvolvimento de bioplasticos, especialmente na
forma de filmes e revestimentos comestiveis, como alternativas promissoras na conservagao de
alimentos frescos. Neste contexto, o uso de filmes e revestimentos a base de amido desponta
como uma solucdo sustentdvel devido a sua biodegradabilidade, abundancia e propriedades
favoraveis para formagao de filmes. Neste estudo foi avaliado o efeito da incorporacao de
emulsdo de 6leo essencial de capim-cidreira (OEC) em filmes e revestimentos a base de amido
de banana-da-terra verde, visando aprimorar suas propriedades funcionais para aplicagdes como
embalagens ativas e sustentaveis e na preservacao da qualidade pos-colheita de frutos de umbu
gigante (Spondias tuberosa Arr. Camara), um fruto tropical climatérico de alta perecibilidade.
Para elaboragdo dos filmes e revestimentos foram preparadas formula¢des com diferentes
concentragdes de OEC (0; 0,4; 0,6; 0,8 e 1,0%) utilizando a técnica de casting. As analises
empregadas para avaliar as propriedades fisicas, de barreira e ativas dos filmes foram:
espessura, permeabilidade ao vapor de agua (PVA), solubilidade em agua, ensaios mecanicos,
morfologia, biodegradabilidade e atividade antioxidante. Os frutos foram revestidos com as
solucdes filmogénicas por imersdo e armazenados em ambiente sob refrigeragao a 12 + 2 °C
durante o periodo de 9 dias. Avaliou-se os pardmetros de qualidade: perda de massa, firmeza,
cor, pH, teor de solidos soluveis, acidez titulavel e teor de acido ascorbico, durante o periodo
de armazenamento. Os resultados demonstraram que a adi¢do de OEC aumentou o alongamento
na ruptura dos filmes de 53,82% para 72,82% nas concentragdes de 0 e 0,4%, respectivamente,
indicando maior flexibilidade dos filmes. Nao foi observado impacto significativo na
permeabilidade ao vapor de 4gua (variando de 0,30 a 0,34 g 4gua.mm.dia'.m?kPal),
solubilidade (entre 14,39% e 15,54%) ou espessura, embora tenha sido observado ligeira
redu¢do na PVA em comparacdo ao controle, juntamente com diminui¢cdo da resisténcia a
tracdo. Os filmes foram completamente biodegradados em 15 dias, reforcando o potencial
ecologico do material. Filmes com 0,8% e 1,0% de OEC apresentaram maior atividade
antioxidante, atingindo valores proximos a 65% ao final do periodo de avaliagdo. Na aplicacio
como revestimentos comestiveis, a formulagao com 0,8% de 6leo essencial resultou na menor
perda de peso (3,98%) e maior preservagdo da firmeza da polpa (reducao de 27,99%) e cor da
casca, além de niveis mais estaveis de pH e acido ascorbico. A temperatura de 12°C apresentou
efeitos negativos sobre a firmeza, indicando possivel injuria pelo frio. Os resultados indicam
que a incorporacdo de emulsdes de dleo essencial de capim-cidreira conferiu propriedades
bioativas sem afetar significativamente as propriedades mecanicas e de barreira dos filmes. Os
revestimentos comestiveis enriquecidos com 6leo essencial de capim-cidreira demonstraram
potencial para manter a qualidade dos frutos, estender a vida 1til do umbu gigante e oferecer
uma abordagem sustentavel e ecologicamente correta para o manejo pos-colheita, constituindo
uma alternativa vidvel aos plasticos convencionais com aplicagdes promissoras na preservacao
de alimentos.

Palavras-chave: Biopolimero, Compostos bioativos, Embalagem biodegradavel, Tecnologia
pos-colheita, Spondias tuberosa

* Orientadora: Dr.? Cristiane Martins Veloso, UESB



ABSTRACT

The growing demand for sustainable packaging and environmental concerns about the use of
synthetic polymers have driven the development of bioplastics, especially in the form of edible
films and coatings, as promising alternatives for fresh food preservation. In this context, the use
of starch-based films and coatings emerges as a sustainable solution due to their
biodegradability, abundance, and favorable properties for film formation. This study evaluated
the effect of incorporating lemongrass essential oil (LEO) emulsion into green plantain starch-
based films and coatings, aiming to enhance their functional properties for applications as active
and sustainable packaging and in the preservation of the post-harvest quality of giant umbu
fruits (Spondias tuberosa Arr. Camara), a climacteric tropical fruit with high perishability. For
film and coating preparation, formulations with different LEO concentrations (0, 0.4, 0.6, 0.8,
and 1.0%) were prepared using the casting technique. The thickness, water vapor permeability
(WVP), water solubility, mechanical properties, morphology, biodegradability, and antioxidant
activity of the films were evaluated to determine their physical, barrier, and active properties.
The fruits were coated with filmogenic solutions by immersion and stored under refrigeration
at 12 £ 2 °C for 9 days. Quality parameters, including weight loss, firmness, color, pH, soluble
solids content, titratable acidity, and ascorbic acid content, were evaluated during the storage
period. The results demonstrated that the addition of LEO increased the elongation at break of
the films from 53.82% to 72.82% at concentrations of 0 and 0.4%, respectively, indicating
greater film flexibility. No significant impact was observed on water vapor permeability ( 0.30
- 0.34 g water.mm. day'.m2.kPa'), solubility (between 14.39% and 15.54%), or thickness,
although a slight reduction in WVP was noted compared to the control, along with a decrease
in tensile strength. The films were completely biodegraded within 15 d, reinforcing the
ecological potential of this material. Films with 0.8% and 1.0% LEO exhibited higher
antioxidant activity, reaching values close to 65% by the end of the evaluation period. In edible
coating applications, the formulation with 0.8% essential oil resulted in the lowest weight loss
(3.98%) and greater preservation of pulp firmness (27.99% reduction) and peel color, as well
as more stable pH and ascorbic acid levels. The temperature of 12°C showed negative effects
on firmness, indicating possible chilling injury. The results indicate that the incorporation of
lemongrass essential oil emulsions conferred bioactive properties without significantly
affecting the mechanical and barrier properties of the films. Edible coatings enriched with
lemongrass essential oil demonstrated potential to maintain fruit quality, extend the shelf life
of giant umbu, and offer a sustainable and environmentally friendly approach for post-harvest
management, constituting a viable alternative to conventional plastics with promising
applications in food preservation.

Key-words: Biopolymer, Bioactive compounds, Biodegradable packaging, Postharvest
technology, Spondias tuberosa
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1 INTRODUCAO

O crescimento populacional leva a um aumento consideravel na geracdo de residuos
solidos urbanos, sendo grande parte desses residuos constituida por embalagens plasticas
sintéticas. Isso resulta em grandes preocupagdes relacionadas ao descarte inadequado e aos
sérios problemas ambientais ocasionados, resultando na polui¢cdo de ecossistemas terrestres e
marinhos (Mazhandu ef al., 2020).

Por essa razdo, nas ultimas décadas houve um crescente interesse da comunidade
cientifica no desenvolvimento de embalagens que sejam elaborados por processos sustentaveis,
utilizando materiais de fontes bioldgicas, renovaveis e comestiveis como polissacarideos,
lipidios e proteinas, que melhorem a qualidade dos alimentos e proporcionem seguranca
alimentar (Coppola et al., 2021; Han, 2014).

O amido se destaca como um material potencial para esse uso, por ser uma matéria-prima
abundante, comestivel, biodegradavel, ndo toxica e de baixo custo de comercializagdo. A
exploracao de fontes ndo convencionais de amido tem ganhado atengdo como estratégia para
obten¢do desse polissacarideo, especialmente considerando produtos agricolas que, embora
estejam em boas condi¢des para consumo ndo atendem aos padrdes comerciais exigidos para
comercializacdo. A utilizagdo dessas fontes ndo apenas diversifica as matérias-primas
disponiveis para a producdo de bioplasticos, mas também contribui para a reducao da pressao
sobre as culturas convencionais, que frequentemente enfrentam desafios relacionados a
demanda crescente e a competicdo por terras agricolas (Gongalves et al., 2024).

Um exemplo nesse contexto € a banana-da-terra verde, que apresenta elevados teores de
amido e pode ser aproveitada para a producao de bioplasticos, contribuindo para reducao do
desperdicio alimentar (Moreno-Zaragoza; Rosell; Bello-Pérez, 2025). A espécie Musa
paradisiaca L., conhecida popularmente como banana-da-terra, caracteriza-se por acumular
grande quantidade de amido. No estadio de maturacao verde, o contetido de amido ¢ elevado,
variando de 70 a 80% em peso seco, com teor de amilose em torno de 30 a 40%, dependendo
da variedade. Outra fragdo importante € o amido resistente, que resiste a hidrolise enzimdtica e
estd presente em quantidade elevada, variando de 47 a 57%. A estrutura do amido resistente
contribui para a formagao de uma rede polimérica mais estavel nos filmes, o que pode resultar
em uma melhor resisténcia mecanica e flexibilidade (Orsuwan; Sothornvit, 2017; Li et al.,
2018; Yang et al., 2022). Entretanto, o amido nativo possui algumas caracteristicas que limitam

sua utilizagdo em algumas aplicacdes, a exemplo da natureza hidrofilica e fragilidade mecanica.
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Para melhorar essas caracteristicas, produtos como plastificantes, surfactantes ou outros
materiais podem ser adicionados (Yaashikaa et al., 2023).

A incorporagdo de Oleos essenciais em matrizes de amido pode melhorar as
propriedades de barreira e mecanicas dos materiais de embalagem. Além disso, quando sdo
incorporados em revestimentos para conservagdo pds-colheita de frutas e vegetais, conferem
propriedades antimicrobianas e antioxidantes (Devi et al., 2024). Entre os 6leos essenciais, o
oleo de capim-cidreira (Cymbopogon citratus) destaca-se por sua composi¢ao rica em citral,
um composto que tem comprovada eficidcia antimicrobiana contra uma variedade de
microrganismos, incluindo bactérias, leveduras e fungos (Faheem et al., 2022; Valkova et al.,
2022). Devido a essas propriedades os filmes e revestimentos de amido com incorporagao de
oleo essencial podem colaborar com a manuten¢do da qualidade dos frutos e reduzir as perdas
pos-colheitas (superior a 30%). Estas perdas sdo atribuidas a varios fatores, incluindo mudancas
fisiologicas que ocorrem apos a colheita, danos mecanicos durante o manuseio e transporte e
condig¢des climaticas desfavoraveis que afetam o armazenamento. Além disso, infestagdes por
pragas podem contribuir significativamente para essas perdas (Al-Tayyar et al., 2020; Janghu
etal.,2024).

Um destes frutos que demandam a aplicacdo de técnicas de conservagao pos-colheita é
o Umbu gigante, um fruto proveniente de acessos de umbuzeiros que produzem frutos maiores
em comparagao aos frutos nativos, com peso médio acima de 75 g (Donato et al., 2024). O
umbu apresenta rapido amadurecimento e deterioragdo apos a colheita, completando o processo
em 2-3 dias em temperatura ambiente, devido ao seu metabolismo fisiologico rapido e alta taxa
respiratoria, o que dificulta sua conservacao e comercializagdo por periodos prolongados (Lima
etal.,2018; Moura et al., 2013; Teodosio et al., 2021). A variabilidade genética e a composi¢ao
bioquimica da fruta, incluindo altos niveis de aglcares, acidez e compostos fenodlicos,
contribuem para sua rapida deterioracao (Lima; Castricini, 2019).

Com base nesses achados, o desenvolvimento de bioplasticos naturais e funcionais,
como os baseados em biopolimeros, se apresentam como uma alternativa inovadora e
ecologicamente sustentavel para promover a manuten¢do da qualidade pds-colheita de frutos

frescos e prolongar sua vida util de prateleira.
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2 OBJETIVOS

2.1 Objetivo geral

Desenvolver e caracterizar bioplasticos a base de amido de banana-da-terra (Musa
paradisiaca L.) verde com diferentes concentragcdes de oOleo essencial de capim cidreira
(Cymbopogon citratus), avaliando sua aplicagdo como revestimento comestivel e seus efeitos

na conservacao e qualidade pos-colheita do umbu gigante (Spondias tuberosa Arruda Camara).

2.2 Objetivos especificos

- Extrair e caracterizar o amido de banana-da-terra verde;

- Elaborar filmes e revestimentos a base de amido de banana-da-terra verde com
diferentes concentragdes de 6leo essencial de capim-cidreira;

- Determinar as propriedades quimicas, fisicas e morfologicas dos filmes produzidos,
suas atividades antioxidantes e sua biodegradabilidade;

- Aplicar os revestimentos comestiveis em frutos de umbu-gigante;

- Determinar os parametros de qualidade pos-colheita do umbu-gigante (perda de
massa, firmeza de casca e polpa, cor da casca e polpa, pH, solidos soluveis, acidez titulavel e

acido ascorbico) durante o periodo de armazenamento sobre refrigeragao.
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3 REVISAO DE LITERATURA

3.1 Bioplasticos

A produgao de plastico sintético a base de polimeros derivados do petréleo € uma
preocupagdo ambiental, visto que os microrganismos na natureza ndo conseguem degradar
eficientemente esses polimeros, requerendo um tempo longo para a degradacao, ou ainda se
decompondo em pequenos fragmentos como microplésticos € nanoplasticos, poluindo oceanos,
aterros sanitarios e ecossistemas (Hossain et al., 2024; Swetha et al., 2024; Tsang et al., 2019).
Assim, os bioplasticos tém sido amplamente investigados ao longo das duas tltimas décadas,
sendo considerados como alternativa para o material plastico convencional, ja que apresentam
propriedades semelhantes, além de vantagens adicionais, como diferentes opgdes para a gestao
do residuo, podendo ser usados em compostagem, promovendo a ciclagem de carbono e
enriquecendo o solo, representando assim um passo promissor para reduzir a polui¢ao pléstica
e promover a sustentabilidade (Mitelut et al., 2015; Mojica-Mufioz ef al., 2024).

