UNIVERSIDADE FEDERAL DA BAHIA
FACULDADE DE FARMACIA
PROGRAMA DE POS-GRADUACAO EM CIENCIA DE ALIMENTOS

MANUELA BARRETO DO NASCIMENTO

MEL DE CACAU (Theobroma cacao L.) DE DIFERENTES
VARIEDADES: COMPOSICAO QUIMICA, PROPRIEDADES
SENSORIAIS E METODOS DE CONSERVACAO

SALVADOR
2024



MANUELA BARRETO DO NASCIMENTO

MEL DE CACAU (Theobroma cacao L.) DE DIFERENTES
VARIEDADES: COMPOSICAO QUIMICA, PROPRIEDADES
SENSORIAIS E METODOS DE CONSERVACAO

Tese apresentada ao Programa de P4s-Graduagdo
em Ciéncia de Alimentos (PGAIi) da Universidade
Federal da Bahia, como requisito parcial para a
obtencdo do titulo de Doutora em Ciéncia de

Alimentos.

Prof. Dr. Sérgio Eduardo Soares
Orientador
Prof. Dr. Paulo Roberto Ribeiro de Mesquita

Coorientador

SALVADOR
2024



Dados internacionais de catalogagio-na-publicagio
(SIBI/UFBA/Biblioteca Universitaria Reitor Macedo Costa)

Nascimento, Manuela Barreto do.
Mel de cacau (Theobroma cacao L.) de diferentes variedades: composi¢io quimica, proprieda
des sensoriais ¢ métodos de conservagio / Manuela Barreto do Nascimento. - 2024,

285 f: 1l

Orientador: Prof. Dr. Sérgio Eduardo Soares.
Coorientador: Prof. Dr. Paulo Roberto Ribeiro de Mesquita.
Tese (doutorado) - Universidade Federal da Bahia, Faculdade de Farmacia, Salvador, 2024.

1. Cacau. 2. Cacau - Analise. 3. Cacau - Composi¢io. 4. Cacau - Avaliagio sensorial. 5. Cacau -
Conservagdo. I. Soares, Sérgio Eduardo. I1. Universidade Federal da Bahia. Faculdade de Farmacia.
M1 Titulo.

CDD - 633.74
CDU - 633.74




MANUELA BARRETO DO NASCIMENTO

MEL DE CACAU (Theobroma cacao L.) DE DIFERENTES
VARIEDADES: COMPOSICAO QUIMICA, PROPRIEDADES
SENSORIAIS E METODOS DE CONSERVACAO

Tese submetida ao Programa de Pés-Graduacao em Ciéncia de Alimentos da
Faculdade de Farmacia da Universidade Federal da Bahia, como requisito parcial

para a obtencéo do titulo de doutora em Ciéncia de Alimentos.

Aprovada em 11 de dezembro de 2024.

BANCA EXAMINADORA
govbr S,

Dr. SERGIO EDUARDO SOARES (ORIENTADOR)
Universidade Federal da Bahia (UFBA, BA)
Documento assinado digitalmente

[+ Bl gl
Dr2. GLAUCIA MARIA PASTORE (EXAMINADORA)
Universidade Estadual de Campinas (UNICAMP, SP)

Documento assinado digitalmente

MADSON MOREIRA NASCIMENTO
g .l Data: 10/01/2025 07:35:04-0300
Verifique em https://validar.iti.gov.br

Dr. MADSON MOREIRA NASCIMENTO (EXAMINADOR)
Servigo Nacional de Aorendizaaem Industrial (SENAI/CIMATEC, BA)

Documento assinado digitalmente

b MARIA EUGENIA DE OLIVEIRA MAMEDE
g » Data: 0%/01/2025 10:26:58-0300
verifique em https://validar.iti.gov.br

Dr2. MARIA EUGENIA DE OLIVEIRA MAMEDE (EXAMINADORA)
Universidade Federal da Bahia (UFBA, BA)

Documento assinado digitalmente

b PRISCILLA EFRAIM
o Data: 04/02/2625 07:36:58-0300

Verifique em https://validar.iti.gov.br

Dré. PRISCILA EFRAIM (EXAMINADORA)
Universidade Estadual de Campinas (UNICAMP, SP)



Dedico este trabalho,

Aos meus pais, Manoel Carlos e Maria Aparecida, por todo

0 amor e incentivo durante anos de estudo.



Meus agradecimentos,

Agradeco a Deus por ser minha fortaleza e me guiar ao longo de toda essa jornada. Que eu

possa sempre reconhecer e honrar todas as conquistas obtidas.

Aos meus pais, Manoel Carlos e Maria Aparecida, por todo o amor, oracdes e por sempre me
incentivarem a estudar. Seus sacrificios foram fundamentais para que eu pudesse chegar até
aqui, obrigada por sempre me ensinarem o valor da dedicacdo e do trabalho arduo. Sem
duavidas, o principal objetivo desse trabalho foi orgulhar VOCES!

A minha irm&, Mayana Barreto, agradeco por todo carinho, cuidado e torcida ao longo desses

anos.

Ao meu orientador, Professor Sérgio, por ter acreditado em mim desde o inicio, pela confianca

depositada, amizade e pelas inimeras contribui¢cdes. Obrigada por tudo!

A Paulo Mesquita, meu coorientador e coordenador do Cetab, nunca terei palavras suficientes
para agradecer, pois sem vocé este trabalho ndo teria sido o mesmo. Obrigada por ter
acreditado mais em mim do que eu mesma. Seu amor pela ciéncia é inspirador e sou sua maior

~

fal

Ao professor Frederico Medeiros, meu principal incentivador a fazer o doutorado, agradeco
por ter aberto as portas do Cetab para mim, por todos os conselhos e incentivos diarios.

A toda a minha familia, pelo apoio ao longo de toda a minha trajetéria académica, pela
preocupacao e pelo incentivo incondicional. Em especial, agradeco a Monique Leal, Eliana
Andrade, Fabiane Andrade e Nei Fabio Andrade.

As minhas estrelinhas “Shalshi” e Tia Fati por serem meus exemplos de forca e determinagdo,

carregarei vocés para sempre em mim.

A todos os professores e servidores do Programa de Pds-graduacao em Ciéncia de Alimentos

(PGAIi) pelos ensinamentos, amizade, contribuicdes e apoio.



Aos laboratorios da Universidade Federal da Bahia, especialmente o Laboratério de Pesquisa
e Analise de Alimentos e Contaminantes (LAPAAC), Laboratorio de Tecnologia de Cacau e

Chocolate, Laboratorio de Bromatologia e Laboratorios Multiusuarios.

Aos alunos de Iniciacdo Cientifica, Marcos, Livia e Suzana que foram fundamentais para o
desenvolvimento desta pesquisa.

Aos amigos que fiz na Universidade Federal da Bahia, expresso um agradecimento especial a
Maria Dutra, Elaine Janaina, Joselene Nascimento, Tamires Ramos, Joelaine Santana, Vitor
Rocha, Leonardo Maciel e Jaff Ribeiro. Sou muito grata por compartilharem comigo os

momentos de alegrias e os de dificuldades, e por todo o apoio que sempre me ofereceram.

A toda equipe do Centro Tecnoldgico Agropecuario do Estado da Bahia (Cetab), aos
Laboratdrios de Residuos e Contaminantes, Alimentos e Fitopatologia por todo o suporte e
investimento nesta pesquisa, minha eterna gratidao! Agradeco também aos amigos e colegas
de trabalho por toda ajuda e disponibilidade; esta tese é fruto da contribuicédo de cada um de
vocés! Um agradecimento especial a Lorena Peixoto, Jossimara Neiva e Alvanice Ribeiro, que

me acolheram desde o inicio da minha pesquisa.
A Thais Luz por toda ajuda nas analises de minerais e inimeros conselhos.

A Katlheen Ramos por todo o suporte no desenvolvimento das analises microbioldgicas e por

tanto carinho.
A professora Ligia Randomille por toda a disponibilidade e apoio nas analises sensoriais.
A Adriana Reis pelas contribuicdes e parceria.

Aos produtores Manoel Carlos Andrade e Juscelino Macedo pelo fornecimento dos frutos do

cacau.

A banca avaliadora por ter aceitado o convite. A presenca de vocés neste momento tao

significativo para mim é uma honra.

A Coordenacéo Aperfeicoamento de Pessoal de Nivel Superior (CAPES) pela bolsa de estudos
concedida (n° do processo: 88887.504355/2020-00).



Ao Ministério da Ciéncia, Tecnologia e Inovacdo do Brasil - MCTI (n° do processo
904399/2020) pelo financiamento.

A Secretaria de Agricultura, Pecudria, Irrigacdo, Pesca e Aqiiicultura do Governo do Estado
da Bahia (SEAGRI).

E a todos que, de alguma forma, contribuiram para que eu concluisse mais este ciclo na minha
trajetéria académica, meu sincero agradecimento. Todas essas paginas foram escritas com

muito amor e dedicacéo.



"Desistir... eu ja pensei seriamente nisso, mas nunca me levei realmente a sério; € que tem mais chdo
nos meus olhos do que o cansaco has minhas pernas, mais esperanca nos meus passos, do que tristeza

nos meus ombros, mais estrada no meu coragédo do que medo na minha cabecga”.

Cora Carolina



RESUMO

O mel de cacau é um liquido mucilaginoso amarelo opaco, obtido da prensagem ou decantacao
da polpa de cacau fresca antes da fermentacdo. No entanto, sua vida de prateleira € muito curta,
visto que o alto teor de agucares o torna muito suscetivel a fermentacédo, dificultando a sua
comercializa¢do. Dessa forma, este trabalho teve como objetivo avaliar a composi¢édo quimica,
propriedades sensoriais e métodos de conservacao do mel de cacau de diferentes variedades de
cacau (CCN51, PS1319, SJO2 e Parazinho). O perfil mineral foi analisado por espectrometria
de emissdo Optica por plasma induzido por micro-ondas (MIP OES). Os compostos organicos
volateis (COVs) foram determinados através da técnica de microextracdo em fase solida por
headspace associada a cromatografia gasosa acoplada a espectrometria de massas (HS-
SPME/CG-EM). Os atributos sensoriais foram avaliados por analise descritiva por ordenacéo
(ADO) e analise afetiva. O perfil quimico foi determinado por cromatografia liquida de ultra
eficiéncia acoplada a espectrometria de massas de alta resolugdo (UHPLC-HRMS/MS) e a
guantificacdo dos compostos bioativos por UHPLC-MS/MS. Os métodos de conservacgdo
testados, pasteurizacdo térmica, pasteurizacdo térmica com aditivo e ultrassom de alta
intensidade, foram avaliados ao longo de 28 dias de armazenamento. O mel de cacau foi
caracterizado como um produto &cido com altas quantidades de solidos soltveis (11,97-17,32),
acucares totais (11,62-16,03 g/100g) e valor energético (113,58-120,53). A presenca de
magnésio (132,08-198,16 mg Kg 1), altas quantidades de zinco (3,01-18,76 mg Kg™?) e baixas
quantidades de sodio (44,56-94,57 mg Kg 1), fornecem razdes significativas para incentivar o
aumento do consumo de mel de cacau como uma fonte nutritiva. Um total de 84 COVs foram
identificados, com a variedade de cacau influenciando significativamente em suas
concentracgdes e perfis sensoriais. As variedades CCN51, PS1319 e SJ02 apresentaram a maior
diversidade de COVs e atributos sensoriais. SJ02 e CCN51 mostraram maior aceitabilidade e
intengdo de compra, com médias de 7,21 e 7,08 e 3,71 e 3,56, respectivamente. Esses resultados
indicam seu potencial como fontes promissoras de mel de cacau para a indudstria alimenticia.
Através da andlise do perfil quimico foram identificados 72 compostos com a predominancia
de flavonoides, alcaldides, acidos fenolicos, aminoécidos e aminas bioativas. A variedade
parazinho se destacou pelas altas concentragdes de catequina (7,340 mg kg) e teobromina
(2,200 mg kgt). Ao se avaliar o tempo de conservacgdo do mel de cacau foram identificados
119 COVs, com acetato de 2-heptil e acido palmitico em maiores teores, sendo os ésteres a
classe predominante. Todos os métodos inativaram o crescimento de microrganismos ao longo
de 28 dias. Os resultados mostram que as tecnologias de pasteurizagdo com aditivo e ultrassom
sdo eficazes para aumentar a vida util do mel de cacau, com o ultrassom se destacando por
exigir menos tempo e ndo utilizar aditivos, superando os métodos térmicos analisados. Esta
pesquisa trouxe dados inéditos sobre as propriedades nutricionais e sensoriais do mel de cacau,
ampliando o conhecimento sobre possiveis utilizagfes. Este estudo se mostrou pioneiro, pois
avaliou diferentes variedades de mel de cacau e suas potencialidades e aplicabilidades
tecnoldgicas com possibilidades de expandir sua comercializagdo dentro e fora do Brasil.

Palavras-chave: Polpa de cacau. Minerais. Compostos volateis. Analise sensorial descritiva.
Compostos bioativos.



ABSTRACT

Cocoa honey is an opaque, yellow, mucilaginous liquid obtained by pressing or decanting fresh
cocoa pulp before fermentation. However, its shelf life is very short, as its high sugar content
makes it highly susceptible to fermentation, hindering its commercialization. Therefore, this
study aimed to evaluate the chemical composition, sensory properties, and preservation
methods of cocoa honey from different cocoa varieties (CCN51, PS1319, SJ02, and Parazinho).
The mineral profile was analyzed using microwave-induced plasma optical emission
spectrometry (MIP OES). Volatile organic compounds (VOCs) were determined by headspace
solid-phase microextraction combined with gas chromatography coupled with mass
spectrometry (HS-SPME/GC-MS). Sensory attributes were assessed using descriptive ordering
analysis (RDA) and affective analysis. The chemical profile was determined using ultra-
performance liquid chromatography coupled with high-resolution mass spectrometry (UHPLC-
HRMS/MS), while the quantification of bioactive compounds was performed using UHPLC-
MS/MS. The tested preservation methods—thermal pasteurization, thermal pasteurization with
additives, and high-intensity ultrasound—were evaluated over 28 days of storage. Cocoa honey
was characterized as an acidic product with high levels of soluble solids (11.97-17.32), total
sugars (11.62-16.03 g 100g™), and energy value (113.58-120.53 kcal 100g™t). The presence of
magnesium (132.08-198.16 mg kg™), high levels of zinc (3.01-18.76 mg kg*), and low levels
of sodium (44.56-94.57 mg kg™) provide strong reasons to encourage increased consumption
of cocoa honey as a nutritional source. A total of 84 VOCs were identified, with cocoa variety
significantly influencing their concentrations and sensory profiles. The CCN51, PS1319, and
SJ02 varieties exhibited the greatest diversity of VOCs and sensory attributes. SJ02 and CCN51
demonstrated higher acceptability and purchase intention, with mean scores of 7.21 and 7.08
for acceptability, and 3.71 and 3.56 for purchase intention, respectively. These results indicate
their potential as promising sources of cocoa honey for the food industry. Through chemical
profile analysis, 72 compounds were identified, predominantly flavonoids, alkaloids, phenolic
acids, amino acids, and bioactive amines. The Parazinho variety stood out for its high
concentrations of catechin (7.340 mg kg™) and theobromine (2.200 mg kgt). When assessing
the shelf life of cocoa honey, 119 VOCs were identified, with 2-heptyl acetate and palmitic acid
being the most abundant, while esters were the predominant class. All preservation methods
successfully inhibited microbial growth over the 28-day period. The findings show that
pasteurization technologies with additives and ultrasound effectively extend the shelf life of
cocoa honey, with ultrasound emerging as the most advantageous method due to its shorter
processing time and lack of additives, outperforming the thermal methods analyzed. This
research provides unprecedented data on the nutritional and sensory properties of cocoa honey,
expanding knowledge about its potential applications. This pioneering study evaluated different
cocoa honey varieties and their technological feasibility, highlighting opportunities for
expanding commercialization both within Brazil and internationally.

Keywords: Cocoa pulp. Minerals. Volatile compounds. Descriptive sensory analysis. Bioactive

compounds.
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1. INTRODUCAO

O cacaueiro (Theobroma cacao L.) € uma arvore frutifera perene da familia
Malvaceae e necessita de um clima tropical para se desenvolver adequadamente. Os trés
tipos mais populares de cacau sdo Criollo, Forastero e Trinitario. Embora sua origem
seja no continente americano, os maiores produtores do mundo esto nos paises da Africa
Ocidental, como Costa do Marfim, Gana, Camardes e Nigéria (Serra; Sodré, 2021;
Vésquez et al., 2019).

O Brasil, atualmente, é o 6° produtor mundial de cacau e a Bahia conta com a
maior produgéo nacional (ICCO, 2023; IBGE, 2024). A Bahia tem um grande potencial
para aumentar ainda mais sua capacidade, utiliza um sistema de producéo que se baseia
em plantas hibridas, conhecidas por sua resisténcia a pragas e alta produtividade e
apresenta clima tropical favoravel. Além disso, abriga as principais multinacionais de
chocolate do mundo, como Barry Callebaut, Cargill e Olam, que processam a maior parte
do cacau produzido no pais na cidade de Ilhéus (Coelho, 2024; Serra; Sodré, 2021).

O fruto do cacaueiro é um componente essencial na producdo de chocolate,
enquanto as cascas, a polpa do cacau e o0 mel de cacau sdo considerados subprodutos
(Indiarto et al., 2021; Guirlanda et al., 2023). Nesse contexto, o mel de cacau é
caracterizado como um liquido mucilaginoso e amarelo opaco, obtido da polpa do cacau
in natura por decantagdo natural, prensagem natural ou mecanica, antes da fermentacao.
Contudo, a maior parte desse mel ndo é aproveitada durante o processamento do cacau,
devido ao seu alto teor de aglcar e agua, que o torna altamente suscetivel a fermentacdo
e resulta em um prazo de validade curto a temperatura ambiente. Atualmente, o mel de
cacau é comercializado principalmente congelado, especialmente na América Central e
do Sul (Guirlanda et al., 2021). No entanto, o0 mel de cacau ainda é pouco abordado na
literatura cientifica.

O mel de cacau contém antioxidantes e vitamina C, além disso, possui em sua
composi¢do pectina e minerais essenciais, como zinco, magnésio, sédio, ferro, manganés
e calcio (FAPESP, 2022; Silva et al., 2014). Dentre as principais aplicagdes do mel de
cacau estdo a producdo de geleias, sucos, drinks e licores, frequentemente elaborados de
forma artesanal. Também é utilizado na fabricacéo de bebidas alcodlicas, como vinho, e
em bebidas funcionais, como kombucha (Guirlanda et al., 2021; Koelher et al., 2022;
Yuliana et al., 2023). Leite et al. (2019) utilizaram o mel de cacau como substrato para a

producéo de bebidas fermentadas. Além disso, algumas patentes destacam sua inclusédo
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na fabricacdo de cerveja artesanal (Rodrigues, 2019), aguardente (Scampini, 2020) e
como adocante natural na producdo de chocolates e sorvetes (Lannes et al., 2013).

Os compostos organicos volateis (COVs) sdo fundamentais para o
desenvolvimento do aroma do mel de cacau. Entre os métodos utilizados para analisar
COVs, a microextracdo em fase solida por headspace associada a cromatografia gasosa
acoplada a espectrometria de massas (HS-SPME/CG-EM) se destaca como uma técnica
eficiente e versatil (Fang et al., 2023). Dado que os COVs podem impactar a qualidade
sensorial do mel de cacau, é fundamental examinar ndo apenas 0s compostos em si, mas
também sua relacdo com a percepcao e aceitacdo do consumidor.

A qualidade sensorial de um produto alimenticio é fundamental para garantir a
fidelidade do consumidor em um mercado cada vez mais exigente e diversificado.
Portanto, é essencial avaliar suas propriedades de cor, sabor, aroma e consisténcia. Para
isso, sdo utilizados métodos sensoriais, que podem ser discriminativos, descritivos ou
afetivos. Nesse contexto, a analise descritiva por ordenagdo (ADO) foi aplicada para
avaliar a intensidade de cada atributo sensorial em ordem crescente. Essa técnica oferece
vantagens como reducao de tempo e custos (Dutcosky, 2019; Richter et al., 2010).

Além disso, € essencial investigar os macronutrientes e micronutrientes do mel de
cacau para avaliar seus beneficios a salde. Nesse contexto, entre as varias técnicas
instrumentais disponiveis para a determinacdo mineral, a espectrometria de emisséo
Optica por plasma induzido por micro-ondas (MIP OES) tem se destacado. 1sso se deve a
sua capacidade de analisar multiplos elementos, com custo e manutencao relativamente
baixos, alta velocidade de analise e excelente poder de deteccdo (Balaram, 2020).

De acordo com Cinar et al. (2021) as améndoas de cacau proporcionam diversos
beneficios a salde, gracas as suas propriedades antioxidantes, antiproliferativas, anti-
inflamatdrias e anticancerigenas, além de ser rico em compostos bioativos, como
compostos fendlicos, metilxantinas e aminoécidos (Balcazar-Zumaeta et al., 2024).
Assim, é fundamental investigar os principais compostos quimicos ndo volateis para
entender o perfil do mel de cacau em diferentes variedades. Nesse sentido, a
cromatografia liquida de ultra eficiéncia acoplada a espectrometria de massas de alta
resolugcdo (UHPLC-HRMS/MS) se destaca por sua elevada sensibilidade, permitindo a
deteccéo de centenas a milhares de metabolitos (Bozza et al., 2024).

Nesse contexto, 0 mel de cacau tem grande potencial para se destacar tanto no
mercado nacional quanto internacional. A ado¢do de métodos de conservagdo adequados

é crucial para prolongar sua vida atil e ampliar suas oportunidades de comercializagdo
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(Guirlanda et al., 2023). Dessa maneira, tecnologias térmicas e nao térmicas ou a sua
combinacdo, sdo amplamente usadas na conservagdo de frutas e suco de frutas. A
pasteurizacao é um método de conservacdo tradicional usada para inativar microrganimos
e enzimas dos alimentos. Entretanto, de acordo com Nonglait et al. (2022) alguns estudos
tém demonstrado que tratamentos térmicos podem alterar a estrutura dos nutrientes e
reduzir o contelldo de compostos bioativos.

Assim, uma alternativa promissora para substituir os métodos térmicos é o uso do
ultrassom (US). Essa técnica € sustentavel e ecologicamente correta, pois ndo utiliza
aditivos. O ultrassom emite ondas sonoras com frequéncias superiores a capacidade
auditiva humana (>20 kHz) e, conforme diversos estudos, & capaz de inativar
microrganismos, além de preservar ou até aumentar os compostos bioativos em alimentos
(Nabi et al., 2024; Roobab et al., 2023).

Embora o mel de cacau seja um produto relativamente novo e ainda pouco
estudado e aproveitado, ele pode apresentar grande potencial nutricional. Cada variedade
de cacau, por sua vez, possui caracteristicas genéticas Unicas, que podem impactar
diretamente sua composicado quimica e sensorial. Compreender essas variagdes e como
elas afetam a qualidade do mel de cacau € essencial para otimizar o aproveitamento desse
produto. Assim, os resultados deste estudo podem contribuir para o aprimoramento das
préticas de producdo e conservacdo do mel de cacau, além de ampliar seu consumo e

gerar novas oportunidades econémicas para 0s produtores de cacau.
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2 OBJETIVOS

2.1 Objetivo geral

v

Avaliar a composicdo quimica, as propriedades sensoriais e 0s métodos de
conservacdo de mel de cacau de diferentes variedades de Theobroma cacao L.

2.2 Objetivos especificos

v

Realizar uma revisdo de literatura sobre o mel de cacau e os subprodutos da
cadeira produtiva do cacau;

Obter mel de cacau a partir de diferentes variedades e avaliar suas caracteristicas
fisicas, quimicas e microbiologicas;

Investigar o perfil de minerais presentes em diferentes variedades de mel de cacau
por espectrometria de emissao optica com plasma induzido por micro-ondas (MIP
OES);

Desenvolver um método de extracdo e andlise por HS-SPME/CG-EM para
determinacdo de compostos organicos volateis em mel de cacau;

Analisar o perfil sensorial de amostras de mel de cacau utilizando a Analise
Descritiva por Ordenacdo (ADO) e avaliar a aceitacdo e a intencdo de compra;
Caracterizar o perfil de quimico por cromatografia liquida de ultra eficiéncia
acoplada a espectrometria de massas de alta resolu¢cdo (UHPLC-HRMS/MYS));
Estudar os efeitos da pasteurizacdo térmica, da pasteurizacdo térmica com aditivo
e do ultrassom de alta intensidade nas propriedades fisico-quimicas,
microbioldgicas e aromaticas do mel de cacau durante 28 dias de armazenamento
a4°C;

Elaborar uma cartilha destacando as principais caracteristicas de cada variedade

de mel de cacau e distribui-la aos produtores de cacau.
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3 FUNDAMENTAGCAO TEORICA

3.1 Historico do cacau

Theobroma cacao L., arvore responsavel pela producdo do cacau (Figura 1),
pertence a ordem Malvales, a familia Malvaceae e ao género Theobroma. Seu nome

originado do grego, em que "Theos" significa "deus™” e "Bromos" "alimento"”, traduz-se

como "alimento dos deuses (Afoakwa, 2016).