O termo bioplastico tem sido bastante utilizado para definir os polimeros derivados de
fontes naturais — biopolimeros, que se referem a moléculas cuja estrutura ¢ constituida de
unidades repetidas de mondmeros de carbono (C), hidrogénio (H), oxigénio (O) e nitrogénio
(N), obtidos a partir de diferentes fontes biologicas renovaveis e, na maioria das vezes,
biodegradaveis. Além disso, suas propriedades fisico-quimicas sdo determinadas pelo tipo de
mondmero, grau de polimerizag¢do e padrao/ordem de ligacdo (Diyana et al., 2021; Kabir et al.,
2020; Sarma et al., 2023). Os biopolimeros podem ser categorizados com base nos seus
métodos de producao e fontes de origem (Figura 1), tais como: polissacarideos (amido, celulose,
pectina), proteinas (proteina isolada de soja, gelatina, queratina, caseina, gliten) e outras fontes
de carbono, que podem ser processadas por meio de sacarificagdo enzimatica, fermentagdo
microbiana ou modificacdo (Coppola et al., 2021; Diyana et al., 2021; Gamage et al., 2024;
Jabeen; Majid; Nayik, 2015; Rangaraj et al., 2021).

Os plasticos de base biologica podem apresentar ou ndo caracteristicas biodegradaveis
dependendo de sua estrutura quimica, mais especificamente, do tipo de ligagdo quimica
presente nas moléculas (Lambert; Wagner, 2017). Alguns exemplos de bioplasticos
biodegradaveis sdo: o acido polilatico (PLA), poliéster sintetizado por meio da polimerizagdo
de monomeros bioderivados como milho, cana-de-actcar, beterraba, batata ¢ outros; o
polihidroxialcanoato (PHA), produzido por microrganismos a partir de acucares e 6leos

vegetais; o polibutileno succinato (PBS), polimero termopléstico proveniente da sintese de
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acido succinico, geralmente derivado de biomassa, e butanodiol, e os biopolimeros,
macromoléculas poliméricas de mondmeros ligados covalentemente (Asgher et al., 2020;

Bilal; Igbal, 2019; Jabeen; Majid; Nayik, 2015).

Figura 1. Classificagdo dos biopolimeros.
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Fonte: Adaptado de Rangaraj et al. (2021)

Algumas das vantagens dos bioplasticos sdo a eficiéncia energética e
biodegradabilidade, mas também possuem algumas limitagcdes como fragilidade, alta absor¢ao
de agua e baixa resisténcia térmica, o que pode restringir o seu uso (Costa et al., 2023; Pei et
al., 2024; Zhao et al., 2024). Para superar estas limitagcdes, podem ser adicionados material de
reforgo e plastificantes. Como agentes de reforgo pode ser utilizado fibras naturais, celulose ou
até mesmo realizar modificagcdes quimicas na matéria-prima, melhorando suas propriedades
mecanicas e térmicas. J& os plastificantes, principalmente do grupo dos polidis como glicerol e
sorbitol, sdo adicionados para facilitar o processamento, aumentando a flexibilidade dos
bioplasticos, o que ajuda a reduzir a fragilidade (Costa et al., 2023; Kong; Degraeve; Pui, 2022).

Além disso, a incorporagdo de componentes bioativos, como agentes antimicrobianos
ou antioxidantes aos bioplasticos, podem aumentar a resisténcia a umidade ¢ melhorar suas
propriedades de barreira, fortalecendo as qualidades protetoras. Esses materiais oferecem uma
ampla possibilidade de aplicagdes, especialmente como embalagens de alimentos para cobrir
alimentos frescos ou processados com o objetivo de prolongar sua vida ttil (Pei et al., 2024;

Tian et al., 2023).
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3.1.1 Filmes e revestimentos

Muitas vezes os termos filmes e revestimentos sdo utilizados sem distin¢gdo na area de
alimentos, mas eles se diferenciam pelo método de fabricagao e aplicagao ao produto. Os filmes
sdo folhas formadas pela secagem de uma solucdo de biopolimero, sendo produzidas
separadamente e posteriormente aplicados nos produtos, geralmente como embalagem. J4 os
revestimentos sao suspensdes ou emulsdes aplicadas diretamente na superficie do alimento por
métodos como imersdo ou aspersdo, formando uma pelicula apds secagem (Matloob et al.,
2023; Suhag et al., 2020). A escolha entre filmes e revestimentos depende das necessidades
especificas de cada aplicagdo.

Filmes e revestimentos comestiveis representam um avan¢o como métodos naturais de
preservacdo de alimentos. Sdo compostos por biopolimeros comestiveis e biodegradaveis,
como polissacarideos, proteinas e lipidios (Kong; Degraeve; Pui, 2022; Paul, 2019; Shahidi;
Hossain, 2020). Suas aplicagdes oferecem diversas vantagens, como o prolongamento da vida
util dos alimentos e reducdo do desperdicio. Embora exista uma distingdo nas técnicas de
aplicagdo, ambos cumprem a fun¢do de proteger os alimentos, criando barreiras contra
umidade, gases e ambiente circundante. Podem também ser utilizados para separar diferentes
compartimentos do mesmo alimento (Anis ef al., 2021; Kong; Degraeve; Pui, 2022).

Uma caracteristica importante dos revestimentos comestiveis ¢ que podem ser
consumidos junto com o alimento, os tornando praticos e convenientes. Além disso, podem
atuar como transportadores de compostos bioativos, como antioxidantes e antimicrobianos. Isso
melhora sua funcionalidade, retardando processos como oxidagao e controlando ou prevenindo
a deterioragdo microbiana. Ao impedir o crescimento microbiano durante o periodo de
armazenamento, ndo apenas prolongam a vida util do alimento, mas também mantém sua
qualidade, segurancga e agregam valor ao produto (Anis et al., 2021; Chen et al., 2021; Matloob
et al., 2023; Petkoska et al., 2021).

No contexto da seguranca alimentar, os materiais utilizados nos filmes e revestimentos
comestiveis devem ser considerados GRAS (Generally Recognized as safe), ou seja, serem
atoxicos e seguros para o uso em alimentos (FDA, 2019). Além disso, devem ser processados
seguindo as boas praticas de fabricagcdo (BPF) para garantir a qualidade e seguranca (Espitia ef
al., 2018; Kong; Degraeve; Pui, 2022).

Dentre os polissacarideos estudados para producdo de filmes e revestimentos
comestiveis, o amido ¢ o mais empregado, devido ao seu facil processamento, baixo custo,

abundancia, biodegradabilidade, comestibilidade e facil manipulagdo. Sua utilizagdo para estes
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fins estd alinhada aos principios de sustentabilidade, promovendo circularidade, eficiéncia de
recursos e responsabilidade ambiental ao longo do ciclo de vida do material (Cheng et al., 2021;

Raghav; Agarwal; Saini, 2016; Thakur et al., 2019).

3.2 Bioplasticos a base de amido

O amido ¢ um dos polissacarideos mais abundantes na natureza, sendo encontrado em
diferentes fontes vegetais, como cereais, tubérculos e frutas, podendo ter sua produgdo
realizada em grande escala, utilizando praticas agricolas sustentaveis, se tornando umas das
alternativas viaveis para obtencao de bioplasticos (Gongalves et al., 2024; Thakur et al., 2019).
Um dos seus principais beneficios como biopolimero ¢ sua degradabilidade, que permite que
os bioplasticos se decomponham sob condi¢des ambientais adequadas. Os materiais a base de
amido podem sofrer hidrdlise enzimatica por amilases, degradagdo microbiana por
microrganismos do solo ou decomposi¢ao quimica por meio de processos de oxidagdo (Cheng
etal.,2021). Estd armazenado nos vegetais na forma de granulos, apresentando um certo grau
de organizagdo molecular, o que confere aos mesmos um carater semicristalino, com graus de
cristalinidade que variam de 20 a 45% (Gongalves, 2024; Surendren et al., 2022). Essa
variacao da cristalinidade influencia diretamente as propriedades fisicas e quimicas do amido,
afetando seu comportamento durante o processamento (Jiang et al., 2020).

Esse polissacarideo ¢ composto por dois tipos de polimeros da glicose: a amilose,
formada por unidades de glicose unidas por ligagdes glicosidicas a-1,4, originando uma cadeia
linear, e a amilopectina, que ¢ formada por unidades de glicose unidas em a-1,4 ¢ a-1,6,
formando uma estrutura ramificada (Figura 2). As cadeias ramificadas da amilopectina
contribuem significativamente para a cristalinidade do amido (Damodaran; Parkin, 2019;
Jiang et al., 2020).

A maioria dos amidos contém entre 17 a 28% de amilose, sendo que a proporcao de
amilose e amilopectina varia conforme a fonte botanica, variedades dentro da mesma espécie
e do estadio de maturacdo da planta (Figura 3). Essas variagdes influenciam caracteristicas
como viscosidade, poder de gelificagdo e organizacdo da cadeia durante secagem e
cristalizacao (Abe et al., 2021; Damodaran; Parkin, 2019). O conteido de amilose ¢ uma
importante propriedade na elaboracdo de filmes e revestimentos, pois influencia suas
propriedades mecanicas e de barreira, afetando a solubilidade, viscosidade e capacidade de
formagao de filmes. A amilopectina, devido a sua estrutura ramificada, promove a formagao

de complexos helicoidais de amilose-lipidio, e tende a formar géis mais viscosos (Cheng et
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al., 2021; Henning et al., 2021; Rashwan et al., 2024; Shahidi; Hossain, 2020). Ja a amilose,
sendo linear, desempenha um papel fundamental na organizagao da amilopectina em estruturas
cristalinas e na disposi¢ao dessas camadas dentro dos granulos. Esse arranjo afeta as
propriedades relacionadas a absor¢do de agua, como inchago e gelatinizagdo, produzindo
filmes mais resistentes, porém mais sensiveis a umidade (Basiak; Lenart; Debeaufort, 2017;

Surendren et al., 2022) (Figura 3).

Figura 2. Estrutura amilose (a) e da amilopectina (b)
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Fonte: Adaptado de Gamage et al. (2024)

Figura 3. Efeitos da fonte de amido, origem botanica e condi¢cdes ambientais nas
caracteristicas dos filmes a base de amido.
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A exploragdo de fontes ndo convencionais de amido tem ganhado aten¢ao como estratégia
para obtengdo desse polissacarideo, especialmente considerando produtos agricolas que,
embora estejam em boas condi¢des para consumo nao atendem aos padrdes comerciais exigidos
para comercializagdo. Tais produtos podem incluir frutas e vegetais que apresentem
imperfei¢des visuais ou deformagdes, mais que ainda possuem propriedades nutricionais
adequadas e sdo passiveis de utilizacdo. A literatura cita algumas fontes de amido ndo
convencionais que vém sendo isolados e estudados, tais como: sagu (Metroxylon sagu) (Azmi;
Malek; Puad, 2017), araruta (Maranta arundinacea Linn) (Nogueira; Fakhouri; Oliveira, 2018),
caule de mandioca (Manihot esculenta Crantz) (Wei et al., 2018), semente de jaca (Artocarpus
heterophyllus Lam) (Zhang et al., 2018), noz de ginkgo (Ginkgo biloba) (Kim et al., 2021),
banana-da-terra verde (Musa paradisiaca) (Viana et al., 2021), inhame (Dioscorea spp.)
(Behera; Mohanta; Thirugnanam, 2022), dentre outros.

A utilizagdo dessas fontes ndo apenas diversifica as matérias-primas disponiveis para a
producao de bioplasticos, mas também contribui para a redugdo da pressdao sobre as culturas
convencionais, que frequentemente enfrentam desafios relacionados a demanda crescente e a
competicao por terras agricolas (Gongalves et al., 2024).

Um exemplo nesse contexto ¢ a banana quando se encontra verde, que apresenta altos
teores de amido e pode ser aproveitada para a producdo de bioplésticos, contribuindo para
redu¢do do desperdicio alimentar (Moreno-Zaragoza; Rosell; Bello-Pérez, 2025).

O termo banana ¢ usado para espécies ou hibridos do género Musa, pertencente a
familia Musaceae. E uma cultura alimenticia amplamente cultivada em regides tropicais e
subtropicais do mundo, desempenhando importante papel na economia dessas regides, uma
vez que representa uma importante fonte de renda para os habitantes locais (Moreno-Zaragoza;
Rosell; Bello-Pérez, 2025). A espécie Musa paradisiaca L., conhecida popularmente como
banana-da-terra, caracteriza-se por acumular grande quantidade de amido. Mesmo apo6s atingir
a maturagdo, continuam apresentando alto teor de amido, o que impacta no seu sabor e em
propriedades fisico-quimicas que contribuem para a resisténcia mecanica e caracteristicas de
barreira dos filmes comestiveis, essenciais para manter a qualidade dos alimentos e prolongar
a vida util (Campos et al., 2022; Li et al., 2018; Yang et al., 2022).

No estadio de maturagao verde (Figura 4), o conteido de amido ¢ ainda mais elevado,
variando de 70 a 80% em peso seco, com teor de amilose em torno de 30 a 40%, dependendo
da variedade. Outra fragdo importante ¢ o amido resistente, que resiste a hidrolise enzimdtica e
estd presente em quantidade elevada, variando de 47 a 57%. A estrutura do amido resistente

contribui para a formagao de uma rede polimérica mais estavel nos filmes, o que pode resultar
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em uma melhor resisténcia mecanica e flexibilidade (Orsuwan; Sothornvit, 2017; Li et al.,

2018; Yang et al., 2022).

Figura 4. Estaddio verde de maturacdo verde da banana-da-terra (Musa paradisiaca L.)
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Fonte: Autoria propria (2024)

Estudos indicam que o amido extraido de bananas-da-terra verdes possui granulagdes
maiores e densas, com estrutura que confere resisténcia a umidade e capacidade de barreira,
caracteristicas favoraveis para filmes e revestimentos utilizados na preservagdo de alimentos
(Restrepo et al., 2018; Yang et al., 2022). O uso de amido de banana nao apenas contribui para
a redugdo do lixo plastico, mas também pode ser parte de uma economia circular, onde os
residuos agricolas sdo transformados em novos produtos, tendo em vista que bananas verdes
que apresentam injurias ou imperfeigdes ndo atendem aos padroes de qualidade exigidos pelo
consumidor (Rosenboom; Langer; Traverso, 2022).

O processo de extracdo do amido de banana-da-terra verde pode envolver o isolamento
do amido tanto da polpa como da casca, que, segundo Li et al. (2018), possuem propriedades
fisicas e quimicas distintas. Essa extracdo dupla aumenta o rendimento geral do amido,
promovendo assim a sustentabilidade na producdo de alimentos. Além disso, a integridade
estrutural dos granulos de amido de banana, que geralmente sdo lisos e densos, contribui para
sua resisténcia a digestao e os torna adequados para varias aplicagdes alimenticias (Yang et al.,
2022).