Figura 1 — Arvore e frutos do cacau (Theobroma cacao L.).
W SR 0™ sty BRUL=// e ] ‘i
TR 5‘_ ! is T \/ /o

Fonte: Autoria propria, 2024.

Diversas hip6teses sao levantadas para a origem e dispersao do cacau no mundo,
umadelas é de que ele é originario da regido das bacias Amazonas e Orinoco. As sementes
do cacaueiro eram consumidas pela civilizacdo maia em, aproximadamente, 600 a.C. Os
povos olmeca, maia e asteca valorizavam o cacau como uma bebida aromatizada com
pimenta, baunilha, mel e urucum. Para 0s maias, as sementes de cacau eram tdo valiosas
que serviam como uma importante unidade monetaria. Assim, nessa época, 0 cacau ndo
era acessivel a toda a sociedade, estando reservado apenas para aqueles com poder e
influéncia (Dias, 2001; Veja; Kwik-Uribe, 2012).

De acordo com Queiroga et al. (2021), o cacau ja era cultivado pelos indios muito
antes da chegada dos europeus na América, mas foi Cristovdo Colombo o responsavel
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pelo conhecimento e manejo do cacau no mundo. Em 1824, com o aumento da
popularidade do cacau, os portugueses levaram algumas mudas de cacau Forastero do
Brasil para S& Tomé e Principe, em 1850 outras mudam foram enviadas para Guiné
Equatorial.

Finalmente, na metade da década de 1900, as mudas se espalharam para a Costa
do Marfim, Gana e Nigéria, que se tornaram os maiores produtores de cacau do mundo.
No Brasil, a Bahia dominou o cenario do cacau por muitos séculos, mas o0 que poucos
sabem € que a primeira muda plantada no territorio baiano para cultivo, no século XVII,
foi trazida do Para (ICCO, 2023; Queiroga et al., 2021).

O cultivo comercial de cacau no municipio de llhéus, na Bahia, teve inicio em
1820, com pioneiros, em sua maioria, sui¢cos e alemaes. Nas primeiras décadas do século
XX, o cacau se consolidou como o principal produto de exportacdo da Bahia. Varios
fazendeiros de origem humilde, que possuiam extensas plantaces de cacau, ascenderam
como 0s novos ricos da sociedade baiana. No entanto, em 1990, a producgéo enfrentou a
"vassoura de bruxa," que, combinada com a queda dos pregos do produto no mercado
internacional, resultou em uma grave crise no setor (Carradore, 2019).

Adicionalmente, o cacau possui uma rica historia de uso ndo apenas como
alimento, mas também como medicamento. No século XVI, os europeus utilizavam o
cacau e o chocolate (em forma liquida), tanto isoladamente quanto misturados com ervas
e plantas, para administrar medicamentos no tratamento de diversas condi¢es, como

problemas digestivos, dores de cabeca, inflamacdes e insénia (Kwik-Uribe, 2005).

3.2 Producéo de cacau

O cacau é cultivado basicamente na Africa Ocidental, América do Sul e Sul da
Asia (Anoraga et al., 2024), predominantemente em regides de clima tropical, entre os
Tropicos de Céancer e Capricornio (10-20° ao norte e ao sul da linha do Equador). As
temperaturas ideais variam entre 10 e 32°C, umidade em torno de 70 a 90% e a
precipitacdo deve ser de, no minimo, 1000 a 1500 mm, distribuida uniformemente ao
longo do ano (Vasquez et al., 2019; Veja; Kwik-Uribe, 2012).

A planta pode crescer até 10 metros de altura e, geralmente, comeca a produzir
frutos aos 3 anos. O rendimento maximo é alcancado entre 8 e 9 anos. Os frutos medem
entre 15 e 25 cm de comprimento e tém diametro de 8 a 13 cm. Quando maduros, cada

fruto pode conter de 20 a 40 grdos (Meza-Sepulveda et al., 2024; VVasquez et al., 2019).
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Atualmente, o cacau é considerado uma das commodities agricolas mais
significativas globalmente, sendo a Unica planta com uso comercial na produgdo do
chocolate, um dos produtos mais populares no mundo (Anoraga et al., 2024).

Em 2024, a producao mundial de cacau atingiu cerca de 4,5 milhdes de toneladas,
com os maiores volumes vindos de paises africanos, correspondendo a 71,2% da
producgdo mundial. A Costa do Marfim e Gana destacam-se como os principais produtores
mundiais, com 1,8 milh&o e 580 mil toneladas, respectivamente. O Brasil ocupa a 6°
posicdo com volume de 296 mil toneladas, ficando atras de paises como Costa do Marfim,
Gana, Equador, Camardes e Nigéria (IBGE, 2024; ICCO, 2024).

De acordo com dados atuais do Instituto Brasileiro de Geografia e Estatistica a
Bahia lidera o mercado nacional com producédo de 139 mil toneladas e faturamento de R$
2,3 bilhdes em 2023, 16% a mais quando comparado a 2022. As cidades baianas com
destaque em producéo sdo Ilhéus, localizada no Sul da Bahia, e Wenceslau Guimaraes,
localizada no Baixo Sul da Bahia. Além disso, o estado do Para ocupa a 2° posi¢do com
faturamento, aproximado, de R$ 2 bilhdes. Espirito Santo, Ronddnia, Roraima e
Amazonia também fazem parte dos estados que compdem a producdo de cacau do pais
(Figura 2) (IBGE, 2024). Esses estados também desempenham um papel crucial na
producéo de cacau no Brasil, destacando a diversidade geografica da cultura do cacau no
pais.

Figura 2 — Estados brasileiros produtores e valor da producéao de cacau no Brasil em mil
reais (R$).

Fonte: IBGE, 2024.

Recentemente, as mudancas climaticas e a presenca de pragas estdo diminuindo

de forma significativa as areas adequadas para o cultivo de cacau, uma cultura comercial
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vital que sustenta a vida de milhdes de pequenos agricultores nos tropicos imidos (Olwig
etal., 2024).

Além disso, o déficit global de cacau esta gerando grande volatilidade no mercado
internacional. A Africa, como principal fornecedora desta commodity, contribui para esse
cenério alarmante, mantendo o mercado em alerta para um possivel desabastecimento.
Essa fragilidade resultou em uma queda de 30% a 35% na producéo, que representa de
70% a 75% de todo o fornecimento mundial de cacau (Mercado do Cacau, 2024).

Segundo a Associacdo Nacional das Inddstrias Processadoras de Cacau do Brasil,
0 primeiro semestre de 2024 registrou uma queda de 37,4% no volume de améndoas
nacionais recebidas pela industria processadora de cacau. Foram recebidas 58,3 mil
toneladas nesses primeiros seis meses, em comparagdo com 93,3 mil toneladas em 2023
(AIPC, 2024).

Diante da baixa oferta o preco do cacau na bolsa de valores de Nova York
aumentou, com o maior valor registrado em abril de 2024, ultrapassando 11 mil délares
a tonelada. Adicionalmente, esse valor vem oscilando e estd em média de 7 mil dolares a
tonelada. No entanto, essa incerteza na producdo vem causando preocupacdes nas
industrias processadoras de cacau, principalmente na inddstria de chocolate, e estima-se

que essa variagdo perdure por mais um tempo (Mercado do Cacau, 2024).

3.3 Variedades de cacau

Historicamente, os tipos de cacau sdo divididos em dois grupos: Criollo
(Theobroma cacao var. cacao) e Forastero (Theobroma cacao var. sphaerocarpum). O
cacau Criollo se destaca por sua coloracéo clara, sabor suave de nozes e é apreciado pelos
amantes de chocolate devido a sua qualidade superior. Porém, além de ser suscetivel a
doencas e ter baixos rendimentos, atualmente, essa variedade é produzida em quantidade
reduzida, menos de 5%. Assim, a maior parte da producéo de cacau no mundo é do tipo
Forastero, aproximadamente 80%, que, por sua vez, apresenta grdos de cor marrom
escuro e um sabor mais intenso, ligeiramente amargo (Bermudez et al., 2022; Serra;
Sodré, 2021; Veja; Kwik-Uribe, 2012).

Um terceiro tipo, chamado de “Trinitario,” € um hibrido resultante do cruzamento
entre o cacau Criollo e Forastero, corresponde a cerca de 15% da producdo mundial. Em
1989, devido a incidéncia da doenca fungica conhecida como vassoura de bruxa, iniciou-
se 0 desenvolvimento de hibridos de cacau para mitigar as perdas nas lavouras. A

demanda por hibridos com caracteristicas aprimoradas, como resisténcia a doencas e alta
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produtividade, cresceu entre os produtores, resultando na selecdo de varios genotipos para
restaurar a produtividade do cultivo de cacau. Assim, 0 cacau trinitario apresenta
variedades resistentes a vassoura de bruxa, maiores rendimentos, além de possuir aroma
e sabor suave (Moretti et al., 2023; Veja; Kwik-Uribe, 2012).

De acordo com Hegmann et al. (2020), mais de 1000 variedades de cacau foram
descritas. A Comisséo Executiva do Plano da Lavoura Cacaueira incentiva para plantio
comercial as variedades de cacau Trinitario: FA13, SJ02, CCN51, PS1319, CEPEC 2002,
CCN10, Vencedora 20, PS5785, VT05, RLF1938, VT10, CSG70, FL89, SL06, BN34 e
FL76, dentre outros (Macédo et al, 2021).

O clone denominado Coleccién Castro Naranjal 51 (CCN51) € originario do
Equador, amplamente cultivado desde os anos 1960 devido as suas caracteristicas
agrondmicas superiores, incluindo alta produtividade, robustez e resisténcia a doencas
(Figura 3). Principalmente utilizado na producdo de cacau a granel de sabor suave, 0
CCNb51 é valorizado por sua contribuicdo significativa para a inddstria cacaueira
(Stagnati, 2020). Meza-Sepulveda et al. (2024), ao comparar fisicamente os clones
CCN51, FEARS e FSV41, descreveram que CCN51 apresentou maior massa total do

fruto (863,06 g), comprimento de 26,82 cm e maior numero de gréos por fruto (49).

Figura 3 — Variedades de cacau CCN51, PS1319, SJO2 e Parazinho.

CCN5S1 PS1319 SJO2 Parazinho

Fonte: Autoria propria, 2024.

PS1319 e SJ02 s&o variedades de cacau desenvolvidas com o auxilio da CEPLAC
(Comisséo Executiva do Plano da Lavoura Cacaueira) na Bahia, Brasil (Figura 2). Ambas
se destacam pela alta produtividade e resisténcia a vassoura de bruxa (Moniliophthora
perniciosa) (Mandarino; Gomes, 2009). A variedade PS1319 gera frutos leves e de

tamanho reduzido, porém com um rendimento de polpa satisfatorio. Essas caracteristicas
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fazem do PS1319 uma escolha promissora para os produtores de cacau que buscam
maximizar a eficiéncia e a rentabilidade de suas plantagdes (Alexandre et al., 2015). No
entanto, a variedade SJ02 apresenta sensibilidade a temperaturas mais baixas (<15°C)
durante o processo de germinacao. 1sso sugere que o SJO2 pode ser menos adaptado a
condicdes de baixas temperaturas em compara¢do com outros genotipos estudados como
CCNb51 e PS1319 (Lavanhole et al., 2019; Serra; Sodré, 2021).

O Cacau Parazinho é uma variedade de cacau Forastero que se espalhou pela
bacia amazonica, desenvolvendo-se de forma natural no Para e foi introduzido na Bahia
em 1746 (Figura 2). O grupo Forastero, em geral, € conhecido por sua resisténcia a
doencas e por produzir gréos que sdo mais amargos devido a um maior teor de compostos
fendlicos e menos aromaticos do que os dos grupos Criollo e Trinitario. Frutos imaturos
do Parazinho geralmente possuem a casca verde e os maduros, amarela, porém, apresenta

frutos pequenos e com pouca polpa (Castelli, 2021; Dias et al., 2003; Serra; Sodré, 2021).

3.4 Subprodutos do cacau

O cacau € uma cultura familiar e mais de 50 milhGes de agricultores dependem
desta cultura para a sua subsisténcia. Apesar do crescimento do cacau, a cadeia de
processamento (colheita, fermentacdo, torrefacdo e moagem) permaneceu inalterada
durante 150 anos gerando residuos, mais de 48 milhGes de toneladas anualmente. Os gréos
de cacau sdo a matéria-prima fundamental na producédo de chocolate, no entanto, apenas
20% sao utilizados pela inddstria de chocolate, o restante é descartado ou utilizado na
racao animal e na compostagem, mas que podem ser transformados em subprodutos com
valor agregado (Meza-Sepulveda et al., 2024; Quiceno Suérez et al., 2024; Vasquez et
al., 2019).

Os subprodutos do cacau consistem na casca da vagem de cacau, casca de cacau,
polpa e mel de cacau (Figura 4). Sendo assim, a gestdo eficiente dos residuos €
fundamental para prevenir o desperdicio alimentar e promover praticas de economia

sustentavel (Anoraga et al., 2024).
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Figura 4 — Subprodutos da cadeia produtiva do cacau (Theobroma cacao L.).

Polpa/mucilagem

Fonte: Adaptado do Google imagens, 2024.

A casca do fruto do cacau é o residuo mais abundante, representando 70-80% do
total do fruto. Sdo gerados, em média, para cada 1.000 Kg de grdo, 10.000 Kg de casca
residual. A casca é considerada um material lignocelulésico composto principalmente por
celulose, hemicelulose, lignina, pectinas, 6leos e ceras. Esses residuos lignocelulésicos
podem ser utilizados na producdo de biomateriais, fertilizantes e energia renovavel, xilitol
como substituto do agucar, como composto de fragrancia e em aplicacdes de cuidados
com a pele, além de fornecer compostos bioativos que podem resultar em produtos
lucrativos, gerando uma renda adicional para os agricultores e promovendo o
desenvolvimento econdmico (Anoraga et al., 2024; Campos-Vega et al., 2018; Meza-
Sepulveda et al., 2024).

A casca da améndoa, geralmente, é obtida ap0s a etapa de torrefacdo para o
processamento do chocolate e compde 1-3% do peso total do fruto. Sua composicédo
quimica e nutracéutica tem valorizado esse subproduto, diversos estudos indicam que a
casca do cacau é uma fonte de carboidratos, compostos bioativos, proteinas e fibra
alimentar. Esses componentes extraidos séo utilizados como substitutos em ingredientes
e formulagdes para alimentacdo humana e animal, contribuindo para o desenvolvimento
de novos produtos e como fonte de bioenergia (Figueroa et al., 2020; Sanchez et al., 2023;
Thompson; Rough, 2021).
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A polpa do cacau é a parte branca e mucilaginosa que cobre as sementes de cacau
in natura, corresponde a 10% do fruto e é utilizada em diversas preparacdes alimenticias,
como a producdo de bebidas, &lcool, geleias, doces e preparacdes de frutas, contribuindo
de maneira sustentavel para a cadeia produtiva do cacau (Figueroa et al., 2020; Firdaus
et al.,, 2022). Além disso, ¢ fundamental na fermentacdo do cacau por sua alta
concentracdo de acgUcar, que atua como substrato para as rea¢gdes microbianas (Mota-
Gutierrez et al., 2021).

O mel de cacau € um subproduto do processamento dos frutos do cacaueiro que
ainda é pouco explorado comercialmente. E um liquido mucilaginoso obtido da polpa do
cacau através de prensagem natural ou mecanica ou decantagdo natural e compfe em
torno de 5-6% do fruto. Ainda se faz necessario o desenvolvimento de métodos de
conservacao para sua maior inser¢do no mercado, a fim de aproveita-lo. Isso ndo apenas
agregaria valor ao produto, mas também ampliaria a variedade de op¢des disponiveis para
0s consumidores, representando um potencial fonte de renda para os produtores (Donatti
etal., 2021; Guirlanda et al., 2021).

Recentemente, Mishra et al. (2024) publicaram na revista Nature Foods um
estudo sobre o desenvolvimento de um chocolate que utiliza os subprodutos do cacau,
recebendo grande destaque na midia. Foi elaborado um gel a partir da casca do cacau,
combinado com a polpa e o mel de cacau, com o objetivo de substituir o agucar e
incorporado a massa do chocolate. Os autores concluiram que esse chocolate apresenta
um sabor doce em comparacdo ao tradicional, além de oferecer um valor nutricional
superior, com maior teor de fibras e menor quantidade de &cidos graxos saturados.

Além disso, a pesquisa de Silveira et al. (2024) mostra que a remo¢ao da polpa do
cacau em até 60% ndo altera as propriedades sensoriais do chocolate. Indicando que é
possivel extrair a polpa ou o mel de cacau a partir da mesma, agregar valor a estes
subprodutos e ainda assim produzir chocolate de qualidade. Haruna et al. (2024) também
apresentou beneficios da remocéo parcial da polpa em graos de cacau de Gana.

Nessa perspectiva, as aplica¢bes dos subprodutos do cacau ndo apenas favorecem
a sustentabilidade ambiental e econdmica das plantacbes, mas também diminuem a
dependéncia dos produtores em relacéo as flutuagdes do mercado externo. Ao explorar
todo o potencial do cacau e seus subprodutos, é possivel agregar valor a cadeia produtiva
e promover o desenvolvimento sustentavel nas regides produtoras (Indiarto et al., 2021;
Mishra et al., 2024).
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3.4 Mel de cacau

A polpa de cacau, ao ser prensada, gera um subproduto conhecido como mel de
cacau (Figura 5), um liquido mucilaginoso que contém pectina, acidos organicos e
minerais. Esse subproduto pode ser uma fonte significativa de renda, devido ao seu
potencial comercial e industrial (Guirlanda et al., 2021; Indiarto et al., 2021).

Sua composicao € semelhante a da polpa de cacau, apresentando um pH &cido
(variando de 2,76 a 3,78) e baixas concentracdes de proteinas (1,20%), lipideos (0,25%),
fibras (0,23%) e cinzas (0,2%). No entanto, possui altas quantidades de agucares redutores
(8,63 g/100 g) e vitamina C (10,90 mg.100mL?) (Leite et al., 2019; Santos et al., 2014;
Silva et al., 2014).

Em relacdo a presenca de compostos bioativos, a literatura apresenta poucos
estudos publicados. O trabalho de Guirlanda et al. (2023) determinou os compostos
fendlicos totais, encontrando uma concentragdo de 424,3 mg GAE/g pelo método
espectrofotométrico de Folin-Ciocalteu. Silva et al. (2014) identificou 7,19 pg/mL de
flavonoides totais e 6,34 g de extrato/g na analise de DPPH. Esses achados sugerem que
o mel de cacau pode oferecer beneficios a saude dos consumidores, no entanto, mais
estudos sao necessarios para confirmar essas informacdes.

O mel de cacau fresco € rapidamente fermentado devido ao seu alto teor de
acucares redutores, como frutose e glicose, além da elevada umidade e formas de
extracdo, o que limita sua vida datil. Atualmente, o mel de cacau é comercializado
predominantemente na forma congelada, pois desafios logisticos dificultam sua ampla
distribuicdo e exportacdo para aplicagdes em doces, geleias, bebidas, confeitos e
alimentos nutracéuticos, entre outros (Guirlanda et al., 2023).
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Figura 5 — Mel de cacau.

Fonte: Autoria propria, 2024.

O mel de cacau recebe esse nome devido ao seu sabor doce, que se assemelha ao
mel de abelha, embora ndo seja produzido pela apicultura (Guirlanda et al., 2021).
Entretanto, ndo ha registro de quando o mel de cacau passou a ser conhecido por essa
denominagéo.

As principais aplicacbes do mel de cacau incluem a producdo de bebidas
alcoolicas, como vinho (Koelher et al., 2022) e bebidas funcionais do tipo kombucha
(Yuliana et al., 2023), além de sucos, geleias e licores, frequentemente elaborados de
forma artesanal (Guirlanda et al., 2021). Além disso, Leite et al. (2019) utilizaram o mel
de cacau como substrato para a producdo de bebidas fermentadas. Algumas patentes
também incorporaram o mel de cacau na fabricacdo de aguardente (Scampini, 2020), de
cerveja artesanal (Rodrigues, 2019) e como substituto do acglcar na producdo de
chocolates e sorvetes (Lannes et al., 2013).

Além de sua aplicacdo na area de alimentos, o mel de cacau apresenta um grande
potencial na industria de cosméticos. Com o apoio do Programa de Pesquisa Inovativa
em Pequenas Empresas (PIPE) da FAPESP, a startup Cacaus Biocosmetics desenvolveu
um creme facial e uma logdo corporal hidratante, visando criar cosméticos com
propriedades antioxidantes, anti-inflamatorias e antimicrobianas a base de mel de cacau.
Os resultados mostraram que ambos os produtos ndo causaram irritacdo na pele
(FAPESP, 2022).
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E fundamental enfatizar que métodos de conservagdo, com a finalidade de
estender a vida de prateleira do mel de cacau e aumentar sua comercializacdo, estéo
comegando a ser desenvolvidos. Oliveira et al. (2019) desenvolveram uma patente para
uma bebida pasteurizada com sabor de mel de cacau. Guirlanda et al. (2023) estudaram a
combinacdo da atomizacdo usando isolado de proteina de soro de leite, no qual resultou
no desenvolvimento de um pd de mel de cacau de fluxo livre, com tamanho de particula
adequado e beneficios significativos para a extensdo da vida util, abrindo novas
oportunidades para a comercializacdo do mel de cacau como ingrediente na industria
alimenticia.

Portanto, o reconhecimento do mel de cacau como um ingrediente valioso é parte
de um movimento para utilizar de forma sustentavel todos os componentes da planta do
cacau, contribuindo para na diversificacdo da renda dos pequenos produtores e

promovendo praticas de producdo mais responsaveis (Mishra et al., 2024).

3.5 Composic¢ao mineral

O organismo humano precisa de cerca de vinte elementos diferentes para
funcionar adequadamente, que sdo obtidos através de uma alimentagdo equilibrada, pois
ndo sdo produzidos naturalmente pelo corpo humano. Esses elementos participam de
varios processos metabdlicos e fisiologicos, sendo essenciais para o crescimento,
desenvolvimento, funcionamento e reconstrucao de 6rgaos e tecidos. Vale destacar que o
consumo excessivo ou deficiéncia no organismo pode provocar danos irreversiveis a
satde (Morris; Mohiuddin, 2021).

Esses elementos sdo classificados como essenciais, ou seja, tem relacdo direta com
o funcionamento adequado do corpo humano (Fe, Zn, Mn, Cu, Mo, Co, Ca, Na, K, P, Mg,
entre outros) e ndo essenciais que sao Nocivos ao organismo e € prejudicial a saide mesmo
em pequenas quantidades (Al, As, Pb, Hg, Cd, Cr, entre outros). Os essenciais sdo
divididos em micronutrientes (Cu, Fe, Mn, Mo, Zn), no qual o corpo necessita de
quantidades inferiores a 100 mg/dia e macronutrientes (K, Mg, P, Na, Ca) quantidades
superiores a 100 mg/dia (Brasil, 2005; Farag et al., 2023; Morris; Mohiuddin, 2021).

A presenca desses elementos ocorre naturalmente nos alimentos, pois muitos séo
essenciais para o crescimento das plantas. Assim, a quantificacdo desses elementos, sejam
eles essenciais ou ndo, pode fornecer indicacGes sobre a qualidade e a seguranca dos

alimentos (Fioroto et al., 2024). Alem disso, a quantidade que atende as necessidades
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nutricionais de um individuo saudavel diariamente, indicada na IDR (ingestdo diaria
recomendada) é um fator importante e, portanto, é essencial realizar estudos detalhados
sobre o perfil desses elementos nos alimentos (Brasil, 2005).

Tendo em vista a necessidade do controle de qualidade dos alimentos, diversas
técnicas analiticas tém sido empregadas para quantificar esses elementos, entre elas:
espectrofotometria de absor¢do atbmica (AAS), a espectrometria de emissao dptica com
plasma induzido por microondas (MIP OES), a espectrometria de emissdo Optica por
plasma indutivamente acoplado (ICP OES) e a espectrometria de massas com plasma
indutivamente acoplado (ICP-MS) (Balaram, 2020).

Nesse sentindo, o MIP OES se destaca por ser uma técnica multielementar, no
qual utiliza gas nitrogénio (N2) extraido do ar para geracdo do plasma na temperatura de
5000 K, o que diminui o custo operacional. Além disso, apresenta sensibilidade maior
que o AAS. Neste equipamento (Figura 6), a amostra é introduzida através de mangueiras
e uma bomba peristaltica que leva a solugdo contendo os elementos de interesse para o
nebulizador, cuja funcao é transformar a solugdo em aerossol com o uso do gas nitrogénio.
Em seguida, o aerossol finamente disperso chega ao plasma de nitrogénio, onde ocorre
diversos processos gquimicos e, entdo, os elementos sdo quantificados (Balaram, 2020;
Rocha et al., 2020).

Figura 6 — Sistema de espectrofotometria de emissdo 6ptica de plasma induzido
por micro-ondas (MIP OES).
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Fonte: Adaptado de Fontoura et al. (2022)
Existem poucos dados na literatura sobre o perfil desses macros e micronutrientes
no mel de cacau. Leite et al. (2019) caracterizou o0 mel de cacau, sem variedade
especificada, com relacdo ao teor de elementos, descrevendo a presenca de Ba (0,38
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mg.100 mL %), Fe (1,35 mg.100 mL 1), Mn (0,30 mg.100 mL %), Al (0,15 mg.100 mL ™),
Cu (0,07 mg.100 mL™1), Na (0,48 mg.100 mL ™), Se (0,19 mg.100 mL™Y), Zn (0,40
mg.100 mL™?), empregando ICP-MS. Ja Nunes et al. (2020) quantificou macro e
micronutrientes em polpa de cacau por ICP OES, com destaque para os teores de: Ca
(13,343 mg/Kg), Fe (3.388 mg/Kg), K (1459.842 mg/Kg), Mg (237.230 mg/Kg), Na
(98.966 mg/Kg) e Zn (1.535 mg/Kg). Portanto, é fundamental realizar mais estudos e
aplicar novas técnicas para investigar os macronutrientes e micronutrientes do mel de

cacau proveniente de diferentes variedades de cacau, a fim de preencher essa lacuna.

3.6 Compostos volateis

Os compostos organicos volateis (COVs) sao moléculas organicas com elevada
pressdo de vapor. Sua deteccdo, identificacdo e quantificacdo estdo se tornando cada vez
mais necessarias em diversas areas, como no controle de qualidade de alimentos e bebidas
e na qualidade do ar e da agua. O sabor, a aparéncia, 0 aroma e a textura sdo indicadores
utilizados para avaliar alteracdes na seguranca e qualidade dos alimentos. Nesse sentido,
0os COVs atuam como indicadores-chave, representando uma classe de substancias
quimicas que evaporam a temperatura ambiente (com pressdo de vapor >10 Pa a 20 °C)
(Feng et al., 2024; Hirschauer et al., 2025; Li; Pal; Kannan, 2021).

Uma técnica amplamente utilizada para detectar e identificar os COVs € a
cromatografia gasosa (CG) acoplada a espectrometria de massas (EM). A cromatografia
gasosa separa 0s compostos de uma mistura com base em sua afinidade diferencial por
uma fase estacionaria em um tubo capilar, pelo qual a mistura gasosa flui. A
espectrometria de massas, por sua vez, detecta e identifica, com base na razdo
massa/carga (m/z) dos fragmentos gerados, cada composto a medida que sai do tubo.
Embora essa abordagem seja altamente precisa e confiavel, demanda pouca ou nenhuma
preparacdo de amostra, sua principal limitacdo reside no fato de que a CG-EM é um
sistema relativamente caro (Hirschauer et al., 2025).

A analise cromatografica inicia-se com a injecdo da amostra no injetor
(vaporizador) em temperatura alta, que, em sua forma bésica, consiste em um bloco
metalico conectado a coluna contendo a fase estacionaria, no qual utiliza gas inerte como
fase mdvel. O sistema inclui também um pequeno tubo de quartzo ou vidro (liner) que

promove um agquecimento mais uniforme. Na parte superior, ha um anel de vedagdo e um
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septo, por onde a amostra é injetada com o auxilio de uma seringa ou fibra e na parte
inferior, o liner se conecta a coluna (Collins, 2006; Nascimento et al., 2018).

Componentes que interagem mais fortemente com as substancias da fase
estacionaria tendem a permanecer mais tempo na coluna, resultando em separacdo com
base em diferentes tempos de eluicdo (Feng et al., 2024; Lin et al., 2023). A CG possuli
um excelente poder de resolucéo, tornando possivel, a anélise de dezenas de substancias
de uma Unica amostra (Collins, 2006).

A espectrometria de massas (EM) € uma técnica analitica que permite identificar
e quantificar compostos quimicos com base em suas massas moleculares e se divide
basicamente em trés componentes: fonte de ionizacéo, analisador e detector. A medida
que os compostos saem da coluna, eles sdo ionizados na fonte de ionizacédo e convertidos
em ions, que podem ser positivos ou negativos. Os ions sdo direcionados para a regiao do
analisador do espectrometro de massas, onde sdo separados com base na razdo massa-
carga (m/z) e enviados ao detector. O detector monitora a corrente dos ions, amplifica o
sinal e, em seguida, transmite as informacdes para o sistema de dados, que registra os
espectros de massa, mostrando os valores de (m/z) dos ions em funcédo de sua intensidade.
Esse espectro permite a identificacdo e quantificacdo dos compostos presentes na amostra
(Gaffney; Marley, 2018; Nascimento et al., 2018; Lancas, 2019).

3.6.1 Microextracdo em fase sélida em headspace (HS-SPME)

Dentre as técnicas para a extracdo dos compostos volateis destaca-se a
microextracdo em fase sélida no modo headspace (HS-SPME). Nos ultimos anos, essa
técnica tem se destacado como uma abordagem promissora para a preparacdo de
amostras, devido a sua simplicidade, alta sensibilidade, baixa invasividade e por nédo
utilizar solventes organicos (Fang et al., 2023).

Segundo Keerthana et al. (2024) é uma técnica versatil que extrai analitos volateis
da fase de vapor equilibrada acima da amostra, evitando o contato direto com a matriz.
Essa flexibilidade permite uma maior protecdo com o revestimento da fibra contra danos
fisicos, garantindo assim, uma maior durabilidade. Nesse contexto, é uma das técnicas de
preparo de amostras mais promissoras e sustentaveis na analise de alimentos (Jalili;
Barkhordari; Ghiasvand, 2020; Souza-Silva; Gionfriddo; Pawliszyn, 2015).

Nessa técnica, a amostra a ser analisada é colocada em um frasco de vidro,

conhecido como vial, tampado com septo feito, geralmente, de silicone (Figura 7). A fibra
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responsavel pela extracdo é protegida dentro de uma agulha, que estd acoplada a um
dispositivo chamado holder. Ela é exposta através do movimento de um émbolo. Durante
0 estagio de pré-concentracdo, a fibora SPME é exposta ao espago confinado da amostra
(headspace) para enriquecer-se com compostos polares e ndo polares, conforme o0s
materiais de revestimento da fibra. Em seguida, a fibra é introduzida no injetor do
cromatdgrafo onde ocorre a dessor¢do dos analitos (Keerthana et al., 2024; Nascimento
etal., 2018).

Figura 7 — Procedimento HS-SPME para a extracao e dessor¢do de analitos no injetor

de um cromatdgrafo a gés.
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Fonte: Garcia et al. (2021)

A implementacdo de métodos analiticos em conjunto com a HS-SPME exige a
otimizacgdo dos parametros que influenciam a eficiéncia da extragdo como 0 modo de
extracdo, método de agitacdo, forca ibnica, tempo de extracdo, temperatura da amostra e
condicdes de dessorcdo. Dentro desses parametros, a escolha adequada do revestimento
da fibra é uma das etapas mais criticas no desenvolvimento do método. A adequacéo do
revestimento para um analito especifico € determinada pela polaridade do material e sua
seletividade em relagdo aos analitos de interesse, em comparacdo com outros
componentes da matriz (Souza-Silva; Gionfriddo; Pawliszyn, 2015). Portanto, a escolha
da fibra apropriada depende do tipo de amostra, garantindo uma extragéo eficiente dos
COVs.

Atualmente as fibras mais utilizadas sdo de polidimetilsiloxano/divinilbenzeno
(PDMS/DVB), carboxeno/polidimetilsiloxano (CAR/PDMS),
polidimetilsiloxano/carboxeno/divinilbenzeno DVB/CAR/PDMS, poliacrilato (PA) e
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polietilenoglicol (PEG) (Keerthana et al., 2024). As fibras mistas, por possuirem
caracteristicas polares e apolares simultaneamente, sdo amplamente utilizadas em
analises que visam aumentar a variedade de analitos a serem determinados (Nascimento
etal., 2018).

Dessa forma, os estudos sobre compostos volateis em cacau e seus subprodutos
tém usado a técnica por HS-SPME e fibras de fase mista. No estudo de Hegmann et al.
(2020) foram identificados 56 compostos volateis em polpa de cacau de diferentes
variedades por HS-SPME usando a fibra PDMS/DVB. Rojas et al. (2022), otimizou as
condicdes de extracdo para HS-SPME do licor de cacau considerando os fatores de tipo
de fibra, temperatura e tempo de extracdo. De acordo com o delineamento a melhor
condicdo de extragdo foi com a fibra DVB/CAR/PDMS, os compostos identificados
incluiram aldeidos, cetonas, alcoois, pirazinas, ésteres, terpenos, acidos e lactonas. Além
disso, Becerra et al. (2024) utilizaram a fibra DVB/CAR/PDMS para analisar os COVs
de gréos de cacau e chocolates, resultando na identificacdo de 63 compostos.

3.7 Compostos bioativos

O interesse pelo cacau e seus derivados tém aumentado, especialmente em razao
da alta concentragdo de compostos bioativos, que podem ter efeitos benéficos para a satde
humana (Lima et al., 2024). Os compostos bioativos podem ser divididos em compostos
fenolicos, metilxantinas, aminoacidos, aminas bioativas e glicosideos (Balcazar-Zumaeta
et al., 2024; Cortez et al., 2024). Além do cacau, sdo encontrados em diversos alimentos
como frutas, vegetais, cha e vinho (NUfez; Saurina; Nufiez, 2024).

Entre as classes de compostos fendlicos presentes nas sementes de cacau
destacam-se os taninos e flavonoides. Os flavonoides incluem flavondis, flavonas,
flavononas e antocianinas. Dentre estes, os flavanois sdo os mais frequentemente
encontrados, especialmente a catequina, epicatequina e procianidinas. A epicatequina é
considerada o principal flavonol do cacau, representando cerca de 35% do contetdo total
de fendlicos (Efraim; Alves; Jardim, 2011; Santander Mufioz et al., 2020).

Além disso, o0 cacau possui outros polifendis em menores quantidades, como
luteolina, apigenina, naringenina, quercetina e isoquercitrina, além de metilxantinas,
principalmente teobromina e cafeina que sdo conhecidas como alcaloides (Martin;
Ramos, 2017). A teobromina é o principal alcal6ide presente nas sementes de cacau, que
contém entre 1% e 4% do seu peso desse composto, estd relacionada a estimulacéo

cardiaca, a reducdo do peso corporal e ao aumento da sensibilidade a insulina. A cafeina,
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por sua vez, pode elevar a pressao arterial e ativa o sistema nervoso central (Akoa et al.,
2021; Cortez et al., 2024).

Metilxantinas como teobromina e cafeina, junto com compostos polifenélicos
como epicatequina, catequina, quercetina, acido protocatecuico e procianidina B2, tém
sido amplamente investigados por seus efeitos benéficos no estresse oxidativo, obesidade,
resisténcia a insulina, saude cardiovascular, atividade antioxidante, efeitos citotoxicos e
propriedades anti-inflamatdrias. Embora a ingestdo de compostos bioativos do cacau
traga beneficios a salde, as altas concentracBes de polifenois e metilxantinas nos graos
de cacau crus podem impactar negativamente o sabor, resultando em adstringéncia e
amargor (Cinar et al., 2021; Goya et al., 2022).

Ademais, os aminoacidos livres sdo importantes para a saude humana e o0s
aminoacidos essenciais sdo fundamentais para a sintese de proteinas, a reparacdo de
tecidos e a absorcdo de nutrientes. Certos aminoacidos tém efeitos especificos que
promovem a salde. Estudos indicam que a suplementacdo dietética de triptofano pode
trazer beneficios contra a doenca de Alzheimer em camundongos (Maitre et al., 2020).
Deus et al. (2021) avaliaram os aminoacidos e aminas bioativas no cacau durante
diferentes periodos de fermentacdo e encontraram altos niveis de serotonina e triptamina,
além de fenilalanina, lisina, histidina, leucina, alanina, treonina e feniletilamina.

O processo analitico para determinar os compostos bioativos utiliza trés etapas:
extracdo, separacao e caracterizacdo e/ou quantificacdo. Para a separa¢do € comumente
utilizado a cromatografia liquida de alta eficiéncia (CLAE) que pode ser acoplada a outros
métodos como ultravioleta (UV) e espectrometria de massa (EM) (NUfiez; Saurina;
Nufez, 2024).

Assim, a cromatografia liquida acoplada a espectrometria de massas (LC-MS) é
uma técnica que se destaca pela sua alta sensibilidade e seletividade, permitindo a
deteccdo de centenas de milhares de metabdlitos. A introducdo da espectrometria de
massas de alta resolucdo (HRMS), em particular, possibilita a discriminacdo de analitos
com excelente resolucéo e precisdo de massa. Além do que, a ampla gama de adsorventes
com diferentes polaridades a torna uma das técnicas de separacdo mais versateis.
Analisadores de massa, como o quadrupolo Time-of-Flight (Q-TOF), o Q-Orbitrap e o
Fourier Transform-lon Cyclotron Resonance (FT-ICR), séo todos capazes de fornecer
dados de alta resolugédo (Bozza et al., 2024; Evans et al., 2014).

Existem diversos estudos abordando os teores de compostos fendlicos em cacau e

seus derivados por cromatografia liquida acoplada a espectrometria de massas de alta



|43

resolucdo. Akoa et al. (2021) identificou compostos fendlicos e metilxantinas por
UHPLC-DAD-ESI-MS em grdos de cacau e chocolate amargo de trés hibridos
destacando a presenca de epicatequina, teobromina, acidos ferdlico e clorogénico e seus
derivados, procianidina C1, cafeina e acido salicilico. No estudo de Pagliari et al. (2022),
as metilxantinas da casca do cacau foram identificadas por UHPLC-UV-QTOF-MS/MS.
Para determinar os compostos bioativos no licor de cacau, Herrera-Rocha et al. (2024)
usou o LC-QTOF-MS. No entanto, ha uma escassez de informacgdes sobre esses
compostos na polpa de cacau e no mel de cacau e sdo necessarias novas pesquisas para

suprir essa necessidade na literatura cientifica.

3.8 Andlise sensorial

A analise sensorial € uma abordagem cientifica que avalia as caracteristicas de um
produto através da utilizagdo dos cinco sentidos do avaliador: visdo, audicdo, paladar,
olfato e tato. Este método é interdisciplinar, integrando &reas como psicologia, fisica,
quimica, fisiologia e estatistica, para medir e analisar alimentos de forma qualitativa e
quantitativa (Lawless; Heymann, 2010). O termo analise sensorial se transformou em um
campo de estudo, a partir do século XV1I, quando Jean Anthelme Brillat-Savarin publicou
seu primeiro livro, "Filosofia do Gosto"”, em 1825. Nessa obra, ele langou as bases para a
analise dos alimentos e de como séo percebidos (Chong, 2012).

Nesses estudos, painelistas humanos atuam como instrumentos para avaliar as
qualidades dos produtos alimenticios. Além disso, os resultados de estudos sensoriais de
alimentos oferecem informacdes valiosas sobre a qualidade e suas caracteristicas, que
podem ser aplicadas em diversas areas, como no controle de qualidade, desenvolvimento
de novos produtos e perfil de sabor e gosto (Yu; Low; Zhou, 2018).

As caracteristicas sensoriais dos alimentos sdo um dos principais fatores que
influenciam sua aceitagcdo. As pessoas tendem a escolher alimentos saborosos, embora a
importancia do sabor possa variar de uma pessoa para outra (Laaksonen et al., 2016). E
de fundamental importancia abordar que o reconhecimento das caracteristicas sensoriais
como: aparéncia, sabor, aroma, textura, cor e brilho, determina a aceitacdo ou rejei¢do do
alimento (Martinez-Velasco; Filomena-Ambrosio; Garzon-Castro, 2024).

Dentro dessa perspectiva, as analises sensoriais e de sabor de um produto
alimenticio, assim como a realizacdo de experimentos nessa area, exigem um
planejamento cuidadoso, que inclui a defini¢do das técnicas analiticas e a interpretacdo

dos resultados e observacdes obtidas (Granato; Calado; Jarvis, 2014). A anélise de sabor
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baseia-se, em grande parte, na medicdo de compostos volateis e ndo volateis presentes
nos produtos alimentares, os quais podem influenciar direta ou indiretamente os perfis de
sabor e aroma (Yu; Low; Zhou, 2018). Desse modo, a associacao dos atributos de aroma
com as técnicas de determinacdo dos compostos volateis, por exemplo, torna-se
imprescindivel.

Nesse contexto, a cromatografia gasosa acoplada a espectrometria de massa é uma
técnica analitica capaz de separar, detectar e identificar diversas substancias em uma
determinada amostra. Essa metodologia é empregada na pesquisa de sabores para
identificar os compostos que influenciam o aroma em diferentes produtos alimenticios

(Martinez-Velasco; Filomena-Ambrosio; Garzon-Castro, 2024).

3.8.1 Métodos sensoriais

Os métodos sensoriais podem ser divididos em testes discriminativos (triangular,
duo — trio, comparacao pareada, comparacdo mdultipla e ordenacdo), testes descritivos
(perfil de sabor, perfil de textura e andlise descritiva quantitativa) e testes afetivos
(preferéncia, aceitacdo por escala hedonica, aceitacdo por escala ideal e intencdo de
compra) (1AL, 2008).

Os métodos sensoriais descritivos sdo técnicas que consistem na deteccdo e
descricdo dos componentes qualitativos e quantitativos de um alimento. A analise
descritiva quantitativa (ADQ) é uma das técnicas mais tradicionais, embora exija um
treinamento extenso dos avaliadores e um custo elevado para garantir resultados
consistentes e confiaveis. Além disso, uma das principais dificuldades é o uso da escala
ndo estruturada e a repetibilidade das pontuacbes atribuidas a amostra, visto que a
auséncia de uma estrutura definida pode resultar em alta variabilidade nas respostas,
fazendo com que diferentes avaliadores, ou até o mesmo avaliador em momentos
distintos, atribuam pontuacdes diferentes a mesma amostra (Richter et al., 2010; Stone;
Sidel, 1998).

A metodologia de analise descritiva por ordenagdo (ADO) foi criada por Richter
et al. (2010) como uma alternativa a analise descritiva convencional. O método de ADO
tem sido citado como util para estudar propriedades sensoriais de alimentos por ser menos
demorado e permitir, além das descri¢Ges dos atributos, a classificagdo entre as amostras

para cada atributo sensorial avaliado de acordo com sua ordem de intensidade.
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Sousa et al. (2016) avaliaram o perfil sensorial de méis monoflorais produzidos
por diferentes espécies de abelhas sem ferrdo no semiarido brasileiro utilizando 19
provadores, sem experiéncia prévia em andlise sensorial, e revelaram que a ADO é uma
técnica vidvel para estabelecer diferencas entre amostras de mel. Carnelocce et al. (2012)
realizaram uma avaliacdo da caracterizacdo sensorial de biscoitos salgados com a
participacdo de 30 julgadores, os autores concluiram que a eficiéncia da equipe e a
configuracdo das amostras apresentaram resultados semelhantes tanto no procedimento
de ordenacédo quanto na utilizacao de escala. Assim, esses achados indicam que a ADO ¢
uma metodologia eficaz para discriminar amostras de alimentos.

Entretanto, os métodos afetivos sdo utilizados para avaliar a preferéncia e a
aceitacdo de produtos. Normalmente, é necessario 60 julgadores para essas avaliacGes.
Esses avaliadores ndo sao treinados, mas sdo escolhidos para representar uma populacéo-
alvo. Assim, no teste de aceitacdo por escala heddnica, o individuo indica seu grau de
satisfacdo ou insatisfagdo em relacdo a um produto, seja de forma geral ou em relacéo a
um atributo especifico. As escalas mais comuns sdo de 7 e 9 pontos, que incluem
descri¢des que vao de “gostei muitissimo” a “desgostei muitissimo”. As amostras sdo
apresentadas ao avaliador de forma codificada com nimeros de trés digitos e aleatorias
(Dutcosky, 2019; Santos, 2019).

No teste da escala de atitude ou intencdo o avaliador expressa sua vontade de
consumir ou comprar um produto que lhe é oferecido. As escalas mais comumente
utilizadas sdo as verbais de cinco (5) e sete (7) pontos. Os termos da escala de atitude ou
intencdo podem variar de “provavelmente compraria” a “provavelmente ndo compraria”,
com o ponto intermediario sendo “talvez compraria, talvez ndo compraria”. Recomenda-
se que 0 numero de provadores seja em torno de 60 (Nora, 2021).

Diversos estudos utilizam os métodos afetivos para avaliar a aceitacdo dos
alimentos. Para avaliar a influéncia da massa de cacau subfermentada na producdo de
chocolate na aceitagdo dos consumidores, Andrade et al. (2021) utilizaram a escala
heddnica de 9 pontos e a escala de 5 pontos para intencdo de compra e contou com a
participacdo de 75 provadores. Laaksonen et al. (2016) determinou as propriedades
sensoriais e caracteristicas do consumidor que contribuem para o gosto por frutas
vermelhas por meio de 88 provadores usando a escala heddnica de 9 pontos. No trabalho
de Garcia-Diez et al. (2022) a analise sensorial usando a escala hedénica de 9 pontos foi
realizada por 100 painelistas para avaliar a aceitacdo de uma mistura de cacau e alfarroba

como um alimento funcional.
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3.9 Meétodos de conservacao

A producédo de alimentos precisa envolver processos seguros que garantam a
seguranca do produto final para o consumo. Essa abordagem é fundamental para prevenir
doencas transmitidas por alimentos e prolongar a vida Gtil dos produtos, minimizando a
presenca de microrganismos que causam deterioracdo. Portanto, selecionar o método de
conservacdo apropriado para cada tipo de produto representa um grande desafio
(Priyadarshini; Priyadarshini, 2018).

A industria de alimentos, utiliza tanto tecnologias térmicas quanto ndo térmicas,
bem como a combinacdo de tecnologias. Entre essas, a pasteurizacdo e a esterilizacdo
térmica destacam-se como métodos amplamente empregados para a preservagao de sucos
de frutas (Dolas; Saravanan; Kaur, 2019). Entretanto, tecnologias ndo térmicas, como o
processamento de alta pressdo, processamento por campo elétrico pulsado e
processamento por ultrassom podem ser utilizadas para processar alimentos de forma
minimamente invasiva em baixas temperaturas, preservando melhor suas propriedades
nutricionais e vem se tornando cada vez mais comercialmente disponivel para a industria
(Putnik et al., 2019).

3.9.1 Pasteurizagéo

O processamento térmico por pasteurizacdo foi desenvolvido por Louis Pasteur,
um cientista e bidlogo francés, em 1863, e se tornou um método tradicional, usado para a
conservagdo e para extensdo da vida Gtil de alimentos e bebidas através da inativacdo de
microrganismos e enzimas. Essa técnica assegura a conservagao e seguranca de produtos
como leite e seus derivados, ovos e sucos de frutas (Dolas; Saravanan; Kaur, 2019; Putnik
et al., 2019; Singh; Pandey; Manik, 2024).

A pasteurizacdo pode ser classificada em lenta, rapida e muito rapida. A
pasteurizacdo lenta (LTLT - Low Temperature Long Time) é realizada a temperaturas
entre 62 e 63 °C por um periodo prolongado de 30 a 35 minutos. A pasteurizacao rapida
(HTST - High Temperature Short Time) utiliza temperaturas mais altas, entre 72 e 75 °C,
por um intervalo curto de 15 a 20 segundos. Ja a pasteurizagdo muito rapida (UHT - Ultra
High Temperature) aplica temperaturas muito elevadas, variando de 130 a 150 °C, por
um tempo extremamente curto, entre 2 e 4 segundos. Entretanto, a intensidades do
tratamento por pasteurizagdo, assim como o tempo e a temperatura do processo, levam a

degradacdo de nutrientes sensiveis ao calor, componentes bioativos e ao
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comprometimento do sabor fresco (Barbosa et al., 2018; Knorr et al., 2011). Enquanto a
esterilizacdo térmica consiste no aquecimento de alimentos a temperaturas entre 110°C e
125°C, com o objetivo de garantir a eliminacdo de bactérias formadoras de esporos
(Bhunia et al., 2024).

A pasteurizacdo pode ser combinada com aditivos para melhorar a estabilidade do
produto durante o armazenamento, aumentando a vida Util e preservando a cor, sabor,
textura e valor nutricional dos alimentos. Os aditivos também podem contribuir para a
criagdo de um ambiente menos favoravel a proliferacdo de microrganismos, aumentando
assim a seguranca do produto. Os conservantes mais utilizados em alimentos incluem
propionatos, acido sorbico e seus sais, &cido benzoico e seus sais, dentre outros (Torrezan,
2021).

Diversos autores aplicaram a pasteurizacdo térmica na preservacdo de frutas e
sucos de frutas. Gao et al. (2021) empregou a pasteurizacdo (65 °C por 30 min) em suco
de Ougan. Marszatek et al. (2017) usou a pasteurizacdo (90°C por 15 min) em puré de
morango armazenados a 6°C durante 12 semanas. Sucos de maca, laranja e abacaxi foram
pasteurizados a 70 °C por 30 min e avaliados nos dias 0, 7, 14 e 21 de armazenamento
refrigerado a 4°C (Alim et al.,, 2023). Além disso, a polpa de cacau congelada
pasteurizada recebeu recentemente a aprovacdo da Autoridade Europeia de Seguranca
Alimentar (EFSA) quanto a sua seguranca, visando sua comercializagdo na Comunidade
Europeia (CE) (EFSA, 2019).

Essa busca por métodos eficazes de preservacdo reflete uma crescente demanda
por produtos alimenticios sem aditivos, com prazos de validade prolongados, sabores
frescos, alta qualidade nutricional e seguranca microbiol6gica. Esse cenario tem
impulsionado o desenvolvimento de novas tecnologias de processamento (Atuonwu et
al., 2018).