Outra caracteristica importante desse amido ¢ a degradabilidade. Estudos recentes
demonstram que filmes fabricados a partir de amido ou farinha de banana (polpa ou casca), em
conjunto ou ndo com outras substancias naturais, apresentam propriedades biodegradaveis.
Esses filmes sofrem uma decomposi¢ao eficiente ao longo do tempo, posicionando-os como

alternativas ambientalmente sustentdveis para embalagens e aplicacdes diversas. A adigdo de



26

substancias como glicerol, quitosana e fibras de banana pode aumentar os atributos mecanicos
e a maleabilidade dos filmes sem comprometer a sua biodegradabilidade (Chandrasekar et al.,
2023; Garcia-Ramoén et al., 2021; Irmayanti; Anwar, 2024; Restrepo ef al., 2018; Ramirez-
Herndndez et al., 2016; Silva et al., 2020; Venegas et al., 2022; Verma et al., 2023).
Consequentemente, estes materiais sdo bastante promissores para varias utilizagdes, com

especial destaque para as aplicagdes em embalagens alimentares.

3.3 Processo de formacao dos bioplasticos

As propriedades dos bioplasticos a base de amido dependem da proporc¢ao de amilose e
amilopectina dentro da matriz polimérica. Uma estratégia para melhorar essas propriedades ¢
alterando a estrutura molecular, propor¢do e interagdes dessas moléculas. O método de
produc¢do mais comum envolve o aquecimento dos granulos de amido em uma formulagdo com
agua, plastificantes e outros materiais (Figura 5) (Thakur et al., 2019; Rahardiyan ef al., 2023;
Surender et al., 2022). Durante o aquecimento, ocorre quebra das ligagcdes de hidrogénio entre
amilose e amilopectina, resultando na lixiviacdo da amilose para o meio aquoso e rompimento
da estrutura semicristalina, causando o inchago, perda de biorrefringéncia e solubilizacdo dos
granulos de amido até um estagio irreversivel conhecido como gelatinizagao (Abe ef al., 2021;

Damodaran; Parkin, 2019; Gongalves et al., 2024).

Figura 5. Etapas do processamento térmico e retrogradacao do amido.
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A gelatinizacdo, auxiliada pela agua e plastificantes, transforma o amido em amido
termoplastico, semelhante aos termoplasticos sintéticos, que serve como base para a formagao
dos bioplésticos. A partir do efeito plastificante da dgua e dos plastificantes adicionados, o
amido perde sua conformacdo original e forma um gel fundido. O estado em que a estrutura
cristalina do amido ¢ rompida, durante o processo de gelatinizacdo, permite que o amido se
torne um fluido que pode ser moldado, método chamado de fundicdo (Chen, et al., 2021;
Rahardiyan ef al., 2023).

Para regular as propriedades mecénicas do bioplastico, como elasticidade e fragilidade,
bem como a redugdo da retrogradagdo ao longo do tempo, sdo que sdo adicionados a formulacao
bioplastico substancias organicas denominadas plastificantes (Gongalves et al., 2024;
Yaashikaa et al., 2023). A adi¢do de um plastificante também influencia a transparéncia do
plastico, durabilidade, tenacidade e propriedades térmicas, dependendo da concentracao e do
tipo de plastificante. Os plastificantes comuns usados na produg¢do de bioplasticos de polimeros
naturais sdo poliois (glicol, glicerol, sorbitol), frutose, sacarose, manose, acidos graxos
(palmitato e miristato), ou uma combinacao deles. Devido a sua termoestabilidade, alto ponto
de ebuli¢do e ndo toxicidade, o glicerol ¢ o mais usado (Abe ef al., 2021; Rahardiyan et al.,
2023; Wang et al., 2021). Apos a adicao dos plastificantes e do processo de gelatinizagdo, a
producao dos bioplasticos pode seguir diferentes métodos, sendo que para a utilizagdo como
embalagens de alimentos, os filmes e revestimentos sdo os mais comuns.

Apds a formagao do gel fundido, a etapa de retrogradacdo ¢ crucial para obtencdo das
propriedades finais desejadas nos filmes e revestimentos. A retrogradagdo ¢ um processo de
cristalizacdo da amilose, mais acentuado em baixas temperaturas, que aumenta o grau de
ordenacao das ligacdes de hidrogénio (Abe et al., 2021; Chen, et al., 2021). A producao dos
filmes ¢ finalizada com a deposic¢ao da solugdo filmogénica gelatinizada sobre uma superficie
ndo aderente. A solucdo ¢ entdo desidratada (em um forno, por exemplo), facilitando a
retrogradacao devido ao aumento das interacdes intramoleculares entre os polimeros a partir da
redu¢do do volume na matriz polimérica, procedimento conhecido como técnica de casting
(Petkoska et al., 2020; Suhag et al., 2020). No caso dos revestimentos, a solu¢do filmogénica ¢
aplicada sobre o produto por meio de imersdo ou aspersdo, formando uma pelicula apos
secagem (Aguirre-Joya et al., 2018; Matloob et al., 2023; Pascall; Lin, 2013; Suhag et al.,
2020).

A natureza das matrizes poliméricas dos bioplasticos a base de amido facilita o
aprisionamento de componentes funcionais, como agentes antibacterianos e antioxidantes. Essa

capacidade de fortificar e revestir essas matrizes poliméricas com compostos antioxidantes e
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antimicrobianos impulsiona o uso dos bioplasticos para produ¢do das embalagens ativas

(Khezerlou et al., 2021; Lauer; Smith, 2020).

3.4 Embalagens ativas para alimentos

Embalagens ativas para alimentos referem-se a uma categoria de embalagens
inovadoras que vao além da protecdo do produto alimenticio contra influéncia do ambiente
externo. Por meio da incorporagdo de aditivos elas interagem com o alimento, visando melhorar
suas caracteristicas e desempenhando um papel ativo na preservagdo, seguranca e qualidade do
produto (Soltani Firouz; Mohi-Alden; Omid., 2021).

As embalagens ativas podem ser classificadas em duas categorias principais,
dependendo dos aditivos incorporados ao material: quimioativas e bioativas. Embalagens
quimioativas utilizam aditivos sintéticos como agentes ativos, que afetam a composi¢ao
quimica do alimento e a atmosfera gasosa dentro da embalagem. O uso desses materiais
sintéticos tem gerado preocupagdes, pois podem causar efeitos adversos a satide ou tornar a
embalagens inapropriadas para reciclagem, ocasionando um aumento de residuos solidos
(Sharma et al., 2024).

Essas limitagdes incentivaram a busca por alternativas mais seguras e sustentaveis,
levando a incorporagao de compostos bioativos de fontes naturais como polifendis, 6leos
essenciais e outros extratos vegetais. Além de atender a crescente demanda dos consumidores
por produtos naturais, essas substancias exercem importantes fungdes antioxidantes e
antimicrobianas na embalagem ativa, prolongando a vida util dos alimentos sem comprometer
a satde ou meio ambiente (Sharma et al., 2024; Soltani Firouz; Mohi-Alden; Omid., 2021; Tian

etal.,2023).

3.4.1 Oleos essenciais

Os dleos essenciais (OEs) sao liquidos aromaticos e volateis extraidos de vérias partes
das plantas (folhas, flores, frutos e sementes). Sdo metabolitos secundarios formados pelas
reacOoes enzimaticas de metabolicos primarios, compostos principalmente por terpenos e
hidrocarbonetos (Devi et al., 2024; Durczyfska; Zukowska, 2024; Raghuvanshi et al., 2023).
A extracdo dos Oleos essenciais pode ser feita por varios métodos, a depender do material
vegetal e das propriedades desejadas. As técnicas mais comuns incluem extragao por solvente,

prensagem a frio, maceragdo e destilacdo. A escolha do método de extragdo pode influenciar
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significativamente na preservacdo das propriedades bioativas e, consequentemente, na sua
qualidade e composicao, afetando suas aplicagcdes potenciais (Katekar; Rao; Sardeshpande,
2023).

Dentre as diversas atividades bioldgicas dos Oleos essenciais, destacam-se as
propriedades antimicrobianas e antioxidantes naturais, que tem sua eficacia dependente da
composi¢do quimica e das interagdes sinérgicas entre seus componentes (Pei et al., 2024;
Sharma et al., 2024; Al-Refaie; Mehyar; Shahein, 2023).

As atividades antimicrobianas dos OEs ocorrem por mecanismos que afetam a estrutura
e funcdo celular dos microrganismos, como a ruptura da membrana por compostos fendlicos,
como carvacrol, citral, limoneno e timol. Esses compostos desestabilizam a membrana lipidica,
que formara um poro permeavel causando vazamento do contetido intracelular, levando a morte
celular (Figura 6). Além disso, os OEs inibem o metabolismo microbiano, interferindo em
processos essenciais como respiragdo e sintese proteica (Mahmud; Khan, 2018; Souza et al.,

2022; Zhang et al., 2021; Yammine ef al., 2022).

Figura 6. Mecanismo de atuagao dos 6leos essenciais nas células.
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No aspecto antioxidante, os OEs atuam neutralizando radicais livres e espécies reativas

de oxigénio, prevenindo o estresse oxidativo. Os compostos fendlicos presentes nos OEs doam
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elétrons, estabilizando os radicais livres, e alguns OEs também realizam a quelagdo de metais,
como ferro e cobre, inibindo reacgdes oxidativas (Li ef al., 2023; Gonzalez et al., 2022).

Os OEs sdo insoluveis em agua, mas soluveis em alcool e outros solventes, e sao
caracterizados por seu aroma intenso ¢ alta volatilidade. Devido a caracteristica lipofilica e
pequeno tamanho molecular, seus componentes penetram facilmente nas membranas biologicas
(Agrawal et al., 2024; Durczynska; Zukowska, 2024; Tiwari et al., 2025).

O arranjo estrutural dos componentes do 6leo essencial também pode melhorar a
microestrutura dos materiais de embalagem, melhorando sua resisténcia a tragdo e propriedades
de barreira, o que ¢ particularmente benéfico em sistemas de embalagem de alimentos (Devi et

al., 2024).

3.4.1.1 Oleo essencial de capim-cidreira (Cymbopogom citratus)

Cymbopogon ¢ um género da familia Poaceae (Gramineae) nativas das areas tropicais
e semitropicais da Asia e cultivadas na América do Sul e outros paises tropicais. Possui mais
de 55 espécies, dentre elas, o Cymbopogom citratus, conhecido popularmente como capim-
cidreira, capim-limao ou capim-santo (Abdulazeez; Abdullahi; James, 2016).

O oleo essencial de capim-cidreira € caracterizado por suas propriedades
antimicrobianas e antioxidantes. Composto principalmente de terpenos, sendo o citral o
principal componente, o que contribui para sua eficacia antimicrobiana contra uma variedade
de microrganismos, incluindo bactérias, como Escherichia coli e Staphylococcus aureus
(Faheem et al., 2022; Mukarram et al., 2022; Valkova et al., 2022). Apresenta também
atividade antifingica, inibindo o crescimento micelial e a formagao de esporos de fungos como
Penicillium digitatum, um importante patégeno pos-colheita em frutas citricas (Duan et al.,
2023).

A composi¢do de bioativos do OE de capim-cidreira inclui citral (61,5%), geraniol
(6,6%) e 1,8-cineol (6,4%), responsaveis por sua forte atividade antioxidante (84,0 + 0,1%)
(Valkova et al., 2022), entre outros (Figura 7). A atividade antioxidante do OE se deve as acdes
sinérgicas de seus componentes ativos a-citral, B-citral, mirceno e eugenol (Faheem et al.,
2022), que atuam como sequestradores de radicais livres devido a presenga de ligagcdes duplas
conjugadas que podem doar seu atomo de hidrogénio alilico aos radicais livres. Isso resultara
na formagao de um radical estabilizado por ressonancia e, assim, encerrara a reacao em cadeia

oxidativa (Gutiérrez-Pacheco ef al., 2023).
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Figura 7. Componentes bioativos presentes no 6leo essencial de capim-cidreira.
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Estudos tém demonstrado o potencial da adicdo do OE de Cymbopogom citratus em
matrizes de biopolimeros, como conservante natural em embalagens para alimentos,
principalmente no que se refere as propriedades antioxidantes e antimicrobiana (Tabela 1).
Como pode ser observado na tabela citada, a aplicagdo de revestimentos e filmes com adig¢ao
de 6leo essencial tem sido objeto de estudo de varios autores. Entretanto, ndo sao encontrados
estudos relativos a aplicacao de revestimentos ou filmes em frutos tropicais como o Umbu
gigante, que tem ganhado o mercado nacional devido ao seu sabor exotico e alto rendimento

em polpa.



Tabela 1. Uso de 6leo essencial de capim-cidreira (Cymbopogom citratus) como aditivos em matrizes poliméricas
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Produto Material Concentracao | Principais resultados Referéncia
formador OE
Kinnow Goma xantana 1% A adi¢do do OE minimizou a incidéncia de patégenos que causam a | Bajaj et al.
(Citrus nobilis podridao e contribuiu para manter a atividade antioxidante, sendo eficaz (2024)

x C. deliciosa)

na redugdo do estresse oxidativo

Revestimento | Amido de trigo | 0,75; 1,0 e 1,25% | A incorporagdo do OE melhorou as propriedades antimicrobianas contra | Bansal ef al.
comestivel sarraceno ¢ goma (p/v) S. aureus e E. coli. Houve aumento da atividade antioxidante a medida (2024)
aplicado em xantana aumentou a concentragdo do OE (62,0, 62,9 e 73,3% respectivamente)
ameixa
Filme Amido de 0,5;1,0e 1,5% Exibiram propriedades antibacterianas efetivas contra bactérias S. aureus | Vargas et al.
mandioca e (p/p) e E. coli e atividade antioxidante de 32,4% com liberacdo e retencao (2024)
alginato de sodio estaveis
Filmes ativos e Quitosana e 1e2% Inibi¢do do crescimento de Botrytis cinerea.nos tomates inoculados Nkede et al.
revestimento nanofibras de (2023)
em tomates celulose
Filmes Quitosana, 7% encapsulado | Inibi¢ao completa do crescimento de Penicillium aurantiogriseum Ecerg et al.
comestiveis e gelatina e f3- com [3- (2023)
revestimentos | ciclodextrina (B- ciclodextrina
em tomates- CD)
cereja
Revestimentos | Goma ardbica e 3% Limitou a perda da capacidade antioxidante, sugerindo uma influéncia | Kawhena et
comestiveis amido de milho parcial nessa atividade a depender do biopolimero utilizado al. (2021)
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em Roma (cv.