De acordo com Nonglait et al. (2022) alguns estudos tém demonstrado que
tratamentos térmicos podem alterar a estrutura dos nutrientes e reduzir o conteudo de
compostos bioativos. Assim, ha um crescente interesse em aplicar métodos de
conservacao de alimentos que sejam verdes e sustentaveis, visando promover a seguranca
alimentar e preservar suas caracteristicas naturais. Portanto, é fundamental investigar
novas tecnologias ndo térmicas que ajudem a preservar 0s nutrientes e as caracteristicas

funcionais dos alimentos.
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3.9.1 Ultrassom (US)

Entre as tecnologias ndo térmicas, o ultrassom (US) se expandiu de maneira
significativa na Ultima década, encontrando aplicacdo na industria de alimentos e bebidas
por seus efeitos multifuncionais desejados. Além disso, é reconhecido como uma técnica
promissora para atender aos requisitos de seguranca da FDA (Food and Drug
Administration) para frutas e produtos vegetais. A descoberta do ultrassom remonta a
1880, quando Pierre Curie conduziu estudos sobre o efeito piezoelétrico (Dolas;
Saravanan; Kaur, 2019; Shankar; Pagel, 2011).

O processamento por ultrassom pode ser empregado tanto isoladamente quanto
em combinacdo com outros métodos, proporcionando uma melhoria significativa na
qualidade dos alimentos. Entre as diversas aplicacdes do ultrassom no setor alimenticio,
destacam-se o congelamento, descongelamento, secagem, homogeneizagéo, filtragem,
emulsificacdo, extracdo e aumento da vida util dos produtos (Chavan et al., 2022). Ao
longo dos anos, além da &rea de alimentos, o ultrassom tem sido utilizado em vérias &reas,
incluindo a deteccdo de imperfeicdes em construcdes, a sintese de produtos quimicos,
comunicacdo com animais e aplicacdes na medicina, tanto para diagndstico quanto para
tratamento de doencas (Lepaus et al., 2023).

E considerada uma tecnologia emergente formada por ondas sonoras cuja
frequéncia esta além do limite da audicdo humana, entre 20 kHz e 100 kHz. Essa
tecnologia é acessivel, simples, confiavel, ecoldgica e altamente eficaz na preservacao de
alimentos, sem necessidade de aditivos, melhorando seus atributos de qualidade,
incluindo a reducédo da perda de sabor quando comparada ao tratamento térmico (Awad
et al., 2012; Dolas; Saravanan; Kaur, 2019). Além disso, essa tecnologia pode diminuir o
tempo de processamento em compara¢do com os métodos térmicos, apresenta baixos
custos operacionais devido ao seu baixo consumo de energia e ajuda a reduzir o uso de
agua, o0 que, por sua vez, diminui o descarte de aguas residuais (Lepaus et al., 2023).

A aplicacdo do ultrassom na inddstria alimenticia é classificada em duas
abordagens: baixa e alta energia, dependendo da poténcia sonora (W), da intensidade
sonora (W/m2) ou da densidade de energia sonora (Ws/m?3) empregadas. Frequéncias de
ultrassom superiores a 100 kHz e intensidades abaixo de 1 W/cm? sdo recomendadas para
aplicacdes de baixa energia, pois normalmente ndo alteram as propriedades fisicas ou
quimicas do material por onde se propagam. Em contrapartida, as aplicagdes de alta

energia (ultrassom de alta poténcia) utilizam frequéncias entre 20 e 100 kHz, com
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intensidades mais elevadas, na faixa de 10 a 1000 W/cm?, capazes de alterar as
propriedades fisico-quimicas ou a estrutura do material, sendo utilizada na inativacéo de
microrganismos e enzimas (Chavan et al., 2022; Lepaus et al., 2023).

As técnicas de ultrassom podem ser combinadas com tratamentos de pressdo e
temperatura para aumentar a eficiéncia dos processos. A ultrassonicacgdo aplica ultrassom
em baixas temperaturas a produtos sensiveis ao calor, enquanto a sonica¢do combina
ultrassom e calor, inativando microrganismos de forma mais eficaz do que o calor
isoladamente. A manosonicacdo envolve ultrassom com pressdo, oferecendo maior
eficiéncia de inativacdo. J& a manotermosonicacdo combina calor, ultrassom e presséo,
maximizando a imploséo da cavitagdo e aumentando a inativacdo (Chavan et al., 2022;
Ravikumar, 2017).

O sistema de ultrassom é composto por trés elementos principais: gerador,
transdutor e emissor. O gerador converte o sinal elétrico em uma frequéncia especifica, o
transdutor transforma esse sinal elétrico de alta frequéncia em vibragGes mecanicas, € 0
emissor irradia essas vibragdes mecanicas (Mehta et al., 2022).

No setor alimenticio, a aplicacdo de ultrassom em meio liquido é o procedimento
mais simples e amplamente utilizado. Quando o ultrassom € aplicado a um liquido, o
fendmeno que gera os efeitos desejados é a cavitacdo. Esse processo ocorre quando
microbolhas no liquido aumentam de tamanho devido aos ciclos de alta e baixa presséo
das ondas ultrassonicas, contraindo-se durante a compressdo e expandindo-se durante as
rarefacGes, tornando-se instaveis e estourando (Figura 8), liberando assim uma
quantidade significativa de energia (Leong et al., 2011).

De acordo com Sdo José et al. (2014), a cavitacdo acustica gerada provoca a
destruicdo da estrutura da parede celular, 0 aumento da permeabilidade da membrana
celular, o afinamento da membrana, além de gerar altas temperaturas e pressoes locais, a
energia liberada gera radicais livres que se convertem em peréxido de hidrogénio (H20>).
O estresse oxidativo resultante pode danificar o DNA das células, levando a inativagdo

dos microrganismos.
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Figura 8 — Mecanismo de a¢do do ultrasssom em meio liquido.
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Fonte: Adaptado de Leong et al. (2011)

De modo geral, o tratamento com ultrassom pode ser um método eficaz e
sustentavel para eliminar bactérias patogénicas, preservando as caracteristicas fisico-
quimicas do mel de cacau. Até onde sabemos, ainda ndo héa artigos cientificos que
investiguem seus efeitos no perfil de qualidade do mel de cacau. No entanto, o ultrassom
ja é amplamente utilizado na conservacao de sucos de frutas, ajudando a preservar suas
propriedades funcionais e sensoriais (Roobab et al., 2023).

Bhat e Goh et al. (2017) constataram que o tratamento por ultrassom do suco de
morango elevou o conteldo total de compostos fendlicos em 83%, o acido ascorbico em
13% e a capacidade antioxidante total em 1 a 2% ap06s 30 minutos de processamento.
Hasheminya e Dehghannya (2022) ao estudar suco de cenoura preta tratado com US com
50% de amplitude durante 4, 8 e 12 minutos, notou aumento no contetdo fenélico, no
acido ascérbico e nas propriedades antioxidantes. A ruptura celular provocada pela
cavitacdo contribui para a liberacdo de compostos bioativos. Além disso, a cavitacdo
elimina o oxigénio dissolvido no suco, ajudando a prevenir a oxidacdo. Essas descobertas
indicam que o tratamento por ultrassom é uma tecnologia promissora para prolongar a
vida util dos sucos, preservando seu contetdo bioativo (Roobab et al., 2023). No entanto,
para a sua utilizagdo em escala industrial ainda é uma técnica que enfrenta desafios

devidos aos custos de aquisicdo e manutencao.
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4. RESULTADOS

Como resultados da presente tese foram produzidos trés (3) artigos publicados
(DO https://doi.org/10.1007/s12161-024-02640-7;
https://doi.org/10.3390/molecules29133194:
https://doi.org/10.1016/j.foodchem.2025.143057) e outros (2) manuscritos, um
submetido e outro em processo de submissdo. Além de uma cartilha técnica (ISBN
9786501202990).

4.1

Manuscrito: Potencial funcional e tecnol6gico de subprodutos da cadeia produtiva do
cacau (Theobroma cacao L.)


https://doi.org/10.1007/s12161-024-02640-7
https://doi.org/10.3390/molecules29133194
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POTENCIAL FUNCIONAL E TECNOLOGICO DE SUBPRODUTOS DA
CADEIA PRODUTIVA DO CACAU (Theobroma cacao L.)

Periddico submetido: Current Opinion in Food Science — ISSN 2214-8000

Maior percentil (Scopus): 97%

Resumo

O cacau é uma das culturas mais cultivadas globalmente e serve como ingrediente
principal na producdo de chocolate, que gera quantidades substanciais de subprodutos.
Esta revisdo tem como objetivo investigar o potencial funcional e tecnol6gico de
subprodutos da cadeia produtiva do cacau. Subprodutos como casca do fruto, casca do
grdo de cacau, polpa e mel podem ser utilizados como matéria-prima para o
desenvolvimento de produtos inovadores e de valor agregado devido a sua notavel
composicao de nutrientes e compostos bioativos. A valorizagédo dos subprodutos do cacau
pode aumentar a renda dos pequenos agricultores e aumentar o interesse da indUstria
alimenticia em incorporar esses substratos como ingredientes alternativos. Assim,
transformar subprodutos do cacau em matérias-primas cria oportunidades de crescimento
econémico, reduz o impacto ambiental e promove a inovacao na industria de alimentos.

Palavras-chave: Desenvolvimento sustentavel; casca de cacau; polpa de cacau; mel de
cacau; casca de grdo de cacau.

1. Introducdo

O cacau (Theobroma cacao L.), um membro da familia Malvaceae, é conhecido
como o "alimento dos deuses" [1]. E cultivado em mais de sessenta paises, cobrindo cerca
de 11,54 milhdes de hectares [2]. De acordo com a Organizacdo Internacional do Cacau
[3], a producdo global é de aproximadamente 4,5 milhdes de toneladas de graos de cacau,
com os paises africanos liderando com 71,2%. Costa do Marfim e Gana séo 0os maiores
produtores. A producdo anual do Brasil é de aproximadamente 296 mil toneladas,
posicionando-o0 como o sexto maior produtor global, com os estados da Bahia e Para
respondendo pela maior parte da producdo [4].

O cacau possui inumeros beneficios para a salde devido as suas propriedades
antioxidantes, antiproliferativas, anti-inflamatorias e anticancerigenas, bem como varios

fitoquimicos, incluindo polifendis [5]. O fruto compreende a casca, a améndoa e a polpa,
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que constituem aproximadamente 70%, 20% e 10% de todo o fruto, respectivamente. O
cacau € um importante produto global e o principal ingrediente na producdo de chocolate,
enquanto a casca do cacau, a polpa, o mel e a casca do gréo séo considerados subprodutos

(Fig. 1) [6,7].

Cocoa Plant Growth Cycle Cocoa processing for chocolate manufacture
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Figura 1. Ciclo de crescimento da planta do cacau, processamento do cacau para fabricacdo de chocolate,
formagc&o de subprodutos do cacau e suas propriedades fisico-quimicas.

A industria alimenticia gera cerca de 700.000 t de residuos anualmente durante o
processamento do cacau, a grande maioria dos quais é descartada na propria fazenda,
levando a desafios ambientais e socioeconémicos significativos [8,9]. No entanto, com o
tratamento adequado, esses residuos podem ser transformados em matérias-primas de alto
valor para o desenvolvimento de novos produtos e utilizados como fontes de nutrientes
essenciais e compostos bioativos [1].

As cascas do fruto do cacau sdo o principal subproduto da inddstria do cacau.
Estima-se que cada tonelada de gréos de cacau secos gere aproximadamente 10 t de cascas
[10]. As cascas de cacau tém uma composicdo rica em lignina e polissacarideos nao
amilaceos, como celulose, hemicelulose e pectina. Seu uso possui valor comercial
significativo, servindo como matéria-prima barata para a extracéo de varios componentes
e como potencial fonte de biocombustivel [1,11].

Durante a fermentacdo, os acucares da polpa do cacau sdo metabolizados e
desempenham um papel crucial no processo. A polpa normalmente contém 76% de
acucares, incluindo glicose, frutose e sacarose, bem como oligossacarideos, como celo-

oligossacarideos, com seu potencial prebidtico recentemente demonstrado por ensaios de
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digestibilidade in vitro [12]. O mel de cacau, um liquido mucilaginoso obtido pela
prensagem de sementes com polpa de cacau fresca, é caracterizado como um produto
acido com altos niveis de sélidos sollveis, acucares e um valor energético notavel
(113,58-120,53 kcal / 100 mL) [7, 13]. Além disso, seu alto teor de zinco, juntamente
com a presenca de magnésio e potassio e baixos niveis de sodio, pode tornar seu uso como
alimento nutritivo ou ingrediente natural para o desenvolvimento de bebidas de alto teor
calorico.

A casca do grdo de cacau, um subproduto gerado durante os processos de pre-
torrefacdo e torrefacdo do cacau, tem atraido um interesse significativo devido ao seu alto
teor de fibras, minerais, catequina, teobromina e epicatequina, bem como ao seu baixo
custo [5]. Também pode ser usado na producéo de alimentos nutracéuticos ou funcionais
e demonstrou potencial na sensibilizacdo de células cancerigenas humanas [14].

A necessidade de um novo artigo de revisdo sobre os subprodutos da cadeia
produtiva do cacau se baseia na evolugdo substancial da pesquisa cientifica nessas areas,
bem como na escassez de estudos que abordem o mel de cacau ao lado de outros
subprodutos da cadeia produtiva. Além disso, 0 campo avancou a tal ponto que as revisoes
anteriores nao refletem mais adequadamente as descobertas e tendéncias mais recentes.
Portanto, uma nova revisdo é crucial para consolidar e atualizar o conhecimento existente,
servindo de base para futuras pesquisas e inovagoes.

Portanto, a valorizacdo desses subprodutos pode ajudar a mitigar questdes
ambientais e aumentar a sustentabilidade da cadeia produtiva do cacau. Eles podem ser
usados como ingredientes no processamento de alimentos, bem como nas industrias
farmacéutica e cosmética [14]. Esta revisdo tem como objetivo destacar o potencial
funcional e tecnoldgico dos subprodutos da cadeia produtiva do cacau (Theobroma cacao
L.), incluindo a casca do fruto, a polpa do cacau, o mel de cacau e a casca do grdo de

cacau.

2. As aplicacdes potenciais dos subprodutos do cacau

2.1 Casca do fruto

A casca do fruto € o principal subproduto da cadeia de processamento do cacau,
compreendendo aproximadamente 67-76% (m/m). Consiste em trés camadas distintas:
epicarpo, mesocarpo e endocarpo, e € composto principalmente de polissacarideos como
celulose, hemicelulose, lignina e pectina [15]. Este subproduto representa um desafio
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significativo para a industria do cacau, pois € normalmente descartado ou, em alguns
casos, parcialmente usado como fertilizante para solos agricolas [16]. Embora alguns
estudos tenham relatado métodos ecologicamente corretos para a reutilizagdo da casca do
cacau [17, 18], quantidades excessivas dessa biomassa e praticas de manejo inadequadas
podem promover o crescimento de fungos indesejaveis em culturas agricolas ou causar
alteracfes quimicas e microbioldgicas na composicdo do solo devido aos altos niveis de
matéria organica [19].

A casca do cacau contém compostos bioativos, notadamente catequina (27,66—
31,29 mg g') e epicatequina (89,97 mg g') (Tabela 1), sugerindo novas aplicagdes
potenciais no setor de satde [20]. Devido ao seu alto teor de 6xido de potassio, a casca
do cacau também se mostra promissora para a producéo de biodiesel, pois esse composto
pode atuar como catalisador. Este subproduto foi calcinado com sucesso para produzir
um material heterogéneo com 6xido de potassio como componente principal [21]. Uma
taxa de conversdo de biodiesel de aproximadamente 96% foi alcancada sob condigdes de
reacdo de 20 minutos, 7% em peso de carga do catalisador, uma razdo molar de 1:15 e
uma velocidade de rotacdo de 6000 rpm. A producdo de biodiesel aprimorada por
homogeneizador usando casca de cacau residual como catalisador demonstrou uma
eficiéncia de tempo de reacdo 65-87% maior do que a relatada em outros estudos,
apresentando um novo método para producéo de biodiesel a temperatura ambiente usando
uma matéria-prima barata.

Uma tendéncia tecnoldgica na utilizacdo de residuos agroindustriais € a sintese de
biochar para aplicages ambientais. Nesse contexto, o biochar derivado da casca do cacau,
produzido por pir6lise assistida por micro-ondas a 720 W por 15 minutos, demonstrou
ser um adsorvente eficaz para ions Cd*>" em solugdes aquosas [22] e exibiu propriedades
fisico-quimicas e morfoldgicas favoraveis, incluindo uma estrutura porosa bem
estruturada e uma area superficial moderada. Essa abordagem sustentavel destaca o
potencial de conversao de residuos da cadeia produtiva do cacau em um material eficiente
com potenciais aplica¢6es na purificacdo de agua.

A extracdo de polissacarideos de cascas de cacau foi relatada recentemente,
atingindo um rendimento maximo de aproximadamente 20% ap0s 5 horas, resultando em
um extrato em po bruto marrom-avermelhado [23]. Esses polissacarideos extraidos
exibiram propriedades promissoras, particularmente na hidratagéo, e foram confirmados
COMO Seguros para uso cosmético por meio de ensaios de citotoxicidade. Embora suas

atividades antioxidantes e antiglicacdo fossem inferiores as das referéncias padrdo, o
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extrato demonstrou potencial suficiente para ser formulado e clinicamente testado como
ingrediente cosmético. As avaliacOes clinicas confirmaram que essas formulagdes eram
seguras e eficazes na manutencéo da hidratacdo da pele e na reducéo da perda de agua
transepidérmica. Essas descobertas sugerem que os polissacarideos extraidos de residuos
de casca de cacau podem ser usados como ingredientes alternativos e seguros em produtos
cosmeticos [23]. Além disso, a pectina pode ser obtida usando o método de extracdo de
agua subcritica (SWE), alcancando um rendimento de 6,58% em condic¢des de 120 °C,
10 minutos e uma proporcao solido-liquido de 1:15 g/mL [16]. A pectina extraida por
meio dessa tecnologia emergente apresentou maior grau de esterificacao, teor de metoxila
e indice de &cido anidrourdnico, além de propriedades térmicas e quimicas interessantes.
Este método ecoldgico mostra um grande potencial para a producdo de pectina de alta
qualidade para a industria alimenticia, embora sejam necessarias mais pesquisas sobre
escalabilidade e dindmica de sistemas.

Em relacdo a sua aplicacdo no campo biotecnoldgico, a casca do cacau foi
utilizada como substrato em um novo processo para produzir compostos organicos
oxigenados de baixo peso molecular por meio de tratamentos sequenciais e fermentagéo
[24]. Neste estudo, os surfactantes demonstraram aumentar a hidrdlise enzimatica,
enquanto a suplementacdo de L-cisteina melhorou a fermentacdo com Clostridium
saccharoperbutylacetonicum. O processo 6timo, envolvendo despectinacao,
deslignificacdo e adicdo de surfactante, alcancou as maiores concentracdes de biobutanol
(20,4 g L) e acetona-butanol-etanol (54,4 g L) usando células imobilizadas e L-cisteina,
0 que aumentou a viabilidade celular e a atividade enzimética. Anteriormente, uma
abordagem de biorrefinaria foi aplicada para extracdo de pectina, xilooligossacarideos
(XOS) e producdo de bioetanol usando casca de cacau como substrato por meio de pré-
tratamento hidrotérmico assistido por acido citrico [25]. Em condicdes ideais de 120 ° C,
10 minutos e 2% de acido citrico, foi alcancado um rendimento de aproximadamente
19,5% de pectina. A fracdo liquida continha 50,4 mg/g de XOs e 69,7 mg/g de acucares
fermentesciveis. A hidrdlise enzimética da fracdo sélida resultou em 60% de conversao
de glucano. Além disso, hidrolisados hidrotérmicos e enzimaticos de casca de cacau
foram utilizados para a producéo de bioetanol por Candida tropicalis e Saccharomyces
cerevisiae, produzindo 30,9 g kg e 45,2 g kg de bioetanol, respectivamente. Este
método de preé-tratamento rapido e ecologicamente correto oferece um processo
promissor para extracdo de pectina, XOS e producdo de bioetanol de segunda geragéo,

com potencial significativo para aplicacdo nos setores de alimentos e bioenergia. Esses
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estudos demonstram abordagens eficientes e econdmicas para converter a casca do cacau

em bioprodutos valiosos.

2.2 Polpa de cacau

A polpa do cacau é uma camada branca, fibrosa, mucilaginosa, Umida, doce e
adstringente que envolve as sementes da fruta. Em seu estado natural, consiste
principalmente em agua (80%), 10-15% de acUcares (glicose, sacarose e frutose), pectina,
proteinas, acido citrico e sais inorganicos. Seu pH varia de 3,3 a 4,0 devido a presenca de
acido citrico [26]. Com maior teor de fibra soltvel (16,06-16,11 g/100 g de peso seco),
essa mucilagem de cacau apresenta potencial como produto de interesse no mercado de
alimentos devido aos seus beneficios a saude [1].

A polpa do cacau € um componente chave da fruta usada para obter produtos como
mel de cacau e grdos de cacau, que sdo vendidos em todo o mundo, resultantes da
fermentacdo através da hidrdlise da mucilagem [27]. Essa polpa, que representa 10% do
peso total do cacau, também é utilizada em diversas aplicacdes alimenticias, incluindo a
producdo de subprodutos como bebidas, sucos, alcool, geleias, chocolate, doces,
preparados de frutas e extragdo de mel de cacau (Fig. 2), contribuindo de forma
sustentavel para a cadeia produtiva do cacau [28, 29].
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Tabela 1. Compostos bioativos encontrados em subprodutos da cadeia produtiva do cacau (Theobroma cacao L.).

Compostos bioativos Casca do fruto Polpa de cacau Mel de cacau Casca do gréo de cacau
Acido clorogénico - - - 0,001824 (g/100g) [9]
Acido galico - - - 2,02x10 (mg/100 g) [32]
Acido cafeico - - - 1,57x10*(mg/100g) [32]
Cafeina - - - 0,04 - 0,42 (g/1009) [8]
Teobromina - 0,00065 (%) [26] - 16,43 (mg g?) [33]
Catequina 27,66-31.29 (mg g?) [20] - - 0,18-4,50 (mg g%) [1]
Epicatequina 89,97 (mg g}) [20] - - 108,4 (ug g*) [34]
Resveratrol - - - 12,1 (ng g™) [34]
Compostos fendélicos? 9,29 (mg EAG g?) [20] - 424,3 mg GAE ¢ [31] 95,00 (mg GAE/100g9) [32]
Flavondides® 49,93 (CE g 1) [30] - : 1,65-40,72 (mg CE g?) [1]

3Compostos fendlicos expressos por compostos fendlicos totais; °Flavondides expressos pelo ensaio de flavondides totais.
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Figura 2. AplicacBes de subprodutos do cacau em diferentes setores, incluindo alimentos, cosméticos,
racdo animal e biotecnologia.

Tal como acontece com os graos de cacau, a composicao da polpa do cacau pode
ser influenciada por sua origem botéanica. Recentemente, um estudo relatou que a polpa
do cacau contém 76% de agUcar, principalmente na forma de aglcares redutores (glicose,
frutose), com niveis variando de 695,94 a 857,03 g kg™ em base seca, dependendo do
gendtipo, o que representa aproximadamente 12% do acgUcar total em base Umida [12].
Além disso, este subproduto oferece valor nutricional significativo devido a sua variedade
e altas concentragdes de vitaminas (B, C, D e E) e minerais (Ca, Fe, K, Mg e Zn) [35]. A
polpa do cacau desempenha um papel importante na fermentacdo do cacau devido a sua
alta concentracdo de acucar, servindo como substrato para rea¢cbes microbianas [36, 37].
A gquantidade presente nas sementes de cacau esta associada a variagdes na composi¢do
quimica e na qualidade organoléptica do cacau.

Devido a sua composicdo nutricional favoravel (por exemplo, vitaminas,
minerais, carboidratos e fibras) e compostos bioativos (por exemplo, compostos
fenolicos), combinados com seu sabor agradavel, a polpa de cacau tem sido reconhecida
como um substrato benefico para probioticos e o desenvolvimento de bebidas funcionais.
Um estudo usando suco de polpa de cacau para produzir uma bebida probiética inoculada

com Lactobacillus casei resultou em uma matriz microbiana viavel que preservou
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compostos fenolicos e atividades antioxidantes, oferecendo potenciais beneficios a saude
[38]. Além disso, a mucilagem da polpa do cacau foi incorporada como um novo
ingrediente na producéo fermentativa do kombuchg, com a bebida feita a partir da polpa
da variedade de cacau Nacional (40 g L de aglcar) sendo a combinagdo ideal para
parametros sensoriais como sabor, textura e docura [39].

Expandindo a aplicagcdo da polpa de cacau em bebidas alcodlicas, ela era usada
anteriormente como coadjuvante na producéo de cerveja em diferentes concentragdes
[35]. Os resultados mostraram que a polpa do cacau pode ser utilizada como um
ingrediente interessante para aumentar a concentracdo de solidos sollveis no mosto,
contribuindo para a fermentacéo e conferindo caracteristicas organolépticas distintas. A
concentracdo de acglcares redutores melhorou a composi¢cdo nutricional do mosto e
influenciou a formacdo de subprodutos que afetaram o sabor, aroma e caracteristicas
sensoriais da cerveja [35]. Além de seu uso em alimentos, a polpa do cacau tem sido
analisada quanto ao seu potencial energético para produzir bioetanol como aditivo a
gasolina, por meio da fermentacdo do cacau com levedura Saccharomyces cerevisiae
[40].

A pasteurizacdo e o tratamento com temperatura ultra-alta (UHT) sdo tecnologias
de preservacao eficazes, pois inativam microrganismos e enzimas, causando alteracoes
minimas nas caracteristicas sensoriais, prolongando assim a vida Util da polpa do cacau
[41]. Portanto, as potenciais aplicacGes alimentares da polpa de cacau destacam a
versatilidade deste produto para o desenvolvimento de novos alimentos funcionais, dados
seus atributos nutricionais e sensoriais. A incorporagdo dessa mucilagem ao mercado nédo
apenas impulsiona a economia do pais, mas também fornece aos produtores de cacau uma

fonte de renda adicional e alternativa.

2.3 Mel de cacau

A prensagem da polpa natural do cacau produz um subproduto conhecido como
mel de cacau, um liquido mucilaginoso amarelo opaco rico em pectina e minerais com
propriedades antioxidantes. Este subproduto é significativo para a economia devido ao
seu consideravel potencial comercial na industria alimenticia. Devido ao seu sabor
adocicado, é chamado de "mel de cacau”, pois se assemelha as caracteristicas sensoriais
do mel de abelha [6,7].
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O mel de cacau € comercializado principalmente como suco congelado na
América Central e do Sul. No entanto, a vida Gtil do mel de cacau fresco é notavelmente
curta devido ao seu alto teor de acucar e umidade, o que o torna altamente propenso a
fermentacdo. Essa suscetibilidade torna sua comercializacdo, tanto no mercado interno
quanto para exportacdo, particularmente desafiadora [23]. Nesse contexto, ha a
necessidade de desenvolver tecnologias e processos eficazes para prolongar a vida Gtil e
garantir a estabilidade microbioldgica e sensorial do mel de cacau, conforme relatado por
diversos estudos nos altimos anos.

Os estudos primarios sobre a composicdo quimica e o potencial bioativo do mel
de cacau sdo baseados em pesquisas preliminares. Os compostos fenolicos totais no mel
de cacau foram quantificados em 424,3 mg GAE g* usando o método espectrofotométrico
de Folin-Ciocalteu [23] (Tabela 1). Em contraste, concentracdes mais baixas foram
observadas no licor de cacau [42]. E importante ressaltar que os agucares redutores
presentes no mel de cacau podem interferir nesse método analitico, podendo levar a uma
superestimacao do teor fendlico.

Considerando as informacfes limitadas disponiveis sobre a caracterizacdo
quimica do mel de cacau, estudos recentes tém fornecido analises mais abrangentes.
Assim, as propriedades fisico-quimicas e o contedo mineral do mel de cacau de
diferentes variedades de cacau (CCN51, PS1319, SJ02 e Parazinho) foram descritos pela
primeira vez [13]. Os resultados mostraram que esse subproduto do cacau € acido (pH
3,56-3,69), com baixo teor de proteina (<0,51%), alto teor de umidade (>69,0%) e niveis
elevados de sélidos soluveis (11,97-17,32 °Brix), acUcares totais (11,62-16,03 g/100 g)
e valor energético (113,58-120,53 kcal/100 mL). Em termos de perfil mineral, foram
identificados altos teores de zinco (3,01-18,8 mg kg*) e magnésio (132-198 mg kg™?),
juntamente com baixas concentragbes de sodio (44,56-94,57 mg kgl). Essas
caracteristicas destacam o mel de cacau como um substrato promissor para o
desenvolvimento de alimentos e bebidas inovadores, incluindo bebidas com alto teor
caldrico, adogantes alternativos e substratos de fermentacgdo [13] (Tabela 2).

Além disso, o estudo avaliou a ingestdo diaria recomendada (IDR), revelando que
0 consumo de 200 mL de mel de cacau fornece contribui¢des substanciais de zinco das
variedades CCN51 e PS1319 (54,28% e 27,14%, respectivamente) [13].



Tabela 2. Perfil mineral de diferentes subprodutos do cacao (Theobroma cacao L.).
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Elementos Casca do fruto (mg kg?) Polpa de cacau (mg kg?) Mel de cacau (mg kg?) Casca do gréo de cacau (%)

Al - 1,74 [35] 0,15 (%) [43] -

Ba - - 0,38 (%) [43] -

Ca 0,30 [16] 54,00 [26] 38,61-56,59 [13] 0,23-0,44 [8]
Co - - <0,57 [13] 2,35-6,62 [8]

Cr - 0,97 [35] <0,63 [13] 0,67 —4,86 [8]
Cu - 0,42 [35] 0,07 (%) [43] 29,2 (mg kg) [32]
Fe - 3,39 [35] 1,08- 3,46 [13] 132,0 (mg kg) [32]
K 3,18 [16] 1700.00 [26] 512,79-1046.60 [13] 1,96 [32]
Mn 50,10 (mg kg™) [16] 0,38 [35] 0,30 (%) [43] 36,2 (mg kg™) [32]
Mg 0,22 [16] 237,23 [35] 132,08-198,16 [13] 0,48-1,29 [8]
Na 3,10 [16] 98,97 [35] 44,56-94,57 [13] 16,00 -192,20 [8]
Ni - - 1,45-1,97 [13] -

P 0,19 [16] 365,80 [35] - 0,55 [32]

Sr - - 0,62-0,76 [13] -

Zn 56,26 (mg kg™) [16] 1,90 [26] 3,01-18,76 [13] 2,75-19,00 [8]
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Além disso, o mel de cacau mostrou-se bem aceito nas avaliagdes sensoriais
devido as suas caracteristicas fisico-quimicas favoraveis, como sabor adocicado e aroma
frutado. O tipo e a variedade de mel de cacau (CCN51, PS1319, SJO2 e Parazinho)
demonstraram influenciar o perfil sensorial, conforme avaliado por provadores treinados
e ndo treinados [44]. As variedades SJ02, CCN51 e PS1319 demonstraram os mais altos
niveis de aceitabilidade e intencdo de compra, posicionando-as como promissoras para a
indUstria alimenticia. Essas descobertas sugerem que consumir mel de cacau ou
incorpora-lo em produtos alimenticios pode melhorar o perfil nutricional dos alimentos,
tornando-se uma opc¢do benéfica para individuos que praticam atividades fisicas, bem
como para aqueles com doengas cardiacas e hipertensdo [13].

Embora os estudos sobre a caracteriza¢do quimica do mel de cacau ainda estejam
em seus estagios iniciais, as pesquisas sobre sua aplicacéo no desenvolvimento de bebidas
estdo aumentando. O mel de cacau tem sido investigado para produzir bebidas alcodlicas,
como vinhos de frutas e bebidas funcionais no estilo kombucha [45, 46]. Também tem
sido utilizado na producéo de sucos, geleias e licores, muitas vezes por meio de métodos
artesanais [7]. Além disso, o mel de cacau foi relatado como substrato para fermentacédo
alcoolica por Saccharomyces cerevisiae, resultando em uma nova bebida fermentada [43]
(Fig. 2).

Um estudo recente relatou o desenvolvimento de chocolate usando subprodutos
do cacau [47]. Os autores se concentraram na criacdo de um gel a partir de cascas de
cacau combinadas com polpa de cacau e mel para substituir o agucar no chocolate. Os
resultados demonstraram que este chocolate possuia uma dogura compardvel as
variedades tradicionais, ao mesmo tempo que oferecia maior teor de fibras e menores
niveis de gordura saturada. Essa abordagem inovadora representa um avanco significativo
no processamento de subprodutos do cacau, promovendo a sustentabilidade ambiental e
gerando novas oportunidades na industria do cacau.

Além disso, a remocdo de até 60% da polpa do cacau ndo afeta as propriedades
sensoriais do chocolate, sugerindo que € viavel extrair mel de cacau da polpa, aumentar
o valor desse subproduto e ainda produzir chocolate de alta qualidade [48]. Devido a sua
natureza altamente perecivel, explorar métodos inovadores de preservacdo do mel de
cacau e crucial para tornar esse substrato viavel tanto para consumo direto quanto como
matéria-prima para 0 desenvolvimento de novos produtos [41, 43]. Em termos de

tecnologias de extensdo da vida Util, a secagem por pulveriza¢do apresenta uma opgao
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viavel para estabilizar produtos como o mel de cacau, pois envolve menor exposicao ao
calor em comparagdo com as técnicas convencionais de secagem [31].

Dentre todos os subprodutos do cacau, 0 mel de cacau é considerado um dos mais
desafiadores devido as suas caracteristicas de estabilidade quimica e microbioldgica. No
entanto, é evidente o potencial desse substrato como ingrediente para uso em bebidas
destiladas e fermentadas, como adogante e como insumo alternativo na fabricacéo de
chocolates, entre outras aplicacdes. Portanto, novos estudos focados na preservagéo desse

subproduto sdo essenciais e cruciais para sua utilizacdo efetiva em escala industrial.

2.4 Casca do gréo de cacau

Durante o processamento do chocolate, 0 grdo de cacau passa por estagios de
torrefagcdo e descascamento, resultando em um subproduto conhecido como casca ou
tegumento do grao de cacau [49, 50].

As cascas de graos de cacau (CBS) foram por muito tempo consideradas residuos
e subvalorizadas, no entanto, essa perspectiva mudou [9]. A composi¢do quimica e
nutracéutica da CBS aumentou seu valor, com numerosos estudos demonstrando que a
CBS é uma fonte de carboidratos, compostos bioativos, proteinas e fibras alimentares.
Esses componentes extraidos sdo utilizados como substitutos de ingredientes e em
formulag@es para alimentacdo humana e animal, contribuindo para o desenvolvimento de
novos produtos. Além disso, a CBS é utilizado como fonte de bioenergia [34].

A CBS é responsavel por aproximadamente 1-3% do peso total dos grdos de
cacau, destacando que o processamento extensivo dos gréos resulta na geracdo de
quantidades substanciais de cascas. A composicdo nutricional da CBS sustenta seu valor.
Tem um pH de 4,09, acidez titulavel de 11,4%, teor de solidos soltveis de 0,5 °Brix e
niveis relativamente baixos de cinzas (5,69%), umidade (7,63%) e lipidios (8,42%). Além
disso, a CBS contém quantidades consideraveis de agucares totais (61,80%), fibras totais
(52,2%) e proteinas (16,50%) [32, 51, 52].

Conforme detalhado na Tabela 1, este subproduto contém varios compostos
bioativos, incluindo cafeina (0,04-0,42 g/100g), teobromina (16,43 mg g-1), catequina
(1,31 mg g-1), epicatequina (108,4 png g-1) e resveratrol (12,1 pg g-1). Isso reflete uma
variabilidade significativa na composicdo das cascas dos gréos de cacau. No entanto,

varios fatores podem afetar a concentracéo desses compostos, como variedade de cacau,
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origem geogréfica, genotipo da planta, periodo de colheita e sistema de solvente utilizado
para extracao.

A composicdo das cascas dos grdos de cacau (CBS) é comparavel a dos gréos de
cacau, com diferencas notaveis no teor de lipidios (maior nos grédos) e no teor de fibras
(predominante nas cascas) [8]. Em particular, o perfil quimico e nutricional da CBS,
especialmente seus compostos bioativos e teor de fibras, chamou a atencdo devido aos
seus beneficios associados a saude. 1sso inclui a redugdo dos riscos cardiovasculares,
diminuindo os niveis de colesterol e triacilglicerol, mitigando os efeitos do diabetes,
retardando a absorcdo de glicose e fornecendo propriedades antioxidantes que
neutralizam os radicais livres, reduzem o estresse oxidativo e melhoram a funcdo
cognitiva [32, 53].

A aplicacdo de cascas de grdos de cacau é altamente diversificada. O pé da casca
do gréo de cacau e o extrato derivado desse subproduto sdo incorporados a formulagédo
de varios alimentos funcionais, incluindo produtos de panificacdo, geleias, bebidas e
salsichas (Fig. 2) [54]. Além de ser uma fonte de fibras, carboidratos, proteinas e
compostos bioativos, as cascas dos grdos de cacau sdo notaveis por seu contetdo mineral,
incluindo fésforo, potassio, calcio, manganés, cobre, ferro, magnésio, zinco, cobalto,
sodio e cromo [8, 32], conforme descrito na Tabela 2. A composi¢cdo mineral desse
subproduto agrega valor, pois pode ser utilizado para enriquecimento ou fortificagdo em
formulagGes de alimentos humanos e animais.

Muitos pesquisadores estdo desenvolvendo técnicas para obter produtos
funcionais enriquecidos com compostos encontrados nas cascas dos gréos de cacau. Os
oligossacarideos extraidos das cascas dos grdos de cacau podem ser incorporados aos
chocolates. As formulagdes enriquecidas receberam as maiores classificacGes gerais de
aceitacdo e intencdo de compra do consumidor [55]. O p6 de casca de cacau tem sido
usado como substituto parcial da farinha de trigo em bolo de chocolate. Os autores
demonstraram que a substituicdo de 75% da farinha de trigo por pé de CBS resultou em
boa aceitacdo sensorial e melhorou as propriedades nutricionais do bolo de chocolate [32].

Avaliou-se o efeito da infusdo da casca do cacau no processo de fermentacdo e na
qualidade microbiologica do kombucha. Os resultados mostraram uma diminuicéo
significativa do pH ao longo da fermentagé&o, indicando a acidificacdo da bebida devido
a producdo de acidos organicos. Os autores recomendam o uso de cascas de graos de

cacau na producdo de kombucha para reduzir o desperdicio na industria alimenticia e



66

como um substrato valioso para acelerar a fermentacdo, aumentando a presenca de
bactérias do acido latico em comparag¢do com o cha preto [56].

Foram desenvolvidas formulacBes de biscoitos usando polifendis liofilizados e
spray-dried extraidos de cascas de grdos de cacau, juntamente com particulas de isolado
de proteina de soro de leite. Os resultados indicaram que ambos 0s métodos estabilizaram
0s compostos fendlicos, e os biscoitos exibiram maiores niveis de compostos
antioxidantes e proteinas devido ao enriquecimento com p6 de casca de cacau e proteina
de soro de leite [53].

A lignina é um polimero natural encontrado nas cascas dos grédos de cacau [57].
A pesquisa destacou varias aplicagdes da lignina, agregando valor as industrias
alimenticia, de embalagens, de construcdo, ambiental e farmacéutica [58]. Nesse
contexto, a extracdo assistida por micro-ondas e solventes eutéticos foram usados para
extrair lignina de cascas de graos de cacau, demonstrando um método novo e sustentavel
que permite o desenvolvimento de novos produtos com alto teor de lignina [59].

As cascas de grdos de cacau sdo uma alternativa potencial para o enriquecimento
de racOes [60]. Cascas de gréos de cacau foram incorporadas a racdo de ovelhas para
avaliar a influéncia dessa mudanca na dieta na composi¢do de queijos preparados com
leite de ovelha. Os resultados mostraram um aumento no teor de gordura e na composi¢ao
de &cidos graxos dos derivados de ruminantes, e a intensidade do odor, aroma e sabor dos
queijos exibiu sensacdes de produtos defumados e torrados, demonstrando a influéncia

da dieta animal na qualidade dos produtos de ruminantes [50].

3. Situacgdo atual da inovagdo em subprodutos do cacau

O reaproveitamento de residuos de subprodutos do cacau para o desenvolvimento
de novos produtos de alto valor agregado é reconhecido como uma importante acao
sustentavel. Embora o chocolate, o principal produto do cacau, seja consumido
globalmente, o potencial de reutilizagéo de subprodutos do cacau tem recebido atengdo
limitada. Os principais subprodutos do cacau incluem casca de cacau, polpa de cacau,
casca de gréo de cacau e mel de cacau. Reconhecendo seu potencial de conversdo em
derivados valiosos, iniUmeros avancos tecnoldgicos foram introduzidos nas ultimas
décadas, levando a uma atividade significativa de patentes. Dessa forma, foram realizadas
extensas buscas nas principais bases de dados de patentes, como o Instituto Nacional de

Propriedade Industrial (INPI), Google Patents, Espacenet Patent Search, Patentscope
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(OMPI) e Lens e Derwent Innovation. Os resultados da pesquisa revelaram trinta e trés
documentos registrados nos Gltimos cinco anos protegendo o desenvolvimento e/ou uso
de casca do fruto (12 patentes), polpa de cacau (5), mel de cacau (7), casca de gréo de
cacau (6), uma combinacdo de casca do fruto e casca do grdo (1), casca, polpa e mel de

cacau (1) e polpa e mel de cacau (1) (Tabela 3).



Tabela 3. Patentes que utilizam subprodutos da cadeia produtiva do cacau (Theobroma cacao L.).

Subprodutos Da@a de~ _Pa|s d? Numero da patente Aplicacédo
publicacdo invencdo

2019 india IN201941029712 Uma composic¢éo de chocolate dlspers_o em hidrogel hibrido com baixo teor de
gordura e resistente ao calor.

2022 EUA US20220039446A1 Uso de p6 de casca de vagem de cacau como agente gelificante, espessarjte ou

volumoso, e como substituto de solidos de ovo em um produto comestivel.

2020 Brasil BR1020180758667A2 Substrato para producéo de acido citrico.

2020 EUA US20200253267 Invélucro de cacau para artigos para fumar.

2021 Brasil BR102020007453-9A2 Producdo de carvéo ativado a partir de re5|d.uos de cacau usando vapor de 4gua como

agente ativador.
Pé de casca de vagem de cacau como aditivo potencial em composi¢des alimenticias,
Casca do fruto 2020 EUA US20220256881 farmacauticas e cosméticas.

2020 Brasil BR1020180758675A2 Substrato para producéo de &cido elagico.

2022 Brasil BR102020025630-0A2 Producdo de ingredientes ricos em fibras e aplicacdo em alimentos.

2022 Bélgica BR112022 0186860A2 Composigdes alimentares que compreendem a casca da vagem de cacau.

2023 Brasil BR112023004733-1A2 Composigdo de produtos de confeitaria, agente de volume e produto alimenticio.

2024 Brasil BR1020220223491A2 Aplicacdo de biocomposto a pa}rtlr de casca de cacau e sua aplicacdo no tratamento
de &gua e efluentes aquosos.

2024 China CN117751219 Material de embalagem de papel de cdnhamo para alimentos.

2021 Brasil BR102019025711-3A2 Desenvolvimento de um processo inovador para polpa de cacau em po.

2019 EUA US20200037630 Utilizacdo potencial como ingrediente em géneros alimenticios.

Polpa de cacau

2022 EUA US2022279807A1 Pé produzido com a tecnologia de secador por pulverizacéo.

2024 Brasil BR102023001584-0A2 Processo de conversao de polpa de fruta em cristais de frutas doces.

2024 Brasil BR1020220227284A2 Processo de secagem da camada de espuma de} polpa de cacau para obtencéo do

produto em pé.

2020 Brasil BR102019008742A2 Produco de cerveja artesanal usando mel de cacau como coadjuvante.

2020 Brasil BR1020180160613B1 Novo processo de producao de _agugrdente por meio da preparacgdo, fermentacdo e
destilacdo do mel de cacau.

2020 Brasil BR102019008531A2 Producéo de mel de cacau em pé.

68
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2020 Brasil BR102019008474A2 Processo de producdo de uma bebida obtida a partir do mel de cacau.
Mel de cacau 2021 Brasil WO2021123181A1 Melhor qualidade do grao de cacau por meio da tecnologia de fermentacéo
aprimorada.
2023 Brasil BR102022009094A2 FormulagcGes cosméticas de mel de cacau para uso no cabelo e na pele.
2023 Bélgica BR1120230132401A2 Aplicacdo no processo de fabricacdo de chocolate.
2021 Brasil BR102020003432-4A2 Processo de obtencdo de nanocelulose a partir de cascas de gréos de cacau.
2021 Brasil BR102019006077-8A2 Processo de producéo de um |n|b|dor~ de corrosdo em p6 obtido a partir de cascas de
gréos de cacau.
2022 China CN114469530 Toalha higiénica antibacteriana nano-prata.
Casca do grao de A producéo de casca de cacau em pé compreende a sele¢do e separacdo das cascas de
cacau 2023 Suica EP3701800 (B1) cacau dos nibs, a lavagem das cascas de cacau com um agente quelante e a secagem
das cascas de cacau.
2024 China CN1164785558 Pigmento natural marrom cacau com um vaJor de cor de 20-120 e seu método de
preparacao.
2024 EUA US20240298696A1 Material de cacau reconstituido para geragéo de aerossol.
Casca de cacau, Processo de producédo de esséncias naturais, perfumes e col6nias obtidas a partir do
polpa de cacau e 2020 Brasil BR102019009487A2 produg P P
endocarpo da fruta, polpa ou mel de cacau.
mel de cacau
Polpa de cacau e 2021 Brasil BR102019020655-1A2 Processo de producédo de aguardente a partir de cacau.
mel de cacau
Casca de grao de ) . . x
cacau e casca do 2023 China CN116478556 Método para extrair o pigmento marrom da casca do cacau das cascas do grao de

fruto

cacau.
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De acordo com a (Fig. 3), 57,6% das patentes depositadas para subprodutos de cacau
sdo brasileiras e 18,1% s&o americanas, indicando que o Brasil desempenha um papel
significativo na inovacdo e desenvolvimento desses subprodutos, destacando-se como um dos
principais centros de pesquisa neste campo. Com base na analise do numero total de patentes,
aproximadamente 52% foram depositadas por instituigdes privadas, 33% por instituicoes
publicas e 15% de forma independente. 1sso sugere que a maior parte da inovacao neste setor
vem do setor privado, embora instituicbes publicas e pesquisadores independentes também
facam contribuicdes significativas. Além disso, houve um aumento constante no nimero de
patentes depositadas ao longo dos anos, com um aumento notavel em 2020, sinalizando um

pico de inovacdo a partir desse periodo.
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Figura 3. Distribuicdo global de subprodutos do cacau e tendéncias de patentes.
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A maioria das patentes que abordam cascas de cacau se concentra em aplicagdes
alimenticias, com exemplos notaveis como a patente americana US20220039446A1, publicada
em 2022, que reivindica um método para fabricacao de p6 de casca de vagem de cacau para uso
em produtos alimenticios como bolos, biscoitos e chocolate ao leite. Da mesma forma, a patente
brasileira BR112023004733-1A2, publicada em 2023, descreve o desenvolvimento de uma
composic¢do de confeitaria com reducdo de agucar e/ou vegana usando ingredientes a base de
casca de cacau como agentes de volume. Outro uso inovador desse subproduto é descrito na
patente brasileira BR102020007453-9A2 (2021), que detalha a producdo de carvdo ativado a
partir de residuos de casca de cacau. Esse carvdo ativado é utilizado para adsorver compostos
toxicos em hidrolisados lignocelul6sicos, servindo como meio de cultura em processos
biotecnologicos.

Em relacdo a polpa de cacau, as patentes se concentram exclusivamente em aplicacdes
alimenticias. Por exemplo, a patente US20200037630, registrada pela Nestlé em 2019 em
varios paises, descreve o uso de polpa de cacau seca ou seu extrato na producgdo de chocolate.
O mel de cacau, por outro lado, demonstra potencial tanto na industria alimenticia quanto na de
cosméticos. A patente brasileira BR10202200909-4A2 (2023) prevé o desenvolvimento de
formulacBes cosméticas para cabelos e pele incorporando mel de cacau ou seu extrato. Além
disso, as patentes destacam a producdo de bebidas destiladas e fermentadas, incluindo uma
formulacédo de conhaque (BR102018016061-3B1) e cerveja (BR10201900874-2A2) que usam
mel de cacau como ingrediente principal.

As diversas aplicagbes de produtos recém-desenvolvidos derivados de residuos de
subprodutos do cacau sdo bem ilustradas pela reutilizacdo de cascas de gréos de cacau. Por
exemplo, cascas de cacau tém sido usadas para produzir um pigmento de cacau marrom natural
com intensidade de cor personalizavel, variando de 20 a 120. A patente chinesa CN116478555B
(2024) descreve um método para extrair pigmento de cascas de cacau por meio de uma série de
etapas de extracdo e purificagdo, produzindo um produto estavel, de alta pureza e baixa
impureza, adequado para uso como corante alimentar. Outra invengdo notavel envolve a
reutilizacdo da casca do gréo de cacau para criar um material gerador de aerossois projetado
para a entrega controlada de compostos ativos em produtos como fumar ou dispositivos
"aquecer-ndo-queimar”. A US20240298696A1 de patentes dos EUA (2024) descreve um novo
produto para fumar no qual as fibras da casca do gréo de cacau sdo combinadas com fibras de
construcdo de teias. Quando aquecido, este material produz um aerossol suave e de sabor

neutro, livre da aspereza tipicamente associada aos materiais tradicionais para fumar.
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Da mesma forma, a patente suica EP3701800(B1) (2023) descreve um método que usa
residuos de casca de cacau para criar um aditivo valioso que ajuda a prevenir a proliferacdo de
gordura durante a producdo de chocolate. Quando adicionado em quantidades que variam de
5% a 40% em peso, este aditivo reduz a ocorréncia de fat bloom - uma camada esbranquicada
ou acinzentada que se forma no chocolate devido a migracéo e recristalizagdo da gordura.