Wonderful)
Revestimento Amido de 0,1 % Os revestimentos combinados com OE de capim-limdo ou tomilho, além | Alves et al.
em banana mandioca desses 6leos isolados, proporcionam redug@o no tamanho das lesoes de (2020)
antracnose.
Filmes ativos Amido e alcool 0,5;1,0e 1,5% Os filmes incorporados com OE/B-CD apresentaram atividades | Chen et al.
polivinilico encapsulado com | antimicrobianas eficientes contra S. putrefaciens. A atividade (2020)
(PVA) B-ciclodextrina (- | antimicrobiana e antioxidante aumentou a medida que foi aumentado o
CD) teor de OE
Revestimentos Quitosana Emulsées com | A combinagdo de quitosana ¢ OE foi eficaz na reducdo da severidade da | Macedo et
em meloes 0,08; 0,15; 0,3 ou | podridao-de-cratera, independentemente do isolado inoculado de al. (2020)
amarelos 0,6 uL/mL Paramyrothecium roridum. A concentragdo de 0,6 pL/mL do dleo
(Cucumis melo essencial de C. citratus apresentou 100% de inibi¢do do crescimento
L., variedade micelial frente a todos os isolados estudados.
inodorus)
Filmes Amido de sagu 1 e 5% (v/v) Concentragdo de 5% de OE conferiu melhor atividade antimicrobiana Santosa et
comestiveis al. (2019)
Filmes ativos Alginato de 0,5 % p/v A maior inibi¢do do crescimento microbiano observada a 4 °C, Riquelme,
sodio atingindo percentuais maximos apds 15 dias de armazenamento, Herrera e
indicando uma liberagdo sustentada do componente ativo Matiacevich

(2017)
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3.5 Umbu gigante (Spondias tuberosa Arruda Cimara)

O umbuzeiro (Spondias tuberosa Arruda Camara), também conhecido como imbuzeiro,
¢ uma arvore frutifera nativa da Caatinga, bioma caracteristico do Nordeste brasileiro, pertence
a familia Anacardiaceae e género Spondias. Sua ocorréncia se concentra principalmente nos
estados da Bahia, Sergipe, Pernambuco, Piaui e norte de Minas Gerais. Adaptado a seca, o
umbuzeiro ¢ uma espécie de grande importancia socioecondmica para as populacdes do
Semiarido, sendo explorado de forma extrativista ou em pomares domésticos. Seu processo de
domesticagdo teve inicio na década de 1990 (Lima; Silva; Oliveira, 2018; Saturnino et al.,
2019).

E uma cultura de muita importancia para as comunidades locais e regionais, onde o fruto
se destaca nao apenas como alimento, mas também como uma fonte de renda e
desenvolvimento economico. O fruto ¢ amplamente consumido e utilizado em diversas formas,
como sucos, doces, polpas e conservas (Alves et al., 2020; Santos ef al., 2020). Além disso, o
umbu possui um grande potencial agroindustrial, sendo necessario o desenvolvimento de
tecnologias que agreguem valor ao fruto, como a conservacdo pds-colheita e o processamento
para a producao de derivados e aproveitamento de residuos (Aderne et al., 2021; Santos et al.,
2019). A implementacdo de praticas sustentaveis para a conserva¢ao do umbu ¢ fundamental
para economia circular das comunidades locais e regionais, garantindo a continuidade dessa
fonte de renda e a preservacao da biodiversidade local (Sales ef al., 2024; Mertens et al., 2016).

O umbuzeiro é uma arvore de pequeno porte (4 a 8 m de altura), com copa arredondada
(10 a 15 m diametro) (Figura 8). O sistema radicular ¢ formado por raizes profundas que se
concentram na projecao da copa, engrossam a medida que crescem e desenvolvem-se proximo
ao tronco. Sao chamados xilopddios ou tuberas, estruturas que armazenam agua e nutrientes
importantes para sobrevivéncia da planta no periodo seco, s3o comestiveis e apreciados por seu
sabor adocicado (Donato ef al., 2019; Neves, 2023). A queda das folhas (caducifolia) permitem
reduzir a perda de agua e garantir recursos hidricos durante a seca. O periodo de floragdo e
frutificacdo ocorre uma vez por ano, geralmente em periodos sem precipitacdes, viabilizado
pelas reservas de d4gua armazenadas nas raizes (Lima; Castricini, 2019; Neves, 2023).

Os frutos sdo do tipo drupa, semente envolvida por um endocarpo duro, ovédide, com
casca lisa ou levemente pilosa, de coloragdo verde-amarelada e polpa branco-esverdeada,
suculenta de sabor agridoce ou 4cido. A combinagdo de agtcares, acidez e compostos fendlicos

dao ao umbu o seu sabor exotico. Os frutos nativos possuem diametro entre 2,2 ¢ 4,0 cm ¢ a
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massa de 10 a 40 g, com rendimento de polpa variando entre 65 ¢ 93%, com um ciclo de

desenvolvimento de aproximadamente 120 dias (Narain et al., 1992; Batista et al., 2015).

Figura 8. Umbuzeiro (Spondias tuberosa Arruda Camara).

O Umbu gigante ¢ o fruto proveniente de acessos de umbuzeiros que produzem frutos
maiores em comparacao aos frutos nativos, com peso médio acima de 70 g (Donato et al., 2019;
Santos, 2018; Saturnino et al., 2019). Segundo Donato et al. (2024), o acesso EPAMIG-CO1
originario de Lontra - MG, estd registrado no Ministério de Agricultura, Pecudria e
Abastecimento (MAPA) como cultivar BRS-68, e atualmente ¢ o umbu gigante mais difundido.
Com o objetivo de valorizar e organizar a comercializa¢do desses frutos, os autores propuseram
uma classificacdo conforme apresentado na Figura 9, onde enquadram como umbu gigante
aqueles com massa de 75g até 100g.

A variabilidade genética entre as populacdes naturais influencia varias caracteristicas
do fruto, os acidos organicos presentes no umbu, como o citrico, podem alcangar até 7% em
alguns genotipos (Dantas Junior, 2008; Gondim, 2012), com sdlidos soluveis variando de 10 a
15°Brix (Costa et al., 2004; Lima et al., 2010; Gondim, 2012).

Em relagdao ao teor de amido, frutos maduros podem conter de 0,45 a 2,58 g/100g

(Dantas Junior, 2008; Gondim, 2012), e o teor de acido ascorbico (vitamina C) varia de 39 a 76



36

mg/100 mL de polpa, reduzindo durante a maturagdo para valores entre 8 ¢ 14 mg/100 mL

(Narain et al., 1992; Campos, 2007).

Figura 9. Proposta de classificagdo do tamanho de umbu para comercializagdo com base na
massa (g) de frutos do acesso de BRS-68 (EPAMIG-CO01). Cinco classes (A); trés classes (B.)
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Fonte: Donato et al. (2024)

Outros componentes de qualidade incluem os compostos pécticos, cuja solubilidade
aumenta durante o amadurecimento, favorecendo o amaciamento dos frutos (Narain et al.,
1992; Campos, 2007; Dantas Junior, 2008), e os compostos fendlicos, que podem atingir
valores entre 8 e 58 mg de GAE/100g (Dantas Junior, 2008; Gondim, 2012). Os flavonoides,
por sua vez, variam entre 947 e 4022 mg/100g (Dantas Junior, 2008).

A composi¢ao quimica do umbu inclui ainda uma variedade de compostos volateis,
como 1-heptanol, 2-nonanol e metil pirazina, que sdo significativos por seu perfil de aroma e
sabor (Galvao et al., 2011; Lima; Silva; Oliveira, 2018). Conforme a fruta amadurece, ha um
aumento notavel nos compostos terpénicos, que sdo responsaveis pelo aroma caracteristico dos
frutos maduros. Além disso, o0 umbu contém antocianinas e polifen6is, com concentragdes
varidveis dependendo do gendtipo e do estidgio de maturidade, contribuindo para suas
propriedades nutricionais (Galvao et al., 2011).

Os frutos do umbuzeiro sdo particularmente notaveis por suas propriedades sensoriais e
quimicas. O sabor agridoce caracteristico, o brilho e casca esverdeada sdo os atributos
proeminentes que contribuem para seu apelo sensorial. A coloragdo, firmeza da casca, bem
como a composi¢ao da polpa, sdo importantes indicadores de qualidade (Lima; Silva; Oliveira,

2018).
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3.5.1 Perdas pds-colheita do Umbu gigante

As perdas pos-colheitas de produtos frescos podem ser atribuidas a varios fatores,
incluindo mudancas fisiologicas que ocorrem apds a colheita, danos mecanicos durante o
manuseio e transporte e condigdes climaticas desfavoraveis que afetam o armazenamento.
Além disso, infestagdes por pragas podem contribuir significativamente para essas perdas (Al-
Tayyar et al., 2020; Janghu et al., 2024)

O umbu ¢ um fruto altamente perecivel, com rapido amadurecimento e deterioragao
apos a colheita, completando o processo em 2-3 dias em temperatura ambiente, devido ao seu
metabolismo fisiologico rapido e alta taxa respiratoria, o que dificulta sua conservagdo e
comercializacdo por periodos prolongados (Lima; Silva; Oliveira, 2018; Moura et al., 2013;
Teodosio et al., 2021). Essa perecibilidade ¢ exacerbada por mudangas fisioldgicas, como perda
de firmeza, mudangas na cor da casca e reducao nos so6lidos soltiveis e na acidez titulavel, que
afetam a comercializagdo e a qualidade nutricional da fruta (Lima et al., 2017; Teodosio et al.,
2021). A variabilidade genética e a composicao bioquimica da fruta, incluindo altos niveis de
acucares, acidez e compostos fenolicos, contribuem para sua rapida deterioragdo (Lima et al.,
2017).

O clima Semidrido da regido brasileira onde o umbu ¢ cultivado apresenta desafios
adicionais, pois temperaturas extremas e flutuacdes de umidade podem acelerar a deterioracao
das frutas. Dessa forma, os frutos devem ser colhidos manualmente em horarios mais frescos
do dia, evitando queda para ndo ocorrer rupturas da casca, o que pode levar a exsudagdo de
suco, aumento das taxas respiratdrias, aceleracdo do amadurecimento, perda de agua e
degradacao de acidos organicos e carboidratos (Lima; Castricini, 2019; Souza et al., 2005).

A refrigerag@o pode interromper ou desacelerar o amadurecimento, inibindo mudangas
de cor e textura, além de reduzir a perda de massa e manter a qualidade comercial dos frutos
(Silva et al., 2009; Campos, 2007). A aplicagdo de filmes e revestimentos comestiveis ¢ uma
técnica promissora para conservar a qualidade pds-colheita, reduzindo a respiracdo e a perda de
agua, formando uma atmosfera modificada que limita as taxas metabolicas € mantém os frutos
frescos por mais tempo (Zhao, 2019). Os revestimentos comestiveis oferecem beneficios como
biocompatibilidade, baixo custo e a possibilidade de incorporar ingredientes funcionais, como
agentes antimicrobianos, antioxidantes e nutracéuticos, podendo ser uma alternativa para
aumentar o tempo de vida util, conservando a qualidade pos-colheita do umbu gigante (Zhao,

2019).
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3.5.1.1 Aplicagdo de revestimentos comestiveis para conservagao de frutas

O principal objetivo dos revestimentos comestiveis ¢ aumentar a barreira natural de
frutas e legumes. Da mesma forma, um fato muito importante dos revestimentos comestiveis €
que estes podem ser consumidos com seguranga como parte dos produtos e sdo ecologicamente
corretos a0 mesmo tempo em que prolongam a vida util de produtos frescos (Coppola et al.,
2021; Pei et al., 2024).

A manutencao da qualidade das frutas na cadeia de frio, muitas vezes se torna dificil,
visto que as embalagens nem sempre sdo eficientes. Na inten¢do de amenizar essa falha, tém
sido aplicadas coberturas comestiveis, considerados uma tecnologia com grande potencial, com
o objetivo de constituir um revestimento coadjuvante, associado ou nado a refrigeracao, para
prolongar a vida 1til de frutas e hortaligas (Pei et al., 2024).

A aplicacdo dos revestimentos comestiveis em frutas e legumes oferece um efeito
protetor adicional, e tem o objetivo de permitir ou restringir a troca de gases resultantes da
respiracdo, aromas volateis e vapor de dgua, reduz a velocidade da maturagdo e a senescéncia
pela redugdo da producdo de etileno, conferir brilho e manter a qualidade do produto. Além
disso, os revestimentos criam uma atmosfera modificada dentro do produto e o protegem contra
patogenos e contaminantes. Eles devem ser imperceptiveis e ter aderéncia suficiente para nao
serem removidos no manuseio, além de ndo causarem alteragdes nas propriedades sensoriais do
produto (Assis; Britto, 2014).

As seguintes caracteristicas sdo desejaveis na elaboracdo e aplicacdo de revestimentos
comestiveis: espalhamento uniforme, boa aderéncia, secagem rapida e ndo formagdo de
espumas. Uma vez aplicado, nao deve quebrar, descolorir, desprender, ser pegajoso ou aderir
na embalagem, prejudicar a qualidade sensorial e reagir com o alimento de maneira negativa,
durante o manuseio e armazenamento (Han, 2014).

Viérios revestimentos comestiveis tém sido aplicados com sucesso para preservar frutas
e legumes (Aguirre-Joya et al., 2018; Tahir et al., 2019; Thakur et al., 2019). Os compostos
mais utilizados na elaboracdo desses revestimentos comestiveis sdo as proteinas, os
polissacarideos e lipidios (Yousuf; Qadri; Srivastava, 2018; Paul, 2019). Entretanto, muitos
pesquisadores tém se concentrado em filmes e revestimentos com bioativos para melhorar as
caracteristicas finais da embalagem, combinando suas vantagens individuais € minimizando

suas desvantagens (Yousuf; Qadri; Srivastava, 2018; Zao, 2019).
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DEVELOPMENT OF BIODEGRADABLE AND ACTIVE FILMS BASED ON GREEN

PLANTAIN STARCH USING AN EMULSION OF LEMONGRASS ESSENTIAL OIL

ABSTRACT

The growing demand for sustainable packaging has encouraged research on the development
of starch-based biodegradable films. This study evaluated the effect of incorporating
lemongrass essential oil (LEO) emulsions into green plantain starch-based films to enhance
their functional properties for application in active and sustainable packaging. Films containing
different concentrations of LEO (0, 0.4, 0.6, 0.8, and 1.0% w/w) were prepared using the casting
technique and characterized in terms of their barrier, physical, biodegradability, and antioxidant
properties. The results showed that the addition of LEO increased the elongation at break from
53.82% to 72.82% for 0 and 0.4% concentrations, respectively; however, the 0.4% value was
statistically similar to that of the control film, indicating a plasticizing effect and improved film
flexibility. No significant impact was observed on water vapor permeability (ranging from 0.30
to 0.34 g water.mm.dia'm kPa™!), solubility (between 14.39% and 15.54%), or thickness,
although a slight reduction in WVP was noted compared to the control (0.36
g'mm-day ''m*-kPa’'), along with a decrease in tensile strength (from 3.81 MPa to
approximately 2.35 MPa). The films were fully biodegraded within 15 d, reinforcing the
environmental potential of the material. Moreover, films with 0.8% and 1.0% LEO exhibited
higher free radical scavenging activity, reaching values close to 65% at the end of the evaluation
period. These results indicate that the incorporation of LEO emulsions imparted bioactive
properties without significantly affecting the mechanical and barrier properties of the films,
demonstrating their potential for use in active and biodegradable packaging and offering a

viable alternative to conventional plastics with potential applications in food preservation.