Esses exemplos destacam o potencial significativo dos subprodutos da producéo de
cacau para a inovacao tecnoldgica na industria e na academia. As patentes abrangem diversos
campos, contribuindo para o desenvolvimento de novos produtos de mercado e agregando valor

a substratos que muitas vezes sdo subutilizados em aplicagdes industriais.

4. Perspectivas para o reaproveitamento de subprodutos do cacau

Espera-se que a crescente adocao de praticas sustentaveis e o alcance dos Objetivos de
Desenvolvimento Sustentavel das Nag¢bes Unidas (ONU, 2024) impulsionem a reutilizacdo de
subprodutos do cacau para produzir produtos valiosos. Espera-se que o mercado de mel de
cacau cresc¢a, impulsionado por suas aplicacdes potenciais em varios produtos alimenticios,
incluindo bebidas, doces e formulagdes farmacéuticas. Considerando a crescente demanda por
fontes de energia renovaveis, 0s subprodutos do cacau, como as cascas, apresentam alternativas
viaveis para a producdo de biocombustiveis. Além disso, esses subprodutos sao promissores
como matéria-prima para a producao de etanol de segunda geracdo, bem como para a geracao
de biochar e bio-6leo por meio da pir6lise de cascas de cacau. Além disso, o biocarvao derivado
de subprodutos do cacau pode ser utilizado para captura de diéxido de carbono e remediacéao
da agua e do solo, adsorvendo efetivamente metais toxicos e poluentes organicos.

Portanto, dado o volume substancial de subprodutos do cacau gerados e 0s baixos
retornos financeiros frequentemente recebidos pelos pequenos agricultores, os esforcos para
desenvolver usos de valor agregado para esses materiais S0 Oportunos e necessarios.
Transformar esses subprodutos em compostos de alto valor pode aumentar a renda dos
agricultores (ODS 1 — Erradicacdo da Pobreza) e contribuir para a seguranca alimentar por meio
do desenvolvimento de produtos ricos em nutrientes (ODS 2 — Fome Zero). Além disso, essas
iniciativas se alinham com as metas de energia sustentavel (ODS 7 — Energia Limpa e
Acessivel), apoiando a producéo de biocombustiveis e energia renovavel. Tais esfor¢os também
impulsionam o crescimento econémico (ODS 8 — Trabalho Decente e Crescimento
Econbémico), fomentam a inovag&o industrial (ODS 9 — Industria, Inovagéo e Infraestrutura) e

incentivam praticas responsaveis de producéo e consumo (ODS 12 — Consumo e Producéo
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Responsaveis). Ao promover a colaboracgdo entre as partes interessadas (ODS 17 — Parcerias
para os Objetivos), a cadeia de valor do cacau pode ser transformada de forma sustentavel,
abordando os desafios ambientais e socioecondmicos, a0 mesmo tempo em que avanga 0S

conceitos de economia circular e biorrefinaria.
5. Observacdes finais

O setor de producéo de cacau gera uma ampla gama de subprodutos com composi¢coes
quimicas distintas, que podem ser aplicados nas industrias alimenticia, farmacéutica e
cosmetica. Esses subprodutos contribuem para a economia circular, transformando residuos em
produtos de valor agregado, apoiando assim as metas globais de sustentabilidade. Além disso,
0s subprodutos do cacau tém sido utilizados no desenvolvimento de produtos e processos
inovadores, devido a variedade de compostos bioativos e nutrientes que potencializam suas
funcionalidades. Nesse contexto, a exploracdo desses subprodutos promove novas pesquisas

sobre suas propriedades e aplica¢des, impulsionando avancgos tecnoldgicos e cientificos.
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ABSTRACT

The present study aims to evaluate the physicochemical composition and mineral profile of
cocoa honey from different cocoa varieties (CCN51, PS1319, SJ02, and Parazinho) found in
Brazilian territory. The results indicated that the validation parameters of the minerals analyzed
(Al, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Sr, Zn, Ca, K, Mg, and Na) by microwave plasma atomic
emission spectrometry (MIP OES) were considered acceptable. Furthermore, cocoa honey was
characterized as an acidic product, with low protein content and high amounts of soluble solids,
sugars, and energy value. The presence of magnesium (132.08-198.16 mg Kg*), high amounts
of zinc (3.01-18.76 mg Kg?), and low amounts of sodium (44.56-94.57 mg Kg™) provide
significant reasons to encourage increased consumption of cocoa honey as a nutritious source.
According to multivariate analysis, there was a greater predominance of minerals in CCN51,
PS1319, and SJO2 varieties. PS1319 was characterized by the presence of Al, Fe, and Ni, while
other parameters (Zn, Sr, N, K, Mg, and Ca) discriminated CCN51 and SJO2 varieties. Thus,
the obtained data enabled the delineation of a physicochemical and nutritional profile of cocoa
honey based on cocoa variety. This characterization is crucial for enhancing cocoa honey and
its potential future technological applications and incorporation into new products.

Keywords: Cocoa pulp - Method validation - Micronutrients - Macronutrients - Food
composition

1. Introduction

Cocoa (Theobroma cacao L.) is a fruit native to Central America, typical of tropical
regions, cultivated in several countries (Cinar et al. 2021). The three most popular types of
cocoa are Criollo, Forastero, and Trinitario, together representing 95% of global cocoa
production (Serra and Sodré 2021). In Brazil, the largest producers are the states of Para and
Bahia, with productions of 150 and 120 thousand tons, respectively (IBGE 2023). However,
following the infestation caused by the fungus Moniliophthora perniciosa, which causes
witches' broom, in 1989, several disease-resistant genotypes were developed to restore cocoa
productivity (Hernandez and Granados 2021; Moretti et al. 2023).

The cocoa tree produces a fruit primarily composed of the shell, the beans, and the pulp,
representing approximately 70%, 20%, and 10% of the entire fruit, respectively. Currently, the
beans are commercially important, mainly to produce chocolates, while cocoa shells, pulp, and
honey are considered by-products (Indiarto et al. 2021; Guirlanda et al. 2021). Thus, to create
new sources of income for producers, concepts are being developed for the comprehensive
valorization of this fruit, such as the utilization of cocoa honey (Haase et al. 2023).

Cocoa honey, derived from cocoa pulp after pressing the beans, is a translucent liquid
with chemical and sensory characteristics akin to those of the original pulp. It earns its name
from its extraction from the cocoa fruit and its sweet flavor resembling that of bee honey,

despite not being a beekeeping product. Furthermore, it is abundant in reducing sugars and can
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be deemed a natural source of bioactive compounds with antioxidant properties, owing to its
outstanding nutritional attributes (Guirlanda et al. 2021; Santos et al. 2014).

However, what still hampers the development of cocoa honey-based products is the
limited scientific data available on this byproduct in the international literature (Guirlanda et al.
2021). Cocoa honey-based products are being developed either artisanally or by cooperatives.
Some of these include the production of mixed agai jelly and cocoa honey (Neto et al. 2013),
diet jelly (Santos et al. 2014), fruit wine using cocoa honey (Koelher et al. 2022), and kombucha
(Yuliana et al. 2023).

Additionally, it is essential to elucidate its chemical composition, especially the mineral
content, as such properties are sensitive to the cultivation environment and soil type.
Furthermore, the mineral composition of foods plays a crucial role in human health, and
ensuring the correct intake of various macronutrients and micronutrients is fundamental for a
healthy diet (Mir-Marqués et al. 2015). Aluminum, barium, copper, iron, manganese, selenium,
sodium, and zinc are among the minerals already detected in cocoa honey (Leite et al. 2019).

Within this context, it is worth highlighting that essential minerals are those necessary in
the human diet to maintain normal physiological functions, such as in biochemical processes,
growth, development, and maintenance of the organism's balance, and are also involved in the
synthesis of nutrients. As minerals cannot be synthesized by the human body itself, they must
be ingested through food. Minerals can be divided into macroelements, which are needed in
large quantities (e.g., Ca, Mg, K, Na), and trace elements (e.g., Fe, Cu, Zn, Mn), which are
needed in smaller quantities (Nile and Park 2014; Lu et al. 2024).

Among the various instrumental techniques used for mineral determination, self-
sustained microwave plasma atomic emission spectrometry (MIP OES) using nitrogen gas
presents itself as a good alternative, proving suitable for routine analytical applications in food
analysis with several advantages (Balaram 2020). These advantages include multi-element
capability, relatively low cost and maintenance, high analysis speed, and good detection power,
capable of performing rapid analysis of multiple elements in a single sample aspiration
(Balaram 2020; Martinez et al. 2023). Thus, MIP OES has become an economical analytical
technique compared to inductively coupled plasma optical emission spectrometry (ICP OES)
or inductively coupled plasma mass spectrometry (ICP-MS), offering enhanced possibilities
and detection power compared to atomic absorption spectroscopy (AAS).

Therefore, the main objective of this study was to evaluate the physicochemical

composition and mineral profile of cocoa honey from different varieties of cocoa (Theobroma
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cacao L.) found in Brazilian territory. To our knowledge, this is the first study to characterize
cocoa honey from different cocoa varieties.

2. Material and methods
2.1 Standards and reagents

Sodium hydroxide (PA grade, NEON), hydrochloric acid (PA grade, Dindmica Quimica
Contemporanea LTDA), copper sulfate pentahydrate (PA grade, Synth), sodium and potassium
tartrate tetrahydrate (PA grade, NEON), methylene blue (NEON), chloroform (PA grade,
Synth), metanol (PA grade, Synth), anhydrous sodium sulfate (Exodo Cientifica), and sucrose
(PA grade, Synth) were used. Brilliant Green Bile broth, Tetrationate broth, Rappaport-
Vassiliadis broth, Xylose Lysine Decarboxylase Agar, and Potato Dextrose Agar were obtained
from KASVI. All solutions were prepared using distilled water obtained from a reverse osmosis
device (LT 800/20, Limatec).

The following reagents were used for sample decomposition: nitric acid (65% wi/w,
Dindmica Quimica Contemporanea LTDA) and hydrogen peroxide (35% w/w, Exodo
Cientifica). The standards utilized for micronutrients and macronutrients were Al, Ba, Cd, Co,
Cr, Cu, Fe, Mn, Ni, Sr, Zn, Ca, K, Mg, and Na (SpecSol Brazil). All solutions were prepared
using ultrapure water obtained from a Milli-Q® 1Q 7000 system (18 MQ cm, Millipore,
Bedford, MA, USA).

2.2 Obtaining cocoa honey

Cocoa honey was obtained from ripe fruits of the varieties CCN51, PS1319, SJ02, and
Parazinho harvested in the city of Presidente Tancredo Neves (Bahia, Brazil; latitude: 13° 27
14" South; Longitude: 39° 25' 15 " Oeste), in the month of May 2021. The varieties CCN51,
SJ02, and PS1319 are the result of genetic improvement in Trinitario cocoa and exhibit
increased resistance to witches' broom. Conversely, there are conventional varieties, such as
Parazinho, a Forastero type, which have not undergone genetic improvement and are widely
cultivated in Brazil (Serra and Sodré 2021).

Cocoa honey is a by-product of cocoa obtained by collecting cocoa pulp after cold-
pressing raw cocoa beans prior to fermentation. Initially, a pre-selection was conducted,
discarding green, damaged fruits, and those in an advanced senescence phase. The beans were
then placed in a cold manual stainless steel press to obtain cocoa honey. Finally, the cocoa
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honey was stored in polyethylene bottles and kept at -18°C (x 0.5°C) until the analysis
commenced. For each variety, three batches of cocoa honey were obtained.

2.3 Cocoa honey yield analysis

The yield of the process to obtain cocoa honey from each variety was calculated from

Equation 1, according to Magro et al. (2016):

Yield% == x 100 [1]

Where: mi = Mass of fresh cocoa beans (Kg); mf = cocoa honey (Kg).
2.4 Physicochemical characterization

The pH of the cocoa honey samples was measured using a digital pH meter (Q-400A
Quimis). Titratable acidity was determined using the potentiometric method with 0.1M sodium
hydroxide solution, and the result was expressed as a percentage of citric acid (IAL, 2008). The
protein content was evaluated by the Kjeldahl method, while the ash was determined by the
gravimetric method (AOAC 2005). The total soluble solids content (TSS) and moisture were
determined by refractometry and lipid extraction using the Bligh & Dyer method (IAL 2008).
Carbohydrates were calculated by difference. The energy value (kcal) and energy (kJ) were
calculated based on the parameters established by the National Health Surveillance Agency
(ANVISA) (Brazil 2005b). All analyses were conducted in triplicate.

2.4.1 Colorimetric analysis

The brightness values (L*; 100 = white and 0 = black), red (a*; + red and - green),
yellow (b*; + yellow and - blue), chroma (C*; saturation or intensity of color), and the hue
angle (h°; color tone) of the cocoa honey varieties were measured in the Transmittance option
using a Chroma Meter CR-5 Colorimeter (Konica Minolta Business Technologies Inc., Tokyo,

Japan).
2.4.2 Sugar analysis
Reducing sugars, non-reducing sugars and total sugars were determined using the

modified Lane and Eynon method (IAL 2008). For the analysis of reducing sugars, 20 g of

cocoa honey were weighed, and for non-reducing sugars, 10 g were weighed. Total sugars
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comprise the sum of reducing sugars and non-reducing sugars. Analyses were performed in

triplicate.

2.5 Microbiological assays

After the cocoa honey pressing stage, microbiological analyses were conducted to
determine coliform counts at 35°C, the presence of Salmonella spp., molds, and yeasts using
the methodology described by Silva et al. (2021). To determine total coliforms, 1 mL of each
selected dilution was inoculated into tubes containing Brilliant Green Bile Broth (BGB) and
then incubated at 35°C for 24 hours. The presence or absence of total coliforms was determined
by observing gas formation inside the Durham tubes.

Analysis of Salmonella spp. was initially carried out by performing the pre-enrichment
step where the sample was incubated for 24 h at 37 °C. After this period, selective enrichment
was carried out, for which 1 mL of the pre-enriched sample was removed and placed in 10 mL
of Tetrationate broth (TT), incubated at 35 °C/24 h, and 0.1 mL of the sample was placed in 10
mL of Rappaport-Vassiliadis (RV) broth and incubated at 42 °C/24h. Then, plating was
performed on Xylose Lysine Decarboxylase (XLD) agar. The plates were incubated at 35 °C
for 24 hours and after this period, the presence of colonies was checked.

To evaluate molds and yeasts, after serial dilution, 0.1 mL of each dilution was plated
onto Potato Dextrose Agar (PDA) plates, which were then incubated at 25°C for 5 days.
Colonies were subsequently counted, and the results were expressed as CFU/mL. All analyses

were conducted in triplicate.

2.6 Determination of minerals

2.6.1 Sample Digestion

For digestion, 0.5 g of cocoa honey samples and 2 mL of 65% nitric acid were added to
a glass digestion tube. Digestion took place at 120°C for a period of 4 hours in a DK 20 digester
block (Heating Digester, VELP Scientifica). Following digestion, 1.5 mL of hydrogen peroxide
was added to the resulting solution, which was transferred to a polyethylene tube and diluted
with ultrapure water up to 10 mL (Nunes et al. 2020). Blanks were prepared in the same manner,

and all samples were analyzed in triplicate.

2.6.2 Microwave Plasma Atomic Emission Spectroscopy (MIP OES)
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Analytical determinations were performed using a model 4210 microwave-induced
plasma optical emission spectrometer (MIP OES) coupled with a model SPS 4 autosampler
(Agilent Technologies, Santa Clara, USA). Sample entry was through an inert One Neb
nebulizer with a double-pass glass cyclonic spray chamber system and a standard torch with
axial viewing position. A model 4107 nitrogen generator (Agilent Technologies, Santa Clara,
USA) was utilized, drawing air from the environment via a Rotor Plus air compressor
(Metalplan Airpower, Brazil). The chosen wavelengths (nm) for each analyzed element were
as follows: Al (396.152), Ba (455.403), Cd (228.802), Co (345.351), Cr (425.433), Cu
(324.754), Fe (373.486), Mn (257.610), Ni (352.454), Sr (407.771), Zn (213.857), Ca
(396.847), K (766.491), Mg (280.271), and Na (589.592). The nebulizer gas flow was set to
0.60 L min for micronutrients and for macronutrients it was adjusted to 0.60 L min™ for Ca,
0.75 L min! for K, 0.90 L min™ for Mg, and 0.95 L min™* for Na.

For the quantification of macro and microelements, analytical calibration solutions were
prepared at the following concentrations: 0.1-10 mg L™ (Al, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni,
Sr, and Zn) and 2.5-20 mg L (Ca, K, Mg, and Na).

2.6.3 Method validation

The method was validated based on the following performance parameters: linearity,
accuracy, precision, and limits of detection (LOD) and quantification (LOQ), in accordance
with RDC 166/2017 of the National Health Surveillance Agency (ANVISA) (Brazil 2017).

2.6.3.1 Linearity, precision, and recuperation

Linearity was assessed using a calibration curve for the compounds at ten concentrations
ranging from 0.00 to 10.00 mg L for micronutrients and from 0.00 to 20.00 mg L* for
macronutrients. The accuracy of the method was evaluated through addition and recovery
(fortification) tests conducted on a sample of cocoa honey, with concentrations ranging from
0.5to 7.5 mg L for micronutrients and 2.5 to 15.0 mg L™ for macronutrients. Method accuracy

was expressed in terms of the relative standard deviation (%RSD).
2.6.3.2 Limit of detection (LOD) and limit of quantification (LOQ)
The LOD and LOQ values of each analyte were calculated considering the equivalent

concentration (BEC) and the signal-to-noise ratio, as recommended by the International Union
of Pure and Applied Chemistry (1978). Equations 2 to 5 used to calculate these limits were:
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Istandard—Iblank

Calculation of signal-to-noise ratio (SBR): SBR = — [2]
Calculation of equivalent concentration (BEC): BEC = CS“:;% [3]
Calculation of LOD: LOD = 2 RSDTO‘";”(X SR [4]
Calculation of LOQ: LOQ = 10XRSDf;nkXBEC [5]

Where:

Istandard 1S the emission intensity for the reference analyte;
Iniank IS the emission intensity of the analytical blank solutions (containing all the reagents used

in the decomposition, except the sample);
Cstandard 1S the concentration of the reference analyte in the solution;

RSD is the relative standard deviation of the emission intensity measurements of the analytical
blank solutions (Mermet and Poussel 1995).

2.7 Statistical analysis

The results were expressed as mean + standard deviation and statistical analysis was
performed using the statistical software XLStat version 7.8. Analysis of variance (ANOVA)
followed by the Tukey test was performed to determine statistically significant differences
between means (p<0.05).

A data set containing the mineral profile was subjected to principal component analysis
(PCA) with pre-treatment using sum normalization and automatic scaling (Brereton 2003),
through the MetaboAnalyst 6.0 and XLStat version 7.8 software. For the PCA analysis, data
from elements that obtained values greater than the LOQ of the method were used.

3. Results and discussion

3.1Yield, physical-chemical and microbiological analyses
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The cocoa honey yield obtained from each variety can be observed in Table 1. The
CCN51, SJ02, and PS1319 cultivars exhibited the highest yields (20.44, 18.04, and 17.97%,
respectively) compared to Parazinho (16.40%). Varieties CCN51, SJ02, and PS1319 may have
exhibited higher cocoa honey yields because they are genetically improved varieties with a
larger amount of cocoa and pulp almonds, consequently resulting in greater productivity. In
contrast, the Parazinho variety lacks genetic improvement, characterized by small fruit with
minimal pulp (Lopes et al. 2011; Mandarino and Gomes 2009; Senar 2018). Macédo et al.
(2021) similarly demonstrated that CCN51 and SJ02 varieties have higher productivity
compared to the PS1319 variety.

Regarding the pH parameter, in the studied varieties, the values ranged from 3.56 to
3.69 (p < 0.05), and the acidity varied from 0.68% to 0.99% (p < 0.05). These results are like
those found by Haase et al. (2023) and Neto et al. (2016) when studying unspecified varieties

of cocoa honey.

Table 1 Yield, physicochemical and microbiological analyses of cocoa honey from different

cocoa varieties (Theobroma cacao L.).

Parameters CCN51 PS1319 SJ02 Parazinho
Physicochemical
Yield (%) 20.44+0.132 17.97+0.32° 18.04+0.29° 16.40+0.13°
pH 3.59+0.022 3.59+0.022 3.69+0.03° 3.56+0.072
Acidity (% citric acid) 0.99+0.06° 0.68+0.01 0.7720.02¢ 0.92+0.01
Total soluble solids (°Brix) 17.32+0.252 11.97+0.06" 16.40+0.35° 16.16+0.03°
Ash (%) 0.42+0.00% 0.39+0.05% 0.49+0.08? 0.26+0.02°
Moisture (%) 69.44+0.432 71.21+0.862 70.83+1.472 69.94+0.25%
Proteins (%) 0.51+0.05°2 0.31+0.00° 0.3740.04¢ 0.34+0.03"
Lipids (%) ND ND ND ND
Energy value (kcal/100mL) 120.53+1.732 113.58+3.462 114.70+5.592 119.16+1.072
Energy (kJ/100mL) 506.23+7.262 477.03+14.552 481.77+23.482 500.48+4.48?
Reducing sugars (g/100g) 7.55+0.002 4.82+0.02° 4.59+0.00¢ 8.52+0.05¢
Non-reducing sugars (g/100g) 8.48+0.112 6.79+0.27° 9.64+0.13¢ 4.90+0.11¢
Total sugars (g/100g) 16.03+0.10? 11.62+0.26" 14.23+0.13¢ 13.43+0.13¢
Microbiological
Coliforms at 35°C (NMP) Absence Absence Absence Absence
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Salmonella ssp. (25¢) Absence Absence Absence Absence

Molds and yeasts (CFU/mL) 3x102+1.002 7x10%+1.00° 6x10%+1.00° 3x10%+0.00°

Means followed by the same letter on the line does not differ significantly from each other (Tukey test; p <0.05).
ND = not detected

Total soluble solids (TSS), also known as °Brix, showed higher concentrations in the
CCN51, SJ02, and Parazinho varieties (17.32, 16.40, and 16.16 °Brix, respectively). These
values correspond to those reported in the literature, with total soluble solids of 17.0 °Brix
(Nunes et al. 2020). However, PS1319 presented a value of 11.97 °Brix, indicating that it is the
variety with the lowest amount of sugars. TSS can be used as an indirect measure of sugar
content, as its concentration increases with sugar accumulation in the fruit. According to
Chitarra and Chitarra (2005), its measurement does not precisely represent the sugar content,
as other substances such as pectins, proteins, vitamins, and organic acids are also present.
However, sugars are the most significant component, constituting up to 90% of soluble solids.

Moisture among the varieties did not show a significant difference, ranging from 69.44%
to 71.21%. A similar result was reported in the EFSA survey (2019), which found 79.4% and
78.7% in cocoa pulp and juice, respectively. This moisture content is one of the most important
and evaluated parameters in the food industry, as it can directly influence the calculation of the
caloric value and proximate composition of cocoa honey, as well as its levels of minerals such
as calcium, iron, potassium, copper, magnesium, sodium, zinc, and manganese.

Low protein levels were found among the varieties studied (0.31 - 0.51%), which was
expected, given that most fruits and vegetables are not significant sources of this nutrient as
they have a lower amount of essential amino acids. Previous research found values of 0.62%
for proteins in cocoa pulp (Nunes et al. 2020), which is consistent with the data in this work. In
this study, the four cocoa varieties presented ash values that varied between 0.26-0.49%. Leite
etal. (2019) reported an ash content of 0.59% in cocoa honey samples. Ash content is an indirect
measure of the amount of minerals present in a food, and its limit can vary from 0.1% to 15.0%
(Moretto 2008).

In this study, the carbohydrate content averaged 29%, with energetic value ranging from
113.58 to 120.53 kcal/100mL, and energy values from 477.03 to 506.23 kJ/100 mL, with no
statistical differences between the varieties, demonstrating that all varieties can be used as
energy drinks. Lower results were reported by EFSA (2019) for carbohydrates (19.5%),
energetic value (83 kcal/100mL), and energy (348 kJ/100mL) in cocoa juice. Carbohydrates

exist in different forms such as monosaccharides, oligosaccharides, and polysaccharides.
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Sucrose, glucose, and fructose are the main sugars present in fruits, and their relative
proportions vary between types. Carbohydrates play an essential role in the production of food
and beverages, affecting the balance of flavors, color formation, volume, texture, fermentation,
and serving as a source of energy for the human body (Prasad et al. 2018).

The high consumption of cocoa honey is not advisable for individuals with these
conditions, but it can be recommended as an excellent source of energy for those who engage
in physical activity. Regarding lipids, the matrix did not present a detectable lipid content using
the methodology employed, so it was not considered when calculating the caloric value.

The four varieties of cocoa honey exhibited significant results (p<0.05) in the analysis
of reducing, non-reducing, and total sugars. High levels of reducing sugars were found in the
Parazinho and CCNb51 varieties (8.52 and 7.55 g/100g, respectively), while the SJ02 and
CCN51 varieties showed the highest concentrations of non-reducing sugars (9.64 and 8.48
0/100g, respectively) and total sugars (14.23 and 16.03 g/100g, respectively). This characteristic
of cocoa honey favors its utilization in the food industry by partially replacing the addition of
commercial sugar. In cocoa pulp, Nunes et al. (2020) reported similar results, with 10.41
(9/1009) of reducing sugars and 18.00 (g/100g) of total sugars.

Regarding microbiological parameters, no Salmonella spp. was detected in 25¢g of
samples, and all varieties of cocoa honey showed negative results for coliforms at 35°C.
Furthermore, the concentration of molds and yeasts in the culture medium ranged from 3x10?
CFU/mL to 7x10? CFU/mL, in accordance with ANVISA IN No. 161 (Brazil 2022). The pH
and acidity values found are directly related to microbial growth, as these intrinsic
characteristics limit the development of certain microorganisms, making the environment

conducive to lactic and acetic bacteria, molds, and yeasts (Guirlanda et al. 2021).

3.2 Colorimetric Analysis

For the colorimetric analysis of cocoa honey, the parameters obtained are presented in
Table 2.

Table 2 Colorimetric analysis of cocoa honey from different cocoa varieties (Theobroma cacao
L.).

Varieties L* ax b* C* he

CCN51 99.579+0.55°  -0.426+0.18" 8.010+0.58° 8.024+0.58°  93.108+1.42%
PS1319 04.879+0.22°  0.690+0.15%  11.206+1.09®  11.229+1.07®® 86.403+1.06°
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SJ02 03.103+1.02>  0.870+0.07°  12.912+40.67%°  12.943+0.67° 86.146+0.16"
Parazinho 08.064+1.10°  -0.069+0.15°  9.110+1.18°  9.112+1.18"  90.504:+0.95%

Means followed by the same letter in the column do not differ from each other (Tukey test; p <0.05).

According to the results obtained, it was noted that all varieties of cocoa honey are clear
due to the L* values being close to 100. However, the CCN51 and Parazinho varieties presented
similar color profiles, characterized by a color tending to green with negative a* values, while
the varieties PS1319 and SJ02 showed a color tending towards yellow with higher b* values.
A similar result was found by Haase et al. (2023), who, when analyzing pasteurized and UHT-
treated cocoa pulp, without specifying the variety, observed more yellowish samples. The visual
appearance of foods, determined by a range of colors, is a significant sensory attribute.
Consumer visual perception plays a fundamental role in food selection, with appearance and
color serving as quality indicators perceived by consumers (Lawless and Heymann 2010).

The chroma (C*) results indicated more intense color values for the PS1319 and SJ02
varieties. The combined analysis of h° values with a* and b* suggests that samples PS1319 and
SJ02 tend to exhibit a subtly brownish color, while the CCN51 and Parazinho varieties tend to
display a slightly greenish hue. Therefore, it can be concluded that each variety has a
characteristic color profile, making the analysis of these parameters useful in controlling the

quality of the raw material.

3.3 Validation of the method for determination of minerals

3.3.1 Linearity, precision, recovery, limit of detection (LOD) and limit of quantification (LOQ)

The results of the limits of quantification (LOQ) and detection (LOD), precision,
analytical curve equation and correlation coefficient for each element are shown in Table 3.

In this study, all analyzed elements exhibited linearity proportional to the curve, with a
correlation coefficient greater than 0.9900. Precision was assessed by repeatability in a set of
10 samples, and the relative standard deviation (RSD%) was analyzed. The method was
considered to have good precision, as the deviation did not exceed 10% for the elements
analyzed, remaining below 20%, the maximum limit established by Brazilian and European
legislation (Brazil 2015; SANTE 2021).
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Table 3 Calibration curve, correlation coefficient (R?), precision, LOD, and LOQ (in mg Kg-
1y, for the elements determined by MIP OES in cocoa honey samples from different cocoa
varieties (Theobroma cacao L.)

Correlation  Precision LOD LOQ
Elements Calibration curve coefgtzzient (RSD%) (mgKg™?) (mgKg?)

Al A=27723. 13xC( ) 46.67 O.(99S)38 7.51 0.45 151
Ba A=609133. 87xC( 9 +1.73 0.9995 6.13 0.12 0.40
Cd A=38406. 40xC( ) +257.73 0.9985 9.66 0.21 0.69
Co A=23523. 31xC( 9) + 475.96 0.9999 9.30 0.17 0.57
Cr A=44602. 62xC( ) 30.00 0.9998 7.35 0.19 0.63
Cu A=153293. 35xC( ) -12.95 0.9998 7.13 0.19 0.63
Fe A=8558. 33xC( ) 45.41 0.9999 8.92 0.28 0.93
Mn A=49462. 7ng( ) +330.54 0.9996 5.96 0.18 0.60
Ni A=26031. 89xC( ) -45.75 0.9999 8.94 0.43 1.42
Sr A=745227. 99xC( 9) +6.50 0.9988 7.82 0.20 0.65
Zn A=21151. 32xC( ) +15.09 0.9972 8.45 0.35 1.18
Ca A=421001. ogxc( ) +4741.61 0.9975 5.65 0.74 2.47
K A=131971. 11xC( 9) +1474.91 0.9949 7.02 12.71 42.35
Mg A=34619. 17xC( 9) + 451 0.9965 7.15 10.74 35.80
Na A=229053. 50xC( ) +233.76 0.9982 5.77 7.49 24.96

LOD: detection limits; LOQ: limits of quantification

The results obtained to evaluate accuracy, through recovery tests for three concentration

levels of macro and microelements, are shown in Table 4. Mineral recovery values ranged from

78% to 118% for microelements and from 80.00% to 116.00% for macroelements, indicating

good agreement and confirming the efficiency of the procedure. European legislation for
analytical methods establishes a recovery range of around 70% to 120% (SANTE 2021). In the

study by Ozbek et al. (2019), recovery ranged from 90.0% to 115.0% for mineral analysis in

different rice varieties using MIP OES.

Table 4 Recovery percentages for the three mineral concentration levels determined by MIP
OES (Mean = SD, n=3)

Recovery (%)
Elements
0.5(mg LY 3.0(mg LY 7.5 (mg LY
Al 100.00+1.00 104.00£2.00 100.00+3.00
Ba 79.00£5.00 81.00+2.00 78.00+2.00
Cd 108.00+4.00 113.00£1.00 99.00+3.00



Co 97.00+7.00 108.20+0.20 107.00+3.00
Cr 99.00+3.00 97.00£2.00 93.00+4.00
Cu 104.00+6.00 118.00+1.00 111.00+3.00
Fe 103.00£1.00 111.00+4.00 104.00+4.00
Mn 97.00+5.00 100.00+4.00 96.50+0.40
Ni 100.00+9.00 112.00+4.00 103.00+3.00
Sr 84.00+5.00 85.00+2.00 79.00+2.00
Zn 94.10+4.30 116.00+3.00 94.00+1.00
Elements it

25(mg LY 7.5 (mg LY 15.0 (mg LY)
Ca 86.00+6.00 81.00+5.00 100.00+2.00
K 80.0+8.00 109.00+1.00 116.00+8.00
Mg 104.00£1.00 108.00+6.00 103.00£1.00
Na 97.00+8.00 83.00+2.00 93.00+4.00
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The results presented in Table 3 indicate that the LOD ranged from 0.12 to 0.45 mg Kg-
! and the LOQ values ranged from 0.57 to 1.51 mg Kg for micronutrients. For macronutrients,
the LOD ranged from 0.74 to 12.71 mg Kg*, and LOQ ranged from 2.47 to 42.35 mg Kg™.
Therefore, the LOD and LOQ values demonstrate that the proposed method exhibited adequate
sensitivity for detecting and quantifying the investigated macro and microelements, making it
suitable for application in the cocoa honey matrix.

In a study conducted by Heredia et al. (2016), a method validated by MIP OES in corn
seed samples revealed LOD ranging from 0.7 to 1.7 mg Kg* and LOQ from 2.1 to 5.2 mg Kg-
! for micronutrients (Al, Ba, Co, Cr, Cu, Fe, Mn, Ni, and Zn). For macro nutrients (Ca, Mg, and
Na), however, the LOD ranged from 2.9 to 4.3 mg Kg* and LOQ from 8.7 to 12.9 mg Kg*. In
a separate study by Santana et al. (2024) in craft chocolate samples using ICP OES and ICP-
MS, LOD ranged from 0.003 to 1.154 mg Kg* and LOQ from 0.009 to 10.650 mg Kg* for
microelements (As, Cd, Fe, Mn, Pb and Zn), while for macronutrients (K, Mg, Ca, P, and Na)
LOD ranged from 2.098 to 4.623 mg Kg* and LOQ from 3.365 to 15.256 mg Kg, indicating
the favorable analytical sensitivity of MIP OES.

3.4 Determination of minerals in cocoa honey
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The validated MIP OES method was applied to the analysis of cocoa honey samples. The
results obtained in the determination of minerals are presented in Table 5.

Table 5 Composition of mineral elements (mg Kg*, mean + SD) of cocoa honey from different
cocoa varieties (Theobroma cacao L.)

Elements CCN51 PS1319 SJ02 Parazinho
Al 1.50+0.012 3.39+0.22° 2.17+0.11°¢ 3.23+0.17°
Ba <0.40 <0.40 <0.40 <0.40
Ca 39.77+5.92° 38.61+4.11° 56.59+5.85? 47.05+0.11%
Co <0.57 <0.57 <0.57 <0.57
Cr <0.63 <0.63 <0.63 <0.63
Cu <0.63 <0.63 <0.63 <0.63
Fe 2.11+0.202 3.46+0.55° 1.08+0.09¢ 2.05+0.19?

K 880.55+14.50? 735.19+23.59°  1046.60+23.16° 512.79+7.33¢
Mn <0.60 <0.60 <0.60 <0.60
Mg 198.16+11.60° 132.08+11.49° 186.46+12.04° 140.61+6.59°
Na 80.87+3.18? 88.65+2.75° 94.57+0.48° 44.56+2.59¢
Ni <1.42 1.97+0.15° 1.45+0.052 <1.42

Sr 0.62+0.03° 0.72+0.03% 0.76+0.03? <0.65

Zn 18.76+0.73? 9.49+0.29° 3.01+0.04¢ 3.24+0.08°¢

Means followed by the same letter in the line do not differ from each other (Tukey test; p <0.05). Values are
averages of three replicates. ND= not detected.

According to the results presented in Table 5, iron, which is one of the essential nutrients
for the human body (Younas et al. 2019), exhibited values ranging from 1.08 to 3.46 mg Kg™.
Similar results were observed by EFSA (2019) for cocoa pulp. Nickel (Ni) values were lower
than the LOQ in the CCN51 and Parazinho varieties, and strontium (Sr) was lower only in the
Parazinho variety. In the other varieties, concentrations were low (<1.97 mg Kg™?). The data
obtained by Cinquanta et al. (2016), when evaluating the mineral composition of cocoa seeds,
were higher than the values found here. Copper (Cu) and manganese (Mn) were detected at
values lower than the LOQ of the method in all varieties. Therefore, these low levels may be
related to several factors, such as soil composition, fertilization practices, influence of cocoa
varieties, and climate variations that directly affect agricultural activities (Brito et al. 2017;
Martinez-Ballesta et al. 2010).

The CCN51 and PS1319 varieties stand out with higher concentrations of zinc (Zn), at
18.76 and 9.49 mg Kg, respectively. The zinc content reported by Nunes et al. (2020) for
cocoa pulp was 1.535 mg Kg, lower than that found in this study for all varieties. However,
Leite etal. (2019) found 4 mg L™ in a cocoa honey sample without specifying the variety. These

differences in observed values may be associated with the type of cocoa variety, harvest time,
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environmental factors, soil, and geographical region (Febrianto and Zhu 2022). Zinc is an
essential trace element, and its recommended daily intake for adults is 7 mg according to
ANVISA's RDC 269 (Brazil 2005a). According to the World Health Organization (WHO
2003), the recommended daily intake for adult men is 15 mg/day and for adult women is 12
mg/day. Furthermore, the National Institutes of Health in the United States recommends a
consumption of 11 mg/day for adult men and 8 mg/day for adult women (Institute of Medicine
2001).

Regarding macronutrients, the highest amount of potassium (K) was observed in the
SJO2 variety (1,046.60 mg Kg?), and magnesium (Mg) in the CCN51 and SJO2 varieties
(198.16 and 186.46 mg Kg™, respectively). The levels found were like those in cocoa pulp
studied by Nunes et al. (2020), who found 1,459.842 mg Kg* of K and 237.230 mg Kg* of Mg.
The primary source of potassium is the diet, with the highest potassium content found in fruits,
vegetables, and meats. Current dietary guidelines recommend a potassium intake of 3.5 g/day
for adults, considering the associated health benefits (WHO 2012a).

The calcium content was higher in the SJO2 variety, consistent with a similar result of
54.00 mg Kg? reported by EFSA (2019) for cocoa pulp and higher than that found by
Marchioretto et al. (2024) for chocolate produced with green banana biomass (0.25 mg Kg™).

Sodium concentrations showed low levels, ranging from 44.56 to 94.57 mg Kg*, which
were lower than those found by Nunes et al. (2020) in cocoa pulp (98.966 mg Kg™). Sodium is
also an essential element but is required only in small amounts. High intake of sodium is
associated with increased blood pressure and the risk of cardiovascular disease. Consequently,
the WHO aims to reduce the average sodium intake of the population by 30% by 2025 (WHO
2013). According to WHO (2012b), a recommended intake of 2 g/day is advised for adults.
Therefore, all varieties of cocoa honey have low sodium content and can be considered a healthy
food option, particularly for individuals with hypertension.

In the present study, low concentrations of aluminum (Al) were found in cocoa honey
of all varieties (< 3.39 mg Kg™). This result is consistent with the findings of Leite et al. (2019),
who reported 1.5 mg Kg* of Al when studying cocoa honey. According to ANVISA, health
harm caused by aluminum is associated with consumption exceeding the Provisional Tolerable
Weekly Intake (PTWI) of 2 mg/kg of body weight. The World Health Organization (WHO)
and the Joint Committee of Experts of the Food and Agriculture Organization of the United
Nations (FAO) have set the provisional tolerable weekly intake (PTWI) at 1 mg of aluminum

per kg of body weight per week (JECFA 2011). Considering a person weighing 60 kg, an intake
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of 60 mg of Al per week is allowed, which equates to 8.57 mg per day. Therefore, the data
found in this study are lower than the recommended intake, indicating that it is a safe product.

The analytes barium (Ba), cobalt (Co) and chromium (Cr) were detected at values lower
than the LOQ of the method in all varieties. Cadmium (Cd) was not found in the analyzed
samples, presenting values <LOD.

In this context, cocoa honey is rich in essential minerals such as Zn, Mg, and K, which
can contribute to healthy eating, particularly in CCN51, PS1319, and SJO2 varieties. According
to the results, cocoa honey serves as a good source of zinc, magnesium, and potassium, while
containing low levels of sodium. However, it is worth noting that the concentration of
micronutrients and macronutrients in plant foods is influenced by various factors such as
climate, geographic conditions, environmental stress, soil quality, and cultivation practices
(Brito et al. 2017; Martinez-Ballesta et al. 2010).

3.4.1 Multivariate analysis

Multivariate data analysis can provide a sophisticated approach to enhancing our
comprehension of food quality. Extracting meaningful insights from these raw datasets is
challenging, rendering them nearly impossible to interpret without the assistance of suitable
statistical tools (Gomes et al. 2023). In this regard, principal component analysis (PCA) was
conducted to examine the discrimination or grouping of the samples based on the mineral
composition of the cocoa honey varieties under study (Fig. 1). The factors, encompassing the
1st, 2nd, and 3rd components of the PCA, account for 28.20%, 53.10%, and 16.6% of the data
variation, respectively, resulting in a total explanation of 97.9% of the evaluated data (Fig. 1A).
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Fig 1 PCA (score plot) in 3D relating the mineral profile of different varieties of cocoa honey
(A); Biplot relating the minerals analyzed and the different varieties of cocoa honey (B); Box-
plot relating the compounds with the highest concentrations among the cocoa honey varieties

(C).

The multivariate analysis in Fig. 1A indicates that the varieties exhibit distinct profiles
concerning mineral concentrations. Fig. 1B illustrates how the variety influences the mineral
concentration in cocoa honey. It is worth noting that only 9 elements exceeded the LOQ of the
method, and these are the ones depicted in the biplot (Fig. 1B). The presence of Al, Fe, and Ni
distinguishes the PS1319 variety, while the other parameters (Zn, Sr, Na, K, Mg, and Ca)
differentiate the CCN51 and SJO2 varieties (Table 5). In the PCA analysis conducted by
Febrianto and Zhu (2022), differences in the mineral composition of sub-fermented and
fermented cocoa bean samples from various geographic origins were also observed.

As depicted in Fig. 1C, zinc and magnesium exhibited higher concentrations in the
CCN51 variety, whereas potassium and sodium showed higher concentrations in the SJ02
variety. Thus, it is feasible to distinguish between the four varieties of cocoa honey based on

their mineral profiles, which exhibit distinct compositions in each variety.

3.4.2 Recommended daily intake (RDI)
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Some national and international health agencies have established daily mineral intake
guidelines for adults, children, and pregnant women (Brazil 2005a; WHO 2003; WHO 20123;
WHO 2012b). Thus, the data obtained in this study were compared with the recommended daily
intake (RDI) for adults, assuming the consumption of 200 mL (1 glass) of cocoa honey (Table
6).

Table 6 RDI of macro and microelements for adults and their quantity in each variety of cocoa
honey, considering the intake of 200 mL.

Elements RDI CCN51 PS1319 SJ02 Parazinho
Ca (mg) 10002 7.80 7.72 11.31 9.41
Fe (mg) 14.0° 0.42 0.69 0.22 0.41
K (9) 3.5° 0.18 0.15 0.21 0.10
Mg (mg) 260° 39.60 26.42 37.30 28.12
Na (g) 2.0¢ 0.02 0.02 0.02 0.00
Zn (mg) 15.0¢ 3.80 1.90 0.60 0.65

2Index recommended by ANVISA (Brazil 2005a). °Index recommended by WHO (WHO, 2012a). ¢Index
recommended by WHO (WHO, 2012b). “Index recommended by WHO (WHO, 2003).

The RDI percentage was calculated in milligrams and/or grams of essential elements
provided by each sample divided by the recommended RDI values (Brazil 2005a; WHO 2003;
WHO 2012a; WHO 2012b) and multiplied by 100. The contribution of calcium, iron and
potassium is between 1% and 5% of the RDI. The percentage of magnesium is 10% to 15%,
while the contribution of sodium is negligible (<1%). The percentage of RDI for zinc found in
cocoa honey is notable in the CCN51 and PS1319 varieties (25.33% and 12.66%, respectively),
considering the recommendation of the World Health Organization (WHO 2003). Furthermore,
when considering the RDI of 7 mg recommended by Brazilian legislation, the CCN51 and
PS1319 varieties exhibit an even higher percentage of RDI (54.28% and 27.14%, respectively)
from the consumption of 200 mL of cocoa honey (Brazil 2005a).

It is noteworthy that the zinc content in cocoa honey from the CCN51 and PS1319
varieties corresponds to 25.33% and 12.66%, respectively, of the daily recommendation by the
World Health Organization (WHO 2003). Moreover, considering the RDI of 7 mg as
recommended by Brazilian legislation, the CCN51 and PS1319 varieties exhibit even higher
percentages (54.28% and 27.14%, respectively) of the daily recommendation from the
consumption of 200 mL of cocoa honey (Brazil 2005a).

Cocoa honey could serve as an appealing natural source of zinc supplementation, as it
is an essential element crucial for the activity of over 300 enzymes involved in protein synthesis,

reproduction, and fatty acid metabolism. It is considered vital for human health and well-being
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as it plays a role in all vital processes. Zinc deficiency can complicate clinical conditions,
negatively impact immune function, increase oxidative stress, and contribute to the production
of inflammatory cytokines (Chasapis et al. 2012; Muthai et al. 2017). According to Wang et al.
(2018), zinc consumption is associated with reduced blood pressure and improved glucose
control in Chinese patients with diabetes and cardiovascular disease.

Thus, the presence of magnesium, a high concentration of zinc, and low sodium content
provide significant grounds to encourage increased consumption of cocoa honey as a valuable
nutritional source. The data obtained in this study are noteworthy and unpublished, considering
that information regarding the concentration of most of the studied elements is typically
unavailable on product labels in the market.

4. Conclusions

The results revealed that cocoa honey from the studied varieties exhibited distinct
physicochemical compositions. The results of this work showed that cocoa honey is acidic with

low protein content and high levels of total soluble solids (TSS), carbohydrates, energy value,

and sugars. Colorimetric analysis indicated that PS1319 and SJO2 varieties had similar color
profiles, tending to exhibit a subtly brownish color, while CCN51 and Parazinho varieties
tended to display a slightly greenish hue. Additionally, cocoa honey from all varieties was found
to be rich in essential minerals such as Zn, Mg, and K, and exhibited low levels of potentially
toxic elements when consumed in excess, such as Al, Ba, Co, and Cr. Considering the
recommended daily intake (RDI) data, the presence of magnesium, a high concentration of zinc,
and low sodium levels provide a significant rationale to promote increased consumption of
cocoa honey as a valuable nutritional source. The data obtained in this study are important and
novel, particularly since most cocoa honey labels available on the market lack information on
the concentration of the studied elements. Therefore, consuming cocoa honey or incorporating
it into food products may lead to improved health outcomes or enhance the nutritional profile
of foods, making it a beneficial option for individuals with heart disease, hypertension, and

those engaged in physical activities.
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Abstract: This study aimed to develop an analytical method using HS-SPME/GC-MS to
determine the volatile organic compound (VOC) profiles and evaluate the sensory attributes of
cocoa honey from four cocoa varieties (CCN51, PS1319, SJO2, and Parazinho). Using a
multivariate factorial experimental design, the HS-SPME/GC-MS method was optimized to
determine the VOC profiles. Twenty previously trained tasters participated in the ranking
descriptive analysis, while 108 consumers participated in the acceptance and purchase intention
tests. A total of 84 volatile organic compounds were identified from various chemical classes,
including acids, alcohols, aldehydes, esters, ketones, monoterpenes, oxygenated
monoterpenoids, sesquiterpenes, and oxygenated sesquiterpenoids. Palmitic acid was the
compound found in the highest concentration in all varieties (5.13-13.10%). Multivariate
analysis tools identified key compounds for differentiation and grouping of the samples. The
results revealed that the variety significantly influenced both the VOCs’ concentrations and
sensory profiles. The CCN51, PS1319, and SJO2 varieties exhibited the highest diversity of
VOCs and sensory attributes. Notably, the SJ02 and CCN51 varieties demonstrated superior
acceptability and purchase intention, with means ranging from 7.21 and 7.08 to 3.71 and 3.56,
respectively. These results indicate their potential as promising sources of cocoa honey for the
food industry.

Keywords: cocoa honey; multivariate optimization; volatile organic compounds; sensory
profile; descriptive analysis; consumer acceptance

1. Introduction

Cocoa (Theobroma cacao L.) is a fruit native to Central America that is cultivated in
several countries. World production is led by the Ivory Coast, with approximately 61% of
production, placing Brazil in sixth position with 4.4% [1]. In Brazil, although Bahia was once
the pillar in cocoa production, today the state of Para is the leader, with production of 150,000
tons in 2023 [2]. Originally, there were three varieties of cocoa cultivated, the Criollo,
Forastero, and Trinitario, the latter being a hybrid of the first two varieties. Currently, advances
in genetic engineering and subsequent processing of beans have led to the use of disease-
resistant clones derived from these original varieties. CCN51, PS1319, and SJO2 are hybrids
resulting from the genetic improvement of Trinitario cacao, while Parazinho comes from the
Forastero variety, which has not undergone genetic improvement [3]. Overall, more than 1000
different cocoa varieties have been described [4].

However, the extraction of this fruit generates residues that have recently been the
subject of studies aimed at new industrial applications. These residues include cocoa shell, pulp,
and cocoa honey. In this context, cocoa honey is an opaque yellow, mucilaginous liquid with a
bittersweet flavor, separated from the pulp surrounding the cocoa beans by simple cold
extraction before fermentation starts [5]. Cocoa honey gets its name from its rheological
characteristics, such as its viscosity and sweet flavor, which resemble bee honey, although it

does not originate from beekeeping. The literature shows that cocoa honey is a by-product with
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physicochemical characteristics similar to the original pulp, such as its reducing sugar content
(8.63 g 100 g 1), low ash content (approximately 0.2%), low lipid content (0.25 g 100 g 1), and
acid pH ranging from 2.76 to 3.78 [6,7].

The main uses of cocoa honey include the production of alcoholic beverages, syrups,
jellies, and liqueurs, often made by cooperatives and artisanal food producers [5]. Some of these
include kefir-based drinks [8], mixed acai jelly and cocoa honey [9], and functional drink cocoa
honey kombucha [10]. Additionally, some patents employed cocoa honey as a sugar substitute
in edible ice cream and chocolate [11], and in the production of craft beer [12]. In addition,
volatile organic compounds (VOCs) are crucial constituents for developing the aroma of cocoa
honey. Among the methods used to analyze these VOCs, headspace solid-phase
microextraction coupled with gas chromatography—mass spectrometry (HS-SPME/GC-MS)
stands out as an efficient and versatile technique. This method involves the adsorption of
volatile and semi-volatile organic compounds from a matrix by a fused silica fiber or a fiber
coated with a non-volatile polymer, without direct contact with the sample. These compounds
are then injected into a gas chromatography system for analysis (GC) [13].