KEYWORDS: Biopolymer; Bioactive compounds; Food packaging; Eco-friendly.
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1. INTRODUCTION

The growing demand for sustainable packaging and environmental pressure regarding the
use of polymers derived from fossil sources have driven the development of biopolymers,
especially in the form of edible films, as promising alternatives for the preservation of fresh
foods. Among the biodegradable polymers used, starch stands out due to its availability,
edibility, non-toxicity, low cost, and renewable nature. Its application for such purposes aligns
with sustainability principles, promoting circularity, resource efficiency, and environmental
management throughout its life cycle.!-?

The exploration of non-conventional starch sources has gained attention as a strategy for
obtaining this polysaccharide, especially when considering agricultural products that, although
still suitable for consumption, do not meet the commercial standards required for market sales.
The use of such sources not only diversifies the raw materials available for bioplastic production
but also helps reduce the pressure on conventional crops, which often face challenges related
to increasing demand and competition for agricultural land.? One raw material that meets these
requirements is unripe plantain (Musa paradisiaca L.).*

Green-stage plantains exhibit high starch content, ranging from 70 to 80% on a dry weight
basis, with amylose levels between 30 and 40%, depending on the variety. Their rheological
properties, such as retrogradation tendency and peak viscosity, make them suitable for
bioplastics production.’ Another important fraction is resistant starch, which resists enzymatic
hydrolysis and is present in high amounts, ranging from 47 to 57%. The structure of resistant
starch contributes to the formation of a more stable polymer network in the films, potentially
resulting in improved mechanical strength and flexibility.*®

Studies have indicated that starch extracted from unripe plantains has larger and denser

granules, with a structure that provides moisture resistance and barrier capacity—favorable



56

characteristics for films and coatings used in food preservation.®® The use of plantain starch not
only contributes to reducing plastic waste but also aligns with circular economy principles, as
agricultural by-products can be transformed into new materials, particularly in the case of green
bananas with injuries or imperfections that do not meet consumer quality standards.'® Despite
their potential, green plantain starch films have several limitations, such as high solubility and
water vapor permeability, due to their strong hydrophilic nature, which compromises their
effectiveness as moisture barriers.>”!! To improve these characteristics, additives such as
plasticizers, surfactants, or other materials may be incorporated.'?

The combination of green plantain starch and lemongrass essential oil represents a
promising alternative for formulating edible coatings, as the oil can modify the barrier
properties, reduce water vapor permeability, and provide adequate mechanical resistance to the
material. In addition, it imparts antioxidant and antimicrobial activities.!* In this context,
lemongrass essential oil (Cymbopogon citratus) has emerged as a natural additive of interest
because of the presence of bioactive compounds such as citral (61.5%), geraniol (6.6%), and
1,8-cineole (6.4%), which are responsible for its strong antioxidant activity (84.0 = 0.1),
enhancing food protection and shelf-life extension.!*!> The antioxidant activity of lemongrass
essential oil is attributed to the synergistic actions of its active components — a-citral, B-citral,
myrcene, and eugenol,'* which act as free radical scavengers. This is due to the presence of
conjugated double bonds that can donate an allylic hydrogen atom to free radicals, resulting in
the formation of a resonance-stabilized radical, thus terminating the oxidative chain reaction.'¢
The incorporation of lemongrass essential oil (3% w/w) into edible coatings based on gum
arabic and/or corn starch was shown to limit the loss of antioxidant capacity, suggesting a partial
influence of the biopolymer type on this activity.!” Bajaj et al.'® evaluated the incorporation of

lemongrass essential oil into xanthan gum-based films and found that the addition of oil
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minimized the incidence of pathogens responsible for decay in Kinnow fruits and helped
maintain antioxidant activity, effectively reducing oxidative stress.

Despite these promising results, the direct incorporation of essential oils into film
formulations presents some drawbacks. Essential oils are highly volatile and have low water
solubility, which limits their dispersion. Additionally, they may lose antioxidant and
antimicrobial activity during the bioplastic processing steps, which involve heating the
mixture.!”2 One way to overcome these limitations is by encapsulating the essential oil in an
oil-in-water emulsion, improving its dispersion in water and stability during processing and
application, without compromising its bioactivity. Encapsulation also enables controlled
diffusion of bioactive compounds.?! In oxidized cassava starch-based coatings, the addition of
emulsions containing different concentrations of essential oil delayed ripening and inhibited the
onset of anthracnose in ‘Palmer’ mangoes.?’

Given the advances in the development of starch-based films (bioplastics), the present
study investigated the effects of incorporating lemongrass essential oil emulsions at different
concentrations on the barrier, mechanical, and morphological properties of green plantain starch
films. The objective was to understand the relationship between essential oil incorporation and
the functional performance of the bioplastic, thereby providing insights for the development of
biodegradable and functional packaging materials with potential applications in the food

industry.

2. MATERIALS AND METHODS
2.1. Materials

Plantains (Musa paradisiaca L.) were obtained from a producer in the Southwest region
of Bahia, Brazil, at maturation stage 1 according to the Von Loeseck?? scale, characterized by

green peel and no application of any ripening accelerators. Glycerol PA (ACS, Brazil), Tween
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80 PA (Exodo Cientifica, Brazil), and lemongrass essential oil (Cymbopogon citratus) (Laszlo,
Belo Horizonte-MG, Brazil) were also used. All other reagents employed were of at least
analytical grade.

2.2. Starch extraction

Starch was extracted following the method described by Moorthy?? with adaptations
made by Cordeiro et al.?*

2.3. Preparation and characterization of emulsions

Emulsions were prepared according to the methodology described by Prakash et al.,?
with modifications. The formulation consisted of 1.5 mL canola oil (Brassica napus L.), 1.8
mL Tween 80, distilled water, and lemongrass essential oil (Cymbopogon citratus) (EO) in
quantities sufficient to reach concentrations of 0; 0.4; 0.6; 0.8; and 1% (w/w, relative to starch
mass) in the emulsion (0; 0.3; 0.45; 0.6; and 0.75 mL, respectively). The component volumes
were added to a 50 mL centrifuge tube and vortexed for 5 min. The mixture was then transferred
to a beaker, and the tube was rinsed with distilled water, bringing the volume to 30 mL. The
mixture was subsequently homogenized using a Turrax (IKA-T25, Campinas, SP, Brazil) at
maximum speed (10,000 rpm) for 10 min to incorporate all components and form the emulsion.
The emulsion was then subjected to ultrasonic bath treatment (Solidsteel, Piracicaba, SP) at 40
kHz for 30 min.

For emulsion characterization, droplet size and polydispersity index (PDI) were
measured using a Zetasizer Nano ZS (Malvern Instruments Ltd, UK), based on dynamic light
scattering (DLS) at 25 °C. Samples were previously diluted with Milli-Q water (1:200).

2.4. Film production

For the preparation of film-forming solutions, green plantain starch was added to 300

mL of distilled water (3% w/v) and gently stirred for 30 min for hydration. Glycerol (40% w/w)

was then added as a plasticizer. The mixture was heated in a water bath (Solidsteel, SSDc 10L,
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Piracicaba, SP, Brazil) at 85°C, under gentle manual stirring for 20 min, until complete
gelatinization. After cooling to room temperature, 8.6 mL of the lemongrass essential oil
emulsions at their respective concentrations were added. The suspension was then stirred with
a Turrax (IKA T25, Campinas, SP, Brazil) for 10 min to promote component interaction. Film-
forming solutions were poured onto glass plates (32.5 x 22.5 cm) and dried in a forced-air
circulation oven (Tecnal, TE-394/3-MP, Piracicaba, SP, Brazil) at 40°C for approximately 24
h to ensure complete solvent evaporation and film formation, typical of the casting method.
Finally, films were peeled from the glass plates and stored at room temperature and relative
humidity of 50 + 5%, in a controlled atmosphere using a saturated NaBr solution inside
hermetically sealed containers.

2.5. Film characterization

2.5.1. Thickness

Film thickness was measured using an electronic micrometer (Digimess, model
100.179D, China). Five random measurements were taken per film, and the average value was
reported.

2.5.2. Water vapour solubility (WVP)

Water vapor permeability was determined according to method E96M-162° with
adaptations. Test capsules containing silica gel were sealed with the film and placed inside
desiccators containing distilled water at 24°C and 100% relative humidity, kept constant. The
capsules were weighed on an analytical balance (Shimadzu, AY220, Japan) at 24-hour intervals

over 8 days. WVP values were calculated according to Eq. 1.

WVP = TPVAx e (1)

Psat x (RH{—RH3)

Where TPVA is the water vapor transmission rate (slope of water mass gain over time),
e is film thickness, Pg, is saturation vapor pressure at test temperature (3.169 kPa), RH: is

relative humidity outside the capsule (100%), and RH: is relative humidity inside the capsule.
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2.5.3. Water solubility (S)

Water solubility was determined following Gontard et al.?’ with adaptations. Film
samples (5 x 2 cm?) were dried in an oven (Tecnal, TE-394/3-MP, Piracicaba, SP, Brazil) at
105°C for 24 h to remove moisture and obtain the initial mass (Mi, g). Samples were then
immersed in 50 mL distilled water in Falcon tubes and subjected to orbital shaking at 40 RPM,
24°C for 24 h. Subsequently, samples were removed and dried under the same conditions to
obtain the final mass (M2, g). Water solubility was expressed as the percentage of soluble
material according to Eq. 2.

My_ M,

S = x 100 2)

1

2.5.4. Mechanical properties

Tensile strength (MPa), elongation at break (%), and Young’s modulus (MPa) were
determined using a texture analyzer (Stable Micro Systems, TA.XT Plus Texture Analyser,
UK). Specimens of 100 mm x 20 mm (n=10 per replicate) were tested following the ASTM
standardized method D882-18%8, Data were extracted via operational software (Exponent
Connect Lite, version 8.1.3.0), analyzed according to ASTM D882-18 TG methodology, and
Young’s modulus was manually anchored using MACRO.
2.5.5. Biodegradability analysis

Film biodegradability was evaluated as per Martucci and Ruseckaite.?” Samples (2 x 3
cm) were dried at 60°C until constant weight, weighed, and buried 4 cm deep in containers
filled with dystrophic red-yellow latosol soil collected from 0-20 cm depth. Samples were
exposed to sunlight and environmental conditions, excluding precipitation. Soil moisture was
maintained at approximately 40% by adding water every 2 days over 15 days.
2.5.6. Morphological analysis

Surface and fractured film images were obtained using scanning electron microscopy

(SEM) (JSM-6610, Jeol, Tokyo, Japan) equipped with EDS (Thermo Scientific NSS Spectral
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Imaging) operating at 10 kV accelerating voltage. Samples were mounted on double-sided
copper conductive tape and fixed onto a holder. A conductive gold coating was applied using a
Gold Film Deposition System, Mesa V (Denton Vacuum LLC, Moorestown, NJ, USA).
2.5.7. Antioxidant capacity

The DPPH radical scavenging rate assessed antioxidant capacity. Film samples (30 x 30
mm) were immersed in 12 mL of 0.06 mM DPPH-ethanol solution. The mixture was kept in
the dark for 30 min at room temperature. Absorbance was measured at 515 nm using a digital
UV-visible spectrophotometer (Kasuaki, IL-593-S, Japan). Readings were taken every 24 h for
5 days. DPPH radical scavenging rate was calculated by Eq. 3:

Ao—A1

DPPH = 100 3)

0

Where DPPH is the free radical scavenging rate (%), Ao is the absorbance of the control
sample, and A. is the absorbance of each sample.
2.6. Statistical analysis

Data were subjected to analysis of variance (ANOVA), followed by the F-test (a = 0.05)
to evaluate the effect of essential oil concentration. Analyses were performed using Statistical

Analysis System (SAS) University OnDemand for Academics.

3. RESULTS AND DISCUSSION
3.1. Barrier properties of films
The addition of essential oil did not significantly alter the thickness, water vapor

permeability, or solubility of the films with emulsion, as shown in Table 1.
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Table 1. Thickness, water vapor permeability (WVP), and solubility (S) of green plantain starch
films incorporated with different concentrations of lemongrass essential oil (EO). SE — without

emulsion; 0%, 0.4%, 0.6%, 0.8%, and 1% EO — films with different essential oil concentrations.

Treatments Thickness Wwvp Solubility
(mm) (g water.mm.dia" (%)
'm?2 kPa™
SE 0.10+0.02? 0.32+0.06* 15.31+0.66*
0% OE 0.11+0.012 0.34+0.08? 15.18+0.91%2
0.4% OE 0.11+0.02? 0.30+0.03? 15.54+0.912
0.6% OE 0.11+0.01? 0.33+0.05* 15.37+0.912
0.8% OE 0.10+0.012 0.30+0.05* 14.39+0.75°
1% OE 0.11+0.00? 0.31+0.06* 14.85+0.64°

Same letters in the same column do not differ from each other by Tukey test (p < 0.05).

Film thickness is related to the microstructure and molecular orientation of the film
components. Typically, a decrease in interaction and ordered alignment of starch polymer

113031 which was not observed

chains within the network leads to an increase in film thickness,
in this study. Therefore, it can be inferred that the emulsion was homogeneously dispersed in
the film-forming matrix, not altering the interactions between the film components. It is
important to determine thickness behavior, as it directly affects other film properties such as
mechanical and barrier characteristics.

The addition of essential oil (EO) emulsion did not cause a significant change in water
vapor permeability (WVP) among the treatments, suggesting that the tested concentrations were

insufficient to induce modifications in the film microstructure. This can be explained by the

characteristics of the emulsion, such as the small size of the microcapsules and their uniform
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distribution, as shown in Table 2. Water vapor permeability is used to measure moisture
transfer, which is one of the main factors influencing reactions that lead to food deterioration
and microbial growth, and thus should be as low as possible.!* Essential oils can reduce
permeability when well dispersed by forming a hydrophobic barrier that restricts water vapor
passage. However, its effectiveness depends on good compatibility and dispersion of the oil
within the polymer matrix,”? which are influenced by the chemical nature of both the polymer
and the oil, also affecting solubility and intermolecular interactions.** Since the same volume
of emulsion was used in the formulations, varying only the EO concentration, it can be inferred
that encapsulation provided a homogeneous dispersion of EO in the polymer matrix. The use
of plasticizer and emulsion may increase the solubility of components, while techniques such
as ultrasonication help improve dispersion homogeneity by reducing droplet size.** Emulsion
stability is influenced by factors such as temperature and pH, which can affect hydrogen bond
formation,>® and the oil concentration must be controlled to maintain the mechanical and barrier
properties of the film unchanged. Proper selection of incorporation and stabilization techniques

is essential to optimize dispersion within polymer matrices.

Table 2. Average diameter and size distribution of microcapsules of emulsions with 0%, 0.4%,

0.6%, 0.8% and 1% EO.

Treatment Size PDI (%)
(nm)

0% OE 148.40+1.90°¢ 0.451+0.0212

0.4% OE 238.37+2.80? 0.326+0.034"

0.6% OE 229.10+1.90° 0.277+0.023¢

0.8% OE 225.634+4.90° 0.329+0.036

1% OE 243.3343.30° 0.370+0.004°

Same letters in the same column do not differ from each other by Tukey test (p < 0.05).
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Although no significant difference was observed between the values, the average water
vapor permeability (WVP) was lower than that reported by Sarhadi et al.!3 (> 5.63 £ 0.229 g
water.mm.dia'm2.kPa"!) who tested different concentrations of Ferula gummosa essential oil
(0.5, 1, and 1.5%) and found that the addition of the essential oil decreased the WVP of starch
films; however, this effect was only significant at the 1.5% concentration. This behavior can be
explained by the composition of green plantain starch, which has an amylose content above
30% and contains resistant starch, contributing to the formation of a more cohesive matrix with
better barrier properties.

Solubility values also did not show significant differences among the treatments.
However, these values can be considered low when compared to cassava starch films, which
exhibited a solubility of 53.83% in a study by Zhou et al.,’® again demonstrating the effect of
starch composition. Some authors’’° found a tendency for solubility reduction with the
addition of essential oils in films, since the lipid components created a hydrophobic barrier that
decreased the film’s interaction with water. However, the fact that the barrier property values
presented here did not differ significantly suggests that the amount of EO at the tested
concentrations was not sufficient to substantially alter the film matrix and the interaction
between its components.

3.2. Mechanical properties

The addition of lemongrass essential oil (EO) did not significantly (p < 0.05) alter the
Young’s modulus and tensile strength of the films (Table 3). According to Ebrahimzadeh et
al.,*! the mechanical resistance of films depends on the interaction between the polymer matrix
and the active ingredient of the essential oil. The Young’s modulus (elastic modulus) is related
to the stiffness of the material in response to applied force. It describes the material’s ability to
deform and return to its original shape. The higher the Young’s modulus, the stiffer the material

and the harder it is to stretch.3® Up to a certain concentration, the EO acts as a plasticizing agent,
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improving flexibility and reducing the tensile strength of the film.*** These results are
consistent with the previous findings, showing that the emulsion containing encapsulated
essential oil disperses homogeneously in the film matrix without altering its microstructure.
This is due to the characteristics of the emulsion, which presented uniform microcapsule size
(Table 2). It is important to highlight that the use of the same volume of emulsion contributes
to this behavior. A recent study by Vargas et al.*> found the same result when incorporating

Cymbopogon citratus essential oil into cassava starch and sodium alginate films.

Table 3. Tensile strength, elongation at break, and Young's modulus of green plantain starch
films incorporated with different levels of lemongrass essential oil. SE — no emulsion; 0%,

0.4%, 0.6%, 0.8%, and 1% EO — Films with different concentrations of essential oil.

Young modulus Elongation at Tensile strength
Treatments
(MPa) break (%) (MPa)

SE 36.444+2.61? 76.32+1.562 3.81+0.102
0% OE 28.84+5.782 53.82+1.504 2.33+0.17°
0.4% OE 25.80+1.282 72.82+2.612b 2.43+0.15°
0.6% OE 28.50+7.082 65.40+1.65¢ 2.60+0.22°
0.8% OE 33.514£5.712 68.11+1.12%¢ 2.44+0.10°
1% OE 29.14+4.222 64.45+0.37¢ 2.35+0.07°

Same letters in the same column do not differ from each other by Tukey test (p < 0.05).

For elongation at break, it can be observed that the addition of emulsion without
essential oil promoted a reduction in elongation at break compared to the control film (SE) and
the other films (p < 0.05). An increase in elongation at break is considered a positive effect

regarding the flexibility of films, especially for materials used as packaging. This phenomenon
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occurs due to the presence of oils that act as plasticizers or lubricants in the polymer matrix.*

A similar result was found by Lee et al.,** who evaluated the incorporation of oregano essential
oil (0, 2.5, 5, and 7.5%) and observed an increase in elongation percentage as the oil
concentration was increased up to 5%; however, further increases in EO concentration resulted
in a decrease in elongation percentage. The highest isolated value for the control film
demonstrates that green plantain starch promotes the formation of an ordered microstructure,
providing greater flexibility to the films.

The reduction in tensile strength compared to the control film can be attributed to the
incorporation of the emulsion, possibly due to the plasticizing effect of the oils and the
formation of microbubbles during emulsion incorporation, moderately reducing stress
distribution in the film.

The ability of active compounds to improve the structural and mechanical parameters
of films depends on the chemical characteristics and concentration of the incorporated
additive.* Understanding how this material influences film properties is essential to ensure the
quality and proper use of these packaging materials. The results observed in this study
demonstrate that the encapsulation of essential oil in emulsions is a promising alternative for
the addition of active components into the polymer matrix, without compromising the film’s
microstructure.

3.3. Biodegradability

As shown in Figure 1, after 15 days from the start of the biodegradability analysis, the
films were almost completely degraded. According to ISO*’ standards, to be considered
biodegradable, approximately 90% of the film material must decompose within 180 days.
Therefore, green plantain starch-based films, with or without emulsion addition, demonstrate
strong potential for sustainable packaging applications, with high biodegradability in short

periods.
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Figure 1. Degradability residues of green plantain (Musa Paradisiaca L.) starch films with

emulsions containing different concentrations of lemongrass essential oil.

3.4. Scanning electron microscopy (SEM) analysis

Figure 2 presents the SEM images showing the surface morphology of the starch
granules, which exhibit varied sizes and shapes, predominantly ellipsoidal forms with irregular
diameters and smooth surfaces, indicating granule integrity, with occasional irregularities. No
signs of cracks, fractures, or deformations were observed. The size of the starch granules
influences the binding capacity of amylose and amylopectin molecules, gelation, crystallinity,
and swelling power. Films produced with starches containing smaller granules may exhibit

higher tensile strength with reduced thickness, reflecting improved film properties, as observed

in this study.*®

Figure 2. Micrographs of green plantain (Musa Paradisiaca L.) starch obtained by SEM at (a)

100x (100 pm scale), (b) 500x (50 um scale), and (¢) 2500x (10 pm scale) magnification.
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For the treatment without emulsion (Figure 3), a rough surface with some agglomerates
and starch granules can be observed, while the cross-section reveals a homogeneous and

compact structure, which justifies the higher tensile strength value obtained for this film.

(%0EQ -S) : _ '(%0EO-F)

(0.4%EOQ-F)

(0.6%EQ-S) . (O.G*EO-F)

(0.8%EO-S) (0.8%EO-F)

5.

(1.0%EO-S) (1.0%EO-F)

Figura 3. Micrographs of surfaces (S), at magnification of 1000x (10 um scale), and fractures

(F), at magnification of 3000x (5 um scale), of green plantain (Musa Paradisiaca L.) starch
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films without emulsion (SE) and with different concentrations of essential oil (0%EO, 0.4%EO,
0.6%EQO, 0.8%EO and 1.0%(EO) obtained by SEM

After the inclusion of the emulsion, the surfaces became smoother as the concentration
of lemongrass essential oil (LEO) increased. In the cross-sectional images, small pores are
visible in the structure of the films containing emulsion, which may be attributed to the
coalescence of droplets during the drying process, originating from the emulsion components
incorporated into the film-forming solution.’®* However, the formation of these small pores
did not compromise the microstructure of the films, which explains the results obtained for
WYVP, solubility, elongation, and Young's modulus, although it did influence the elongation of
some films. These results confirm the good compatibility between the emulsion and the film
matrix, with high dispersion, forming a homogeneous film structure.
3.5. Antioxidant capacity of films

Films with antioxidant properties for packaging have become increasingly relevant in
food preservation, as they can reduce food oxidation, thereby extending shelf life and
maintaining quality.

Statistical analysis showed that time, treatment, and the interaction between treatment
and time significantly influenced the antioxidant capacity of the films (Table 4 and Figure 4).

The antioxidant activity of the film without emulsion is attributed to the bioactive

compounds in green plantain, which contains various classes of free and bound phenolic
compounds classified as secondary metabolites in botanical species, including anthocyanins,
although its antioxidant activity is considered moderate.’® The emulsion also contributed to the
antioxidant capacity of the film due to the bioactive compounds present in both the plantain and

the canola oil, which contains tocopherols in its composition.>!
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Table 4. Summary of analysis of variance and coefficient of variation (CV) of DPPH of green
plantain (Musa Paradisiaca L.) starch films with emulsions containing different concentrations

of lemongrass essential oil.

Medium squares

Sources of variation GL
DPPH
Treatments 5 455,12%
Days 4 4600,50*
Treatments X Days 20 81,84*
Residue 30 6,71
CV (%) 7,24
*Significant (p < 0.05)
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Figure 4. Free radical scavenging capacity of green plantain (Musa Paradisiaca L.) starch films

with emulsions containing different concentrations of lemongrass essential oil.

Capital letters compare treatments at each time point, and lowercase letters compare times within each treatment.
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An increase in the antioxidant activity of the films was observed over the days of
analysis, indicating a progressive release of bioactive compounds from the films. Treatments
with concentrations of 0.8% and 1.0% showed the best results, reaching antioxidant activity
values close to 65% by the fourth day. This suggests that higher concentrations of essential oil
provide greater availability of terpenes (citral, eugenol, and myrcene), which are known for
their antioxidant activity — especially eugenol, which has notable radical scavenging
properties.!*>2 The observed release kinetics may be related to the migration process of
lipophilic compounds through the starch-based hydrocolloid matrix during the analysis period.

17455355 which have demonstrated the

These results are consistent with previous studies,
effectiveness of essential oils as antioxidant agents in active packaging systems.

These findings are important, as they confirm the effectiveness of essential oil
encapsulation by emulsification in enabling the controlled release of bioactive compounds
without compromising the film's microstructure. Moreover, the use of green plantain starch

leads to the formation of films with enhanced barrier and mechanical properties while also

imparting functional attributes.

4. CONCLUSION

The incorporation of emulsions containing lemongrass essential oil into green plantain
starch films resulted in increased film flexibility, as evidenced by the higher elongation at break,
which is a desirable feature for food packaging applications. The essential oil concentrations
did not significantly alter the barrier properties of the films and enhanced their flexibility
without compromising biodegradability, reinforcing their sustainable potential compared to
synthetic polymers. Additionally, the green plantain starch and the emulsion containing canola
oil contributed bioactive properties to the films, and the inclusion of the essential oil emulsion

progressively enhanced antioxidant activity. The essential oil concentrations used in this study
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did not compromise the film microstructure indicating that higher concentrations may be used,
also keeping total emulsion volume constant as a strategy for incorporating active compounds
into the film-forming matrix. Thus, the results contribute to the advancement of active and
sustainable packaging development, demonstrating the positive impact of incorporating

lemongrass essential oil emulsion on the functional performance of green plantain starch films.
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Edible coatings based on green plantain starch with lemongrass essential oil improved

postharvest preservation of giant umbu

Abstract

Climacteric tropical fruits such as giant umbu have high perishability, which limits their
commercialization and increases post-harvest losses. This study evaluated the influence of
edible coatings based on green plantain starch, incorporated with lemongrass essential oil, on
the quality preservation of giant umbu fruits stored at 12 + 2 °C for 9 days. The coatings were
applied by immersion, and the fruits were evaluated for weight loss, firmness, color, pH, soluble
solids, titratable acidity, and ascorbic acid content. The formulation with 0.8% essential oil
resulted in the lowest weight loss (3.98%) and greater preservation of pulp firmness (27.99%
reduction) and peel color, as well as more stable pH and ascorbic acid levels. The temperature
of 12 °C had negative effects on firmness, indicating possible chilling injury. The edible

coatings showed potential to maintain fruit quality and extend shelf life.

Keywords: Spondias tuberosa; Modified atmosphere; biodegradable packaging; post-

harvesting technology; natural bioactive compounds.

1. Introduction

The preservation of post-harvest fruit quality represents a major challenge today,
particularly for highly perishable fruits such as umbu (Spondias tuberosa Arruda Camara),
which ripens quickly and has a shelf life of only 2 to 3 days at room temperature, making it
difficult for preservation and long-term commercialization (Moura et al., 2013; Teodosio et al.,
2021). These post-harvest losses reduce the amount of fruit available for sale, directly impacting

the income of smallholder farmers who depend on this crop as their main source of income.
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Native to the Brazilian semi-arid region, the fruits are rich in vitamins C, B1, B2, and
B3, essential minerals, and bioactive compounds such as carotenoids, flavonoids, and other
phenolic compounds, which contribute to their antioxidant potential (Zeraik et al., 2016;
Ribeiro et al., 2019). Additionally, the fruit is highly appreciated by consumers for its
characteristic bitter sweet flavor and pleasant aroma (Lima et al., 2018; Zeraik et al., 2016).
However, its consumption as a fresh fruit is limited in regions far from the production centers
due to its high perishability, resulting from rapid physiological metabolism, high respiration
rate, and advanced ripening (Lima et al., 2018).

Umbu is a fruit originating from extractive systems, and its sensory and chemical
characteristics are influenced by environmental factors and specific genetic traits. Due to its
high genetic variability, native fruits range in weight from 10 to 25 g (Santos et al., 1999). In
light of this variability and the growing potential for increased consumption, leading to greater
production, varieties popularly known as 'giant umbu' have been selected. These produce larger
fruits, with an average weight between 75 and 100 g, through the genetic improvement of native
accessions (Donato et al., 2024). However, even with genetic improvement, as a tropical fruit,
its harvest is limited to a few months of the year, usually between January and March, which
may vary depending on climatic conditions and the specific characteristics of the microregions
where it is grown (Lima and Castricini, 2019). Due to its seasonality and perishability, it is
necessary to develop effective post-harvest conservation strategies that address the
physicochemical and physiological characteristics of giant umbu. Furthermore, the
technologies to be developed should be low-cost and easy to apply. One alternative would be
the use of edible coatings and cold storage. The use of biodegradable packaging and edible
coatings has been widely explored as an alternative to minimize the use of conventional plastics
and extend the shelf life of fruits, with or without the support of refrigerated storage. These

coatings act as protective barriers by reducing moisture loss, delaying ripening, and inhibiting
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microbial growth (Coppola et al., 2021; Pei et al., 2024). The protective properties of the
coatings and their adhesion to the fruit surface depend on their composition, which may include
lipids, proteins, and polysaccharides. In addition, the coating thickness and the application
method — whether by dipping, spraying, or brushing — are essential to ensure a uniform and
functional coverage.

Refrigerated storage can be combined with the use of coatings to increase fruit shelf life,
durability, and coating effectiveness. Some studies have reported the use of low temperatures
during storage to preserve fruit quality, such as in bananas (Facundo et al., 2012; Lo’ay and
EL-Khateeb, 2018), papayas (Gomes et al., 2016; Pan et al., 2017), and mangoes (Zhang et al.,
2017). However, there is still no data in the literature demonstrating the use of low temperatures
for the preservation of umbu fruits. The effectiveness of coatings can also be optimized by
incorporating bioactive compounds into the polymer matrix (Moradinezhad et al., 2025;
Yaashikaa et al., 2023). In this context, starch stands out as a sustainable solution for the
development of coatings due to its biodegradability, abundance, and film-forming ability
(Chauhan et al., 2024; Dutta and Sit, 2024; Hossain et al., 2024; Yaashikaa et al., 2023). In
addition to conventional starches, such as corn, rice, and cassava, recent research has explored
the potential of starches from non-conventional sources as a strategy to utilize products that,
although suitable for consumption, does not meet the commercial standards required for
commercialization. One example of such a source is plantain (Musa paradisiaca L.), which, in
its green maturation stage, contains 70 to 80% starch on a dry weight basis, making it a
promising alternative for biopolymer production and contributing to food waste reduction
(Moreno-Zaragoza et al., 2025).

In addition to using starch from non-conventional sources, the incorporation of essential
oils into starch matrices has been studied as a strategy to incorporate bioactive properties,

particularly antioxidant activity, to films and coatings, helping to delay oxidative processes and
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maintain fruit quality (Devi et al., 2024). Among essential oils, lemongrass oil (Cymbopogon
citratus) stands out for its high content of phenolic compounds and strong antioxidant activity,
mainly attributed to the presence of citral and geraniol in its composition (Faheem et al., 2022;
Valkova et al., 2022). Based on these advances, the present study investigated the potential of
coatings made from green plantain starch (Musa paradisiaca L.) with different concentrations
of lemongrass essential oil (Cymbopogon citratus), combined with refrigerated storage, in

maintaining the post-harvest quality of giant umbu (Spondias tuberosa Arr. Camara).

2. Materials and methods
2.1. Materials

Giant umbu fruits (Spondias tuberosa Arruda Camara), weighing over 75 g, were
obtained directly from a producer in the municipality of Anagé, located in the southwest of
Bahia state, Brazil. Harvesting was carried out in the morning, with pre-selection based on the
ripening stage known as 'full' or 'swollen' (Fig. 1), and without any signs of disease or
pathogens. Plantains (Musa paradisiaca 1.) were also acquired from a producer in the
southwest region of Bahia, at ripening stage 1, defined by the Von Loesecke scale (1950),
characterized by a fully green peel, without the addition of any substance to accelerate ripening.
Also used were glycerol PA (ACS, Brazil), Tween 80 PA (Exodo Cientifica, Brazil),
commercial canola oil (Brassica napus L.), and lemongrass essential oil (Cymbopogon citratus)

(Laszlo, Belo Horizonte-MG@G, Brazil).
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Fig 1. Giant umbu in the “full” or “swollen” ripening stage.

2.2. Starch extraction

Starch was extracted by adapting the method of Moorthy (1991). The green plantains
were washed, sanitized, peeled, cut into slices approximately 3 mm thick, and immersed in a
0.03 mol L' ammonium hydroxide solution at a ratio of 1:7 (w/v) to prevent enzymatic
browning. Next, they were blended using an industrial blender (Metal Ferreira, MFLBR-4,
Itajobi, SP, Brazil). The resulting mass was filtered through 50 and 200 mesh sieves, allowed
to settle, and the supernatant was discarded. The mass was repeatedly washed with distilled
water to separate the starch until the supernatant became clear. Subsequently, the starch was
dried at 40°C for approximately 24 hours in a forced-air circulation oven (Tecnal, TE-394/3-
MP, Piracicaba, SP, Brazil). Finally, the starch was ground, sieved through a 65-mesh sieve,

labeled, and stored in hermetically sealed containers.

2.3. Preparation of lemongrass essential oil emulsion

The emulsion was prepared based on the methodology described by Prakash et al.
(2020), with modifications. A total of 1.5 mL of canola oil (Brassica napus L.), 1.8 mL of
Tween 80, and 0.6 mL of lemongrass essential oil (Cymbopogon citratus) were used. The

volumes of the components were added to a 50 mL Falcon tube and homogenized using a vortex
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mixer for 5 minutes. Then, the mixture was transferred to a beaker, and the tube was rinsed with
distilled water to complete the volume to 30 mL. The emulsion was then stirred using a Turrax
(Tecnal, TE-102, Piracicaba, SP, Brazil) at 10,000 rpm for 10 minutes to incorporate all
components. Subsequently, it was subjected to an ultrasonic bath (Ultronic, USC 1600A,
Indaiatuba, SP, Brazil) at a frequency of 40 kHz for 30 minutes. Another emulsion without
lemongrass essential oil, containing only canola oil and Tween 80 surfactant, was also prepared

following the same procedure.

2.4. Production of edible coatings

For the preparation of the coating formulations, green plantain starch (3% w/v) was
added to 600 mL of distilled water and subjected to gentle stirring for 30 minutes on a magnetic
stirrer (Novatecnica, NT137, Piracicaba, SP, Brazil) for hydration. Then, glycerol (40% w/w
relative to the starch mass) was added as a plasticizer. The mixture was heated in a water bath
at 85°C (Solidsteel, SSDc 10L, Piracicaba, SP, Brazil), with gentle manual stirring for 20
minutes until complete gelatinization. After cooling to room temperature, the emulsions
corresponding to the treatments (0% EO and 0.8% EO) were added, and the formulations were
stirred in a Turrax (IKA T25, Campinas, SP, Brazil) for 10 minutes to promote component
interaction. Subsequently, they were subjected to an ultrasonic bath (40 kHz) for 15 minutes.
The edible coating solutions were then left to rest overnight for later fruit immersion. A coating
formulation without emulsion addition (starch + glycerol) was also prepared following the

described methodology.

2.4.1. Coating of giant umbu fruits
Fruits were selected for uniformity in weight and color, discarding those with any

injuries or damage caused by transport. They were then immersed in a 100-ppm sodium
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hypochlorite solution for 15 minutes. After drying, the fruits were immersed in their respective
edible coating solutions for 20 minutes. Subsequently, they were placed on racks for drying and
formation of the edible film in a controlled environment (17 =+ 2 °C) for 24 hours (Figure 2).
After the drying process, the fruits were stored in a refrigerated environment (12 + 2 °C and
72% RH) in a BOD incubator (Ethik INC.411, Vargem Grande Paulista, SP, Brazil). This
temperature was chosen based on studies recommending temperatures above 12 °C for the

storage of tropical fruits, such as mango (Zhang et al., 2017).
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Fig 2. Coated Giant umbu fruits (Spondias tuberosa Arr. Cam.).

2.5. Determination of post-harvest quality parameters

The post-harvest quality parameters of giant umbu fruits were evaluated at 0, 3, 6, and
9 days after the start of the experiment.
Weight loss was determined by calculating the difference between the initial fruit weight (Mi)
and the weight measured on each evaluation day (Mf), using a semi-analytical balance
(Shimadzu, BL320H, Barueri, SP, Brazil) with a precision of = 0.0001 g. The results were

expressed as percentage loss (Eq. 1)

M;— Mf

MSS(%) = x 100 (1)

i
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Firmness was determined according to the methodology proposed by Li et al. (2017),
with adaptations, using a penetrometer equipped with a 5 mm diameter probe (Impact, model
IP-90DI, Brazil). The measurement was taken at two different points on the fruits, and the
results were expressed in Newtons (N).

For instrumental color determination of the peel and pulp, a colorimeter (Konica
Minolta, CR-400, Osaka, Japan) was used, with a standard D65 illuminant, 0° viewing angle,
and calibrated with a standard white color, using the CIELab system. Lightness (L; 0 = black;
100 = white), a* (positive = red; negative = green), and b* (positive = yellow; negative = blue)
were determined. Readings were taken at three points on the peel and in the central region of
the pulp. For evaluation of chromaticity (C) and Hue angle (°h), the a* and b* coordinates were
used (Eq. 2 and 3).

C=+va?+b? 2)

*

°h = arctan (%) (3)

pH, soluble solids content, and titratable acidity were measured from the fruit extract, obtained
by blending the pulp using a portable food processor (Philco, PMX700, Brazil). The methods
used for determining these parameters followed the recommendations of the AOAC (2016).
pH was measured with a digital potentiometer (Tecnopon — mPA-210, Piracicaba, SP, Brazil),
according to method n® 981.12. Soluble solids content was determined according to method n°
932.12, using a portable digital refractometer (Atago Brasil, PAL-1, Ribeirdo Preto, SP, Brazil),
and the results were expressed in °Brix at 25°C. Titratable acidity was determined following
method n°® 942.15, and the results were expressed as g of citric acid/100 g of pulp.

The determination of ascorbic acid content was carried out using the methodology
proposed by Oliveira (2010), through the reaction of ascorbic acid with 2,6-
dichlorophenolindophenol sodium salt (DCPIP), with detection in a spectrophotometer at 520

nm. The method is based on the reduction of DCPIP, which changes from blue (oxidized form)
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to a pinkish-purple color (reduced form). The DCPIP solution was prepared at a concentration
of 0.03 mg mL! using analytical-grade reagent and distilled water heated to 60 °C, followed
by filtration. Seven grams of processed pulp were diluted in 100 mL of 0.4% (w/v) oxalic acid
solution. The solutions were then filtered using quantitative filter paper and stored until
analysis. For the assay, 1 mL aliquots of the filtrate were added to two test tubes. In one tube,
9 mL of distilled water was added (sample blank), and in the other, 9 mL of DCPIP solution
was added to each sample. The tubes were shaken in a vortex mixer, and absorbance readings
were taken at 520 nm. The general blank was prepared using 1 mL of 4% oxalic acid and 9 mL
of distilled water in one tube, and two additional tubes with 1 mL of 4% oxalic acid and 9 mL
of DCPIP solution. The general blank was used to zero the spectrophotometer, followed by
readings of the two samples with DCPIP. After this step, a small amount of pure ascorbic acid
(analytical grade) was added until the samples became colorless, and readings were repeated.
An ascorbic acid calibration curve was prepared to quantify vitamin C. The results were

expressed in mg of ascorbic acid/100 g of pulp.

2.6. Statistical analysis

The experimental design followed a 4 x 4 factorial scheme, with 3 coatings (SE: coating
without emulsion, 0% EO: coating with emulsion and no essential oil, 0.8% EO: coating with
emulsion containing 0.8% essential oil) and NC (no coating), evaluated at four storage times
(0, 3, 6, and 9 days). Each experimental unit consisted of 24 fruits per treatment, with three
replicates per treatment, totaling 288 fruits. Data were subjected to ANOVA to evaluate the
interaction between coating types and storage time, followed by Tukey’s test (o = 0.05) for
mean comparisons. For parameters showing significant temporal behavior, linear regression
models were fitted, considering only those with R* > 0.65. All statistical analyses were

performed using the Statistical Analysis System (SAS) University OnDemand for Academics.
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3. Results and discussion
3.1. Loss of mass and firmness

Table 1 presents the data on weight loss and peel and pulp firmness of giant umbu fruits
stored for a period of 9 days. A significant interaction was observed between coatings and
storage time for weight loss (Eq. 4 to 7). Weight loss increased over time for all fruits, whether
coated or not (Figure 3). However, fruits coated with the treatment containing 0.8% essential
oil (EO0.8) showed the lowest weight loss, differing significantly from the uncoated treatment
(NC) throughout all evaluation times. The uncoated fruits, in turn, showed the highest average
weight loss over the entire storage period. Fruits from the other coating treatments showed
weight loss ranging from 4% to 5%, with no significant differences among them. The regression
models fitted for weight loss showed R? values between 0.75 and 0.91, indicating that the
weight loss behavior over time was well explained by the proposed equations for each
treatment. Weight loss is a natural process that occurs in fruits during ripening, caused by
various biochemical processes starting from the moment they are harvested. The main reason
for the greater weight loss observed in the uncoated treatment is attributed to water evaporation.
Without the protection of a coating, the fruit’s surface is more exposed to the environment,
facilitating water loss through transpiration. The edible coating acted as a barrier, reducing the
transpiration rate and, consequently, weight loss.

Additionally, essential oils can modulate ethylene production — a key hormone in the
ripening process — by interfering with its synthesis or action, thereby altering the ripening rate
and fruit texture. Moreover, these bioactive compounds can modify the permeability of cell
membranes, affecting gas and nutrient exchange, which directly influences the ripening process

and the maintenance of firmness (Oyom et al., 2022; Pandey et al., 2022; Shiekh et al., 2022).
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Table 1. Mean and standard deviation of weight loss (MSS), peel firmness (FIRC), and pulp
firmness (FIRP) of giant umbu fruits during refrigerated storage under different treatments: NC
— no coating; SE — without emulsion; EO0 — with emulsion and no essential oil; EO0.8 — with

0.8% essential oil.

Time
SR SE OE0 0OE0.8
(days)
MSS (%)
0 0,00 + 0,00 0,00 £ 0,00 0,00 £ 0,00 0,00 £ 0,00
3 2,81 +£0,22° 2,354 0,42eb 2,42 +0,15% 2,10+£0,18?
6 5,39 +£0,22° 4,55+ 0,66 4,75 +0,37% 4,06 = 0,302
9 5,19 +£0,37° 4,30 + 0,55 5,06+ 0,22° 3,98 + (0,332
FIRC (N)
0 147,65 + 10,692 129,94 + 5,262 127,79 £ 13,222 133,56 + 4,472
3 133,17 £ 6,332 115,03 +£12,272 137,47 £ 4,012 135,55 +12,18¢?
6 129,94 + 5,322 113,65 +10,35° 120,46 + 6,402 132,19 £27,372
9 110,43 + 28,332 105,26 + 7,112 133,60 + 6,22° 91,93 + 6,462
FIRP (N)
0 33,88 +2,89b 26,72 +£2,722 30,24 + 1,172 35,55+ 1,69°
3 34,20 + 6,942 24,82 +0,97° 31,04 4,712 29,83 +5,77°
6 26,91 + 1,412 26,78 + 4,242 23,13 +2,08° 26,58 + 1,72¢
9 32,91 +£2,19° 24,36 +0,32° 29,85 + 8,28° 27,99 + 2,60°

The same letters in the same line do not differ from each other by the Tukey test (p < 0,05).

Regarding peel firmness, the EOO treatment showed the least loss over the storage

period compared to the other treatments. The EOQ0.8 treatment showed a greater reduction in
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peel firmness; however, this difference was not statistically significant compared to the no-
coating and no-emulsion treatments. It is important to note that this change in peel firmness did
not compromise fruit preservation, as the EO0.8 treatment had the lowest weight loss and no
other parameter was affected during the storage period.

All treatments maintained pulp firmness without significant differences over time
(values ranging from 23.13 to 35.55 N). This suggests that the coatings did not substantially
impact the internal texture of the fruits, possibly due to the reduced metabolism at the storage

temperature of 12°C (Wang et al., 2025)
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Fig. 3. Weight loss of giant umbu over the storage period under different treatments: NC — no
coating; SE — without emulsion; EOO — with emulsion and no essential oil; EO0.8 — with 0.8%
essential oil.

MSSgr = —4,941254 + 5,563997t R? = 0,75 (4)

MSSsp = —4,227342 + 4,764205t R? =0,82 (5)

MSSogo = —3,953450 + 0,541667t R? =091 (6)

MSSpgos = —3,669326 + 4,120061¢  R?2=0,86  (7)
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Overall, edible coatings create a modified atmosphere around the fruits, reducing
respiration rates and moisture loss. Studies with starch-based coatings incorporated with
essential oils have also found a positive effect on preserving fruit quality (Cruz-Monterrosa et

al., 2023; Nascimento et al., 2023; Machado et al., 2024).

3.2. Color of peel and pulp

The color of the peel is one of the most important quality attributes for fresh fruits,
indicating the stage of ripeness and quality to the consumer. As umbu fruits ripen, biochemical
changes occur, including the degradation of chlorophyll (loss of green) and the synthesis of
carotenoids (gain of yellow), which influence the color parameters (Lima and Castricini, 2019).
Regarding the chromaticity of the peel and pulp, there were no significant differences between
the treatments nor interaction over the period, indicating that the fruits maintained color
intensity (Table 2 and Fig. 4). For the hue angle of the peel (°hC), there was a slight decrease
over the days in all treatments; however, the regression equations (9 and 10) show a slower
decline in this hue for the OE0.8 treatment (-0.106685) compared to the untreated (-0.185813),
indicating a delay in chlorophyll degradation, which suggests a promising outlook for the
commercialization of giant umbu. This effect may be due to the presence of antioxidant
compounds, such as citral and geraniol from the lemongrass essential oil, which neutralized
free radicals and reactive oxygen species (ROS) responsible for chlorophyll degradation via
oxidative processes (Valkova et al., 2022; Cortes-Torres et al., 2023). Studies conducted by
Teodosio et al. (2021) and Santos et al. (2021) also showed that the addition of coatings delayed,

but did not completely prevent, color changes in the umbu fruits evaluated.

Table 2. Mean and standard deviation of peel chromaticity (CROC), peel hue angle (°hC), pulp

chromaticity (CROP), and pulp hue angle (°hP) of giant umbu fruits over refrigerated storage



time subjected to different treatments: SR — without coating; SE — without emulsion; OEOQ —

with emulsion and no essential oil; OE0.8 — with 0.8% essential oil.
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Time
SR SE OE( 0OE0.8
(days)
CROC
0 30,68 £0,47* 30,74 £0,912 30,99 £ 0,872 31,07 £ 1,602
3 29,09 + 0,252 29,61 £0,192 30,11 £0,332 30,28 £ 0,872
6 29,88 +0,47° 29,43 + 0,420 28,08 +£ 0,792 29,52 + 0,472
9 29,49 + 0,632 29,13 £ 0,722 28,71 £ 0,852 29.37+1,40°
%he
0 114,12 £ 0,822 114,16 £ 0,122 112,95 +0,912 112,73 £ 0,152
3 112,36 + 0,442 111,65+0,372 111,43 £0,922 112,37 £ 0,422
6 111,91 +£1,282 111,63 +1,042 111,08 £0,772 111,61 +£0,502
9 109,75 £ 0,572 112,12 +£ 0,402 109,86 + 0,902 110,58 + 0,44
CROP
0 22,07 +0,63% 20,04 +£2,712 21,84 +1,892 23,19+ 1,87°
3 21,19 + 1,05° 18,31 + 1,822 20,88 + 1,742 21,95 + 0,802
6 18,35+ 1,18° 20,16 + 0,86° 19,32 +0,97¢ 21,78 +£2,03%
9 18,82 +£0,522 19,27 +£1,11° 20,62 + 2,142 20,55+ 1,232
“hp
0 111,46 +£0,28? 112,44 + 1,232 113,03 £2,03? 112,42 + 1,072
3 114,33 £ 0,422 112,90 + 2,342 113,18 +£2,202 112,44 £ 0,762
6 114,34 + 0,982 114,32 +£ 0,532 112,53 +£1,122 113,81 £ 0,362
9 114,31 + 0,682 115,21 £0,982 114,21 £ 1,522 113,54 £ 0,722

The same letters in the same line do not differ from each other by the Tukey test (p < 0,05).
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Fig. 4. Hue angle of the peel (°hc) of giant umbu fruits over storage time for the treatments: SR

— without coating; OE0Q — with emulsion and no essential oil; OE0.8 — with 0.8% essential oil.

°heo = 114,102558 — 1,333801t R? = 0,67 (8)
°heos = 112,796583 — 0,106685t  R? = 0,83 (9)
°hesg = 114,924480 — 0,185813t  R? = 0,79 (10)

3.3. Hydrogen ion activity (pH), soluble solids content (SS) and titrable acidity (AT)

Table 3 shows that there was no significant difference in pH among the treatments
throughout the evaluation period. The average pH values remained between 2.27 and 1.83,
similar to those reported in the literature (Santos et al., 2021; Silva et al., 2024; Teodosio et al.,
2021). The lack of variation in pH can be attributed to the controlled temperature conditions
(12 + 2°C) during storage, which likely limited enzymatic activity, maintaining the chemical
and physical balance of the fruits without causing significant changes in pH (Khaliq et al.,

2019).
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Table 3. Mean and standard deviation of pH (hydrogen ion activity), soluble solids content
(SS), titratable acidity (AT), and ascorbic acid content of giant umbu fruits over refrigerated

storage time subjected to different treatments: SR — no coating; SE — without emulsion; OEQ —

with emulsion and no essential oil; OE0.8 — with 0.8% essential oil.

Time
SR SE OE0 OE0.8
(days)
pH
0 2,02 +0,18° 2,06 + 0,262 1,98+ 0,112 1,86 £ 0,062
3 2,20+ 0,317 2,27 0,292 2,25 +£0,322 2,22 £0,26%
6 2,03 +0,20? 2,03 +£ 0,292 2,02 + 0,302 1,83 £0,15%
9 1,85+ 0,232 1,93 £ 0,212 2,05+ 0,222 1,93 £0,192
SS (°Brix)
0 8,67 +0,352 8,53 £0,062 9,00 + 0,502 8,70 +0,102
3 9,43 + 0,462 9,40 £ 0,262 9,77+0,212 9,07 £ 0,352
6 10,80 + 0,66? 9,50 £ 0,00° 9,50 £ 0,10° 9,63 £0,25°
9 10,77 £ 0,722 10,03 £ 0,40° 10,37 £ 0,382 9,90 + 0,462
AT (g de citric acid/100g de pulp)
0 1,01 £0,212 0,68 + 0,052 0,79 + 0,082 0,82 + 0,092
3 0,99 + 0,072 0,71 £ 0,05° 0,77 £ 0,09® 0,80 £ 0,07°
6 0,83 + 0,022 0,79 +£ 0,032 0,89 +0,172 0,74 + 0,082
9 1,07 £ 0,02b 0,96 + 0,072 0,77 £ 0,082 0,86 +0,112
SS/AT Ratio
0 8,92+ 2,18 12,53 £1,05° 11,49 £0,59° 10,67 £ 1,28°
3 9,57+ 0,702 1322 +£1,13° 12,89 + 1,84 11,42 + 0,54
6 13,01 £1,05? 11,98 £0,50° 11,01 £2,41° 13,04 £ 1,06°
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10,07 £ 0,762 10,48 + 0,762 13,58 +1,26° 11,59 + 1,330
Ascorbic acid (mg.100g™")

24,26 + 7,692 24,03 + 5,882 28,35 +4,032 27,35 +12,012

26,14 + 2,52 29,71 £ 5,37° 20,59 + 1,342 24,70 + 2,630

24,55 £ 5,208 26,28 £3,212 21,27 £2,622 21,13 £4,072

31,34 + 1,362 33,43 +1,122 25,28 + 2,940 30,77 £ 1,528

The same letters in the same line do not differ from each other by the Tukey test (p < 0,05).

The soluble solids content (SS), another parameter indicative of fruit ripening stage
(Singh et al., 2023), showed a significant interaction for the treatments over the storage period,
resulting in linear equations (Fig. 5 and Egs. 11, 12, and 13), with the exception of the OEQ
treatment (with emulsion and no essential oil). The untreated fruit showed an increase in SS
content on the 6th day (Table 3), possibly due to the initial concentration effect of sugars and
other solutes resulting from water loss (Xin et al., 2017), followed by biochemical changes that
may have been more intense in fruits without coating, as this treatment also showed the greatest
increase in titratable acidity by the end of the storage period. This behavior suggests a faster
metabolism due to greater gas exchange and intense respiration, even at 12°C, a typical
characteristic of climacteric fruit ripening, resulting from the hydrolysis of polysaccharides into
simple sugars. The regression coefficients show a slower increase in SS in coated fruits (OE0.8:
0.54 °Brix/day; SE: 0.88 °Brix/day; SR: 1.77 °Brix/day), indicating that the coatings acted as a
barrier to respiration and cold stress, delaying the conversion of starch into sugars and
concentration due to water loss (Thakur et al., 2019; Md Nor & Ding, 2020; Oyom et al., 2022).
The lower coefficient in the OE treatment indicates greater effectiveness in preserving SS.
Similar data were found by Moura et al. (2013), who evaluated umbu fruits harvested at

different maturation stages, without coatings, stored at room temperature and at 23 +1 °C, where
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an increase in SS was observed up to the 5th day of storage and an increase in titratable acidity
throughout the storage period.

Titratable acidity showed some variations, with the OEO and OEO0.8 treatments
exhibiting lower values, while the SR treatment showed higher acidity, probably due to greater
gas permeability and increased water availability on the fruit surface, which favored enzymatic
reactions that accelerate the degradation of organic acids (Thakur et al., 2019).

The SS/TA ratio represents the balance between sweetness and acidity in the fruits,
reflecting metabolic changes during ripening. Generally, its values increase as ripening
progresses due to the rise in SS content and the reduction in TA. In this study, the OEO0.8
treatment maintained the SS/TA ratio relatively stable, ranging from 11.42 to 13.04, indicating
a delay in the hydrolysis of polysaccharides into sugars and in the consumption of organic acids,
compared to the SR treatment, which showed a wider variation from 8.92 to 13. Other studies
also indicate that starch-based coatings altered the sugar-acid ratio, reflecting changes in

metabolism during ripening (Chettri et al., 2023; Machado et al., 2024).
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Fig. 5. Soluble solids content (SS) of giant umbu over storage time for the treatments: SR —

without coating; SE — without emulsion; OE0.8 — with 0.8% essential oil.
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SSogros = 8,158333 + 0,541667¢ R? = 0,75 (11)
SSsz = 7,800000 + 0,876667t  R? = 0,80 (12)
SSer = 7,000000 + 1,766667t R? = 0,71 (13)

3.4. Ascorbic acid

Ascorbic acid (vitamin C) is an important quality parameter for the fruits. For this
parameter, no significant interaction was observed between treatment and storage time. Table
3 presents the data regarding ascorbic acid content, showing that only the OEQ treatment
exhibited a significant difference from the others at the end of the storage period. For the other
treatments, there was a significant variation on the third day, but this variation did not persist
until the end. The average contents ranged from 21.05 to 33.43 mg/100g, and according to Lima
et al. (2018), the ascorbic acid content in ripe umbu can vary from 10.0 to 40.0 mg.100g!. The
stability of ascorbic acid is likely due to the maintenance of pH between 2.27 and 1.83 during
storage. According to Giannakourou and Taoukis (2021), the main factors affecting ascorbic
acid loss rates are pH, light, and temperature, with maximum stability observed at a pH range

between 2 and 4.

4. Conclusion

Starch-based coatings made from unripe plantain combined with lemongrass essential
oil (EO) have positive effects on the preservation of giant umbu. The results showed that the
formulation with EO was more effective in reducing mass loss and maintaining pulp firmness,
as well as delaying changes in color parameters and physicochemical composition during nine
days of refrigerated storage. This work contributes by exploring an alternative and sustainable
polymer matrix combined with bioactive compounds, expanding knowledge on tropical fruit

preservation technologies. It offers a viable and low-cost solution for small producers, with the
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potential to reduce postharvest losses and extend marketing time, promoting the valorization of
local resources and strengthening family farming. Future studies should focus on the effect of
temperature, using values higher than those applied in this work, as well as on the antimicrobial

effects and sensory characteristics of fruits coated with essential oil-enriched coatings.
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