Since VOCs can affect the sensory quality of cocoa honey, it is important to analyze not
only the compounds themselves but also their correlation with consumer perception and
acceptance. The sensory quality of a food product promotes consumer loyalty in an increasingly
demanding and diversified market. Therefore, it is necessary to evaluate its color, flavor, aroma,
and consistency properties. Sensory methods are used to evaluate these properties, which can
be of the discriminative, descriptive, subjective, or affective types [14]. In this context, ranking
descriptive analysis (RDA) was applied by Richter et al. [15] for chocolate pudding and by
Silva et al. [16] for chocolate formulations to rank the intensity of each sensory attribute in
increasing order. RDA offers advantages such as reduced time and costs, as it requires fewer
sessions and smaller quantities of the product compared to other techniques.

Although cocoa is an ancient fruit and the extraction of cocoa honey has existed for
decades, there are, to our knowledge, no available data on the evaluation of volatile organic
compounds or the sensory profile of the different varieties of cocoa honey explored in this work.
Thus, this study aimed to develop an analytical method using HS-SPME/GC-MS to identify the
volatile organic compounds present in different varieties of cocoa honey, in addition to

evaluating their sensory profile through descriptive and affective analysis.
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2. Results and Discussion
2.1. HS-SPME Optimization

The first parameter evaluated in this study was the fiber coating used to extract volatile
organic compounds from cocoa honey samples through univariate analysis. According to Brokl
et al. [17], the polarity of the fibers depends on the coating material, which determines the
interaction and extraction capacity of the compounds present in the sample. This, in turn, may
be reflected in different chromatographic peak areas.

Four types of fibers were used under the same conditions: sample amount (10 mL),
extraction temperature (60 °C), equilibration time (15 min), extraction time (30 min), and
stirring speed (100 rpm). The total peak area and the number of peaks detected in the ex-
tractions performed were considered for comparing the four types of fibers. The extractions
were performed in triplicate, and the reproducibility (% RSD) showed an error of less than 20%.
According to the results, the DVB/CAR/PDMS fiber extracted the largest peak area (Figure
1A) and obtained the highest number of peaks (Figure 1B).
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Figure 1. Influence of the type of HS-SPME fiber coating on the extraction efficiency of VOCs in cocoa
honey samples considering total peak area (A) and number of detected peaks (B). Pareto chart of standardized

effects of the 24 factorial design for total chromatographic peak area (C). Responsesurface obtained by central

composite using the quadratic model in the optimization of the conditions (temperature T, °C, time t, min, and
stirring speed, rpm) for extraction of the volatiles in cocoa honey by HS-SPME (D).

The four fibers tested had the following order of extraction -efficiency:
DVB/CAR/PDMS> CAR/PDMS > PDMS/DVB > PA. It is evident that the mixed-phase
fibers achieved higher extraction efficiency. A total of 103 chromatographic peaks were
detected with the DVB/CAR/PDMS fiber, 89 with the CAR/PDMS fiber, 86 with the
PDMS/DVB fiber, and 70 with the PA fiber. Therefore, the DVB/CAR/PDMS fiber was
chosen for the optimization tests of the other parameters of the HS-SPME technique for
extracting VOCs from cocoa honey. DVB/CAR/PDMS is considered one of the most efficient
SPME coating types, as it combines three different materials: DVB for strong retention of
aromatic compounds and polar analytes, CAR for small volatile molecules, and PDMS for
non-polar compounds. This type of fiber has been previously used to evaluate volatile organic

compounds in cocoa and its by-products [18,19].
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A full 24 factorial design was performed to evaluate the influence of temperature,
xtraction time, equilibration time, and stirring speed, as detailed in Table S1. The Pareto chart
shows that all four parameters were significant and influenced the efficiency of the HS-SPME
method (Figure 1C). However, to reduce the number of experiments and not excessively
increase the total extraction time, the equilibration time was fixed at 20 min.

Thus, a central composite multivariate design was used to determine the optimal values
of temperature, extraction time, and stirring speed for achieving greater extraction efficiency
by HS-SPME. A central composite design was constructed using the experimental levels that
provided the best response as the center point, involving 19 experiments and 5 replicates at
the central point (Table S2).

Figure 1D shows the response surfaces obtained through the central composite design,
indicating that the optimal conditions were within the experimental domain. The empirical
regression equation for the response (total area) of HS-SPME extraction, dependent on
extraction temperature (A), extraction time (B), and stirring speed (C), is shown in Equation

(D)
Response =4.30 x 108 —5.64 x 106 A +2.43 x 106 B—1.07 x 107 C—2.52 x 107 A2 +
1.31 x 107 AB +2.09 x 107 AC—5.65 x 106 B2 - 1.52 x 107BC - 8.12 x 106 C2 (1)

The determination coefficient (R2) of the quadratic regression model was 0.4056, and
the lack of fit was 0.0014 (p < 0.05), indicating that the sum of the areas can be explained but
the model has low predictive accuracy. Therefore, it was necessary to experimentally validate
the optimal points predicted by the model. Table S3 shows that the optimal values for
temperature (85 °C), extraction time (78 min), and stirring speed (171 rpm) obtained through
the central composite design for the HS-SPME method, after optimization, provided a better
response compared to similar conditions for these parameters.

In the study by Rojas et al. [20], the extraction conditions for HS-SPME of cocoa liquor
of the CCNb51 variety were optimized using a 33 experimental design, considering the factors
of fiber type, temperature, and extraction time. According to the design, the best conditions
for extracting VOCs were an extraction time of 50 min, a temperature of 60 °C, and a
DVB/CAR/PDMS fiber. The identified compounds included aldehydes, ketones, alcohols,
pyrazines, esters, terpenes, acids, and lactones, with acetic acid, 2-propanol, and 3-ethyl-2,5-
dimethyl-pyrazine being the compounds with the highest concentrations.
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2.2.  Characterization of Volatile Organic Compounds

The volatile profile of cocoa honey samples was evaluated to identify VOCs associated
with different cocoa varieties. Table 1 shows all VOCs identified among the different
varieties, their linear retention index (LRI) on the HP-5 MS capillary column, and the average
relative composition (n = 9) of each compound in the sample from each variety. A total of 84
volatile organic compounds were identified, and 16 were confirmed using the standard. So
far, this is the first study evaluating the VOC profile of cocoa honey obtained from different
cocoa varieties (Theobroma cacao L.). A similar study identified 56 volatile organic
compounds in the cocoa pulp of different varieties (CATIE-R1, CATIE- R4, CATIE-R6, ICS-
95 (T1), and PMCT-58) harvested at different maturation stages in Costa Rica [4].

In this study, the samples differed in the number of volatile organic compounds
detected in each variety (Table 1). In general, the SJ02 and PS1319 varieties had the highest
number of volatiles (72 and 70 compounds, respectively), followed by Parazinho and CCN51
(67 and 63 compounds, respectively). Among the detected compounds, the chemical classes
included volatile acids (6), alcohols (8), aldehydes (13), esters (21), ketones (5), monoterpenes
(10), oxygenated monoterpenes (7), sesquiterpenes (5), oxygenated sesquiterpenes (4), and
others (4) across the four varieties.

Six compounds were found in the four varieties within the group of volatile acids.
Palmitic acid was present in the highest concentration across all varieties; other acids, such as
dodecanoic, tetradecanoic, and pentadecanoic, were also detected. Palmitic acid is a fatty acid
found in cocoa butter, cocoa, and chocolate products. These results align with findings from
other studies comparing unroasted cocoa beans from different geographic origins, where
palmitic acid was a major component, and dodecanoic acid, tetradecanoic acid, and
pentadecanoic acid were present in lower concentrations [21]. Although cocoa pulp contains
low amounts of fat, unsaturated fatty acids are likely present in cocoa pulp [22].

These results may explain the presence of these fatty acids in the cocoa honey samples,
as cocoa honey is a by-product of cocoa, obtained by pressing its pulp.

The variety PS1319 was characterized by the highest amounts of alcohols (28.72%),
with higher contents of 2-pentanol and 2-heptanol. In contrast, the samples of the varieties
Parazinho (25.74%), CCN51 (24.79%), and SJO2 (20.75%) contained lower levels of these
compounds. According to other studies, 2-pentanol is widely identified in cocoa pulp [23].
The 2-heptanol is an aromatic compound that imparts a citrus flavor (similar to lemongrass),
a fresh aroma, and sweet and floral notes when found in foods [24]. Also noteworthy in this
work is the presence of 2-nonanol in the varieties CCN51, PS1319, and SJO2. In the work of



116

Valdeci et al. [18], 2-nonanol was produced during the fermentation of cocoa beans.
According to Chetschik et al. [25], it is a desirable compound commonly found in high-quality
cocoa. A high alcohol content is desirable in cocoa products because it imparts sweet and

floral notes.



Table 1. Mean relative composition (%) of VOCs identified in cocoa honey from different cocoa varieties (Theobroma cacao L.).
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Group Compound Odor description  tR (min) LRI%xr LRI°P,+ CCN51 PS1319 SJO2  Parazinho
Acids
1 octanoic acid Sweetfa‘i?;zii%’ oily, 35971 1183 1185 0.20 001 002 0.09
2 nonanoic acid* Green, fatty?® 42.820 1271 1272 0.42 0.03 0.09 0.22
3 dodecanoic acid* Ra?ﬁgélfg“y’ 52.850 1562 1562 0.56 083 062 0.70
4 tetradecanoic acid* 58.444 1758 1759 0.42 0.27 0.38 0.64
5 pentadecanoic acid* 61.002 1855 1857 2.73 0.14 0.20 0.27
6 palmitic acid* 63.814 1961 1960 13.10 5.13 8.27 7.72
Alcohols
7 2-pentanol Fruity®’ 5.050 687 685 2.23 2.43 3.52 412
Citrus, fresh,
8 2-heptanol lemon-grasslike?, 20.987 901 901 0.93 2,06 0.37 0.05
sweet, citrusy?26:31
9 1-heptanol* 27.384 980 975 - - 0.03 -
10 2-ethyl-1-hexanol 30.912 1031 1030 - - 0.01 -
11 2-nonanol Fruity*2° 34.677 1099 1098 0.50 2.26 0.11 0.00
12 1-dodecanol* 50.001 1470 1469 0.13 0.09 0.12 0.33
13 1-tetradecanol 56.075 1672 1672 0.12 0.08 0.07 0.18
14 1-hexadecanol* 61.485 1874 1879 0.29 0.15 0.14 0.41
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15 (2)-9-octadecen-1-ol 67.671 2054 2060 2.54 0.74 1.27 1.91
Aldehydes
16 furfural Brer'::\i/\,/ eaé{gond, 12.882 832 835 0.22 0.16 0.30 0.15

Bitter®?*, candy,

17 benzaldehyde* almond, burnt 25.925 964 961 0.70 0.27 0.38 0.42
sugar?®

18 octanal* Citrus-like* 29.290 1000 1000 0.25 0.20 0.26 0.04
19 benzeneacetaldehyde 31.370 1040 1049 0.43 - - 0.17
20 (E)-2-octenal* 32.322 1057 1062 0.62 0.31 0.33 0.27
21 decanal 39.977 1202 1202 0.39 0.24 0.43 0.23
22 2,5-dimethylbenzaldehyde 40.300 1210 1208 0.85 - 0.63 0.27
23 (E)-2-decenal 42.353 1260 1263 171 0.86 1.45 0.97
24 (E)-cinnamaldehyde 42.723 1269 1266 0.14 0.08 0.14 0.16
25 (E,E)-2,4-decadienal Tallow, fatty*° 44.505 1313 1314 1.28 1.01 0.49 0.55
26 2-undecenal Tallowy, sweet® 46.256 1361 1363 1.24 0.65 1.00 0.31
27 (E)-2-dodecenal 49.756 1463 1462 0.14 0.13 0.13 0.03
28 tetradecanal 54.256 1608 1608 0.07 0.05 0.06 0.05
Esters

29 1-methylbutyl acetate Fruity* 14.810 852 843 11.92 15.66 23.87 14.18
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30
31
32
33
34
35

36

37
38
39
40
41
42
43

44

45
46
47
48

pentyl propanate
(2)-3-hexen-1-ol acetate

hexyl ethanoate

2-heptyl acetate
2,3-butanediyl diacetate

1,3-butylene diacetate
benzyl ethanoate

gardenol
neryl acetate
3-phenyl-1-propyl acetate
decyl acetate
(E)-cinnamyl acetate
hexyl benzoate
methyl jasmonate

methyl (3-ox0-2-[(22)-2-

pentenyl]cyclopentyl)acetate

benzyl benzoate
2-ethylhexyl salicylate*
isopropyl myristate

methyl palmitate

Fruity®

Floral*

Floral, jasming?62
fresh?®

Sweet, fruity®!

24.939
28.241
30.097
31.688
33.437
35.729

38.044

39.581
40.979
46.512
48.626
49.067
53.573
55.351

56.221

58.590
59.673
60.116
62.652

952
989
1016
1046
1077
1120

1166

1194
1227
1368
1429
1442
1585
1647

1677

1763
1803
1820
1918

952
988
1016
1047
1065
1124

1170

1186
1221
1373
1418
1452
1580
1644

1684

1763
1807
1823
1921

0.11
0.03
0.02
5.95
0.07
2.32

0.27

1.19
0.18

0.95
0.66

0.44

0.31
0.40

0.02

0.08

0.01
10.89
0.11
3.29

0.14

2.16
0.34
0.14
0.10
0.10
1.63
0.30

0.18

0.08
0.59
0.04
0.03

0.08
0.05
0.01
3.78
0.07

0.09

2.72
0.32
0.17
0.02

0.35
0.30

0.21

0.05
0.55

0.04

0.06
0.01
0.04
1.24
0.16
6.26

0.19

6.87
0.19
0.43

0.10
0.16
0.52

0.43

0.70
0.04
0.04
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49

Ketones

50

51

52

53
54

Monoterpene
55
56
57

58
59

60

61

propyl palmitate

2-heptanone*

acetophenone

2-nonanone

geranyl acetone*

nerylacetone

7-endo-ethenyl-bicyclo[4,2,0]-oct-
1-ene

B-cymene
D-limonene*

(2)-ocimene

3-carene
linalool*

allo-ocimene

Fruity?, cheese-
like?, flowery?,
pear, grape,
brandy?®

Sweet, almond,
flowery?8, must-
like?*?5, almond

Flowery, fruit,
musty?®

Citrus, orange,
sweet?®

Floral®

Flowery, lavender,
rose?’

68.400

19.334

32.560

34.142

49.333
51.706

30.206

30.291

30.517

31.350
31.823

34.557

36.158

2068

889

1062

1089

1450
1524

1018

1019

1024

1039
1048

1096

1129

2065

889

1062

1090

1452
1535

1029

1025

1027

1039
1040

1099

1131

0.07

0.69

0.15

0.96

0.21

121

0.07

0.97

0.38

1.75

0.30
0.10

0.01

0.12

0.21

2.45

0.07

0.08

0.37

0.64

0.49

0.24

0.04

0.12

0.34
0.18

2.76

0.48

2.00

0.30

0.26

0.78
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62
63
64

Oxygenated
monoterpene

65
66
67
68
69
70
71
Sesquiterpene
72
73
74
75
76

Oxygenated
sesquiterpene

77

(E,E)-cosmene
(2)-geraniol

piperitone

(2)-linalool oxide
(E)-linalool oxide
epoxylinalol
a-terpineol
B-phellandrene-8-ol
(E)-B-damascenone

a -ferulene

elixene
d-guaiene
(Z, E)-farnesene
germacrene D

phytane

7,8-dihydro-f-ionone

Floral, rose, fruity?®

Sweet, nutty?*28
Floral?*

Floral*

36.170
42.100
43.796

32.992
33.831
38.528
39.240
40.446
47.040
50.106

48.885
50.469
50.579
51.666
59.423

48.852

1129
1254
1294

1069
1084
1175
1188
1214
1382
1474

1437
1484
1488
1523
1793

1436

1130
1254
1285

1068
1081
1163
1188
1215
1385
1484

1445
1493
1486
1529
1795

1433

0.05
0.78
0.04

0.48
0.83

0.52

0.20

0.03

0.13
0.11

0.70
0.05

0.22
0.45
0.038
0.77

0.13

0.02

0.03

0.15

0.07

0.04

0.15
0.74

1.04
1.64
0.02
0.69
0.03
0.58
0.02

0.03

0.03

0.05

0.05

0.01

0.07
0.49
0.11

0.94
0.84
0.16
0.31
0.02
0.34

0.12

0.13

0.13
0.15
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78
79
80
Others

81

82
83
84

y-eudesmol
bulnesol

thunbergol

2,2,6-trimethyl-6-
vinyltetrahydropyran

2-pyridinemethanamine
benzothiazole

y-decalactone

Woody?’

Pepper-like®?

Fruity, peach®

54.947
55.569
66.710

26.926

31.839
40.643
49.822

1632
1654
2036

975

1049
1219
1465

1633
1659
2047

971

1054
1224
1463

0.70
0.33

0.12
0.03

0.67
0.38
0.80

0.038

0.59
0.42

0.01

0.038

0.95
0.54

0.03
0.01
0.08

* |dentification confirmed by comparison with mass spectra and retention times of analytical standards. 2LRIexp = linear retention index to the standard of n-alkanes (C7 to Csp)
obtained in an HP-5 MS capillary column. PLRIr = linear retention index published in the literature. Odor description references are listed in the references section [4,24-32].
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Thirteen aldehydes were detected in cocoa honey, with notable compounds including
(E)-2-decenal, (E,E)-2,4-decadienal, and 2-undecenal. Depending on their concentrations in the
final product, the presence of these compounds is often associated with lipid degradation and
can impart either unpleasant or pleasant notes. The pleasant notes conferred by aldehydes
include sweet and bitter flavors, such as almond and cherry aromas [33].

Among the 22 esters identified in the cocoa honey varieties, 1-methylbutyl acetate, 2-
heptyl acetate, and gardenol stand out. Also known as 2-pentanol acetate, 1-methylbutyl acetate
has a fruity odor and was found in the study by Hegmann et al. [4] in cocoa fruit pulp. The
compounds 2-heptyl acetate and gardenol were identified in cocoa pulp from Colombia [23].

Five ketones were found in the four cocoa honey varieties, with the major compounds
being 2-heptanone, acetophenone, and 2-nonanone. The 2-heptanone has a penetrating fruity
odor and has been identified during the spontaneous fermentation of fine-flavor Trinitario cocoa
beans, although is more closely associated with the cocoa bean, despite being observed in the
first few hours of fermentation [30]. Furthermore, 2-heptanone and acetophenone were
identified in the study by Hegmann et al. [4] when evaluating volatile organic compounds in
the cocoa pulp of different varieties. Hegmann et al. [4] and Rottiers et al. [30] suggested that
2-nonanone contributed to the fruity aroma, as found in their studies of VOCs in pulp and cocoa
beans, respectively.

Among the ten identified monoterpenes, linalool was the most predominant com- pound
in the four varieties. A similar result was observed in the study by Valdeci et al. [18], where
linalool had the highest compound concentration in cocoa beans during fermentation.
According to Owusu et al. [34], linalool can be found in both the cocoa pulp and in the
cotyledons of the bean in its glycosidic form. It has a floral aroma that is considered the main
aroma component in high concentrations of “noble flavor” cocoas, such as Criollo and Arriba
(a Forastero cocoa subtype). Furthermore, D-limonene was found in all four varieties in lower
concentrations. Valdeci et al. [18] also identified D-limonene in cocoa beans and pulp during
fermentation.

The (Z)-linalool and (E)-linalool oxides are among the seven oxygenated monoterpenes
found in the four varieties of cocoa honey. The compound (E)-linalool oxide has a floral aroma,
and (2)-linalool oxide has a sweet and flowery aroma. Both were identified in the study by
Hegmann et al. [4] when evaluating the cocoa pulp of different varieties, seasons of the year,
and maturation stages. The result is similar to that found in the research conducted by Valdeci

et al. [18] when evaluating the VOCs of cocoa beans and pulp that underwent fermentation.
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Thus, the VOCs in cocoa honey predominantly showed higher levels of esters, acids,
and alcohols, respectively. This result aligns with several studies related to cocoa and its
derivatives [18,19,23,29]. According to the findings of this study, several authors agreed that
the volatile organic compounds of cocoa and chocolate are formed during fermentation, where
the cocoa cotyledon absorbs the aromatic compounds of the pulp during the fermentation
process by mass transfer and in the almond roasting process by the Maillard reaction [35]. The
presence of several VOCs was observed in this research, which are also present in the almond,
cocoa pulp, chocolate, and cocoa honey. However, considering that the cocoa honey did not
undergo the fermentation process, it is evident that a significant portion of the volatile organic
compounds were present in all cocoa components, regardless of whether they undergo

fermentation.

2.3.  Multivariate Analysis

To evaluate the diverse profiles of volatile organic compounds in cocoa honey varieties,
different multivariate analysis tools were applied, such as principal component analysis (PCA)
and hierarchical cluster analysis (HCA) coupled with the heat map. PCA is a multivariate
modeling technique that can reduce the dimensionality of data and determine the principal
components. Additionally, it represents the data based on their similarities and differences [36].

Figure 2A shows the biplot graph of PCA scores and loadings, containing samples and
volatile organic compounds from cocoa honey of different cocoa varieties. The PCA
visualization indicated that the PS1319 and Parazinho varieties exhibited distinct compound
profiles, while the CCN51 and SJO2 varieties were more closely related. Compounds such as
1-dodecanol, elixene, and 2,3-butanediyl diacetate significantly contributed to the
discrimination of the VOC profile in the Parazinho variety, whereas the variety PS1319 was
discriminated by compounds 2-heptanone, B-cymene, and decyl acetate. For the CCN51
variety, notable compounds included octanoic acid, (Z)-9-octadecen-1-ol, and hexadecanoic
acid, while for the SJ02 variety, 2-ethyl-1-hexanol, 7-endo-ethenyl-bicyclo [4,2,0]-oct-1-ene,
and decanal stood out. In the PCA conducted by Calva-Estrada et al. [37], differences in the
volatile profile were also observed in samples of North American chocolates of the Trinitario

and Criollo genotypes.
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Figure 2. Principal component analysis (PCA) of the volatile components found in different varieties of cocoa honey (A).
Average of 9 replicates per treatment. Numbers in red correspond to the VOC’s listed in Table 1. Hierarchical cluster analysis
dendrogram associated with the heat map of the VOC profiles of the four cocoa honey varieties (B). The color scale represents
the variation in the relative concentration of VOCs in the samples, from low (blue) to high (red).
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Figure 2B shows the dendrogram obtained through hierarchical cluster analysis (HCA)
associated with the heat map. In this dendrogram, the samples were grouped based on the
similarity of their VOC profiles, clearly showing the formation of four distinct clusters. The
cluster comprising samples of the PS1319 variety (dark blue) exhibited a profile more distinct
from the other three varieties, whereas the CCN51 and SJ02 varieties displayed greater
similarities in their volatile profiles. The dark and light blue clusters (PS1319 and SJ02) consist
of samples with higher concentrations of monoterpenes and esters compared to the green and
red groups (Parazinho and CCN51). This correlation can also be evident in Table 1, which
presents the average relative composition of the identified VOCs.

Thus, it was observed that it is possible to discriminate among the four varieties of cocoa
honey based on their VOC profiles, which exhibit different compositions in each variety.
Although no other works in the literature have employed a heat map to evaluate the VOC
profiles in cocoa honey, this multivariate analysis technique has been applied to other matrices.
Calva-Estrada et al. [37] demonstrated that the heat map enabled discrimination of chocolates

based on the origin and variety of cocoa when studying the volatile compound profiles of
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commercial dark chocolates from different cocoa bean varieties (CA100, CV74, CM70, TM66,
and NE60) from Latin America.

2.4.  Sensory Evaluation of Cocoa Honey

To conduct the ranking descriptive analysis (RDA), 20 pre-trained tasters participated.
These tasters generated a list of 15 descriptive attributes: yellowish color, greenish color, acid
aroma, sweet aroma, cocoa aroma/cocoa pulp, fruity aroma, mint/refreshing aroma, floral
aroma, acidic flavor, sweet flavor, cocoa flavor/cocoa pulp, fruity taste, astringent taste,
viscosity, and smoothness. Table 2 presents the sum of the rankings based on the intensity of
each attribute obtained across the cocoa honey varieties.

Table 2. Sum of orders (order totals) of sensory attributes for each variety of cocoa honey.

Varieties

Atributes CCN51 PS1319 SJ02 Parazinho  Vritical
Appearance
Yellow color 802 164° 199°¢ 1570 22
Greenish color 2022 131° 120° 147°¢ 22
Aroma
Acid 1692 1722 128P 131° 22
Sweetened 1494 187° 1492 115¢ 22
Cocoa/cocoa pulp 1682 1822 128" 123° 22
Fruity 1692 1722 135° 124° 22
Minty/refreshing 1662 1742 141° 119° 22
Floral 1572 181b 133°¢ 129¢ 22
Flavor
Sour taste 1872 123b 118" 1722 22
Sweet taste 1508 174° 191° 86°¢ 22
Cocoa/cocoa pulp 1642 1562 1652 115°b 22
Fruity 1662 1592 1672 107° 22
Astringency 1682 136°P 125P 1712 22
Texture
Viscosity 1262 176° 1532 1452 22
Softness 1292 167° 171° 1332 22

The results of the RDA revealed a significant difference (p < 0.05) between the sensory
attributes of the samples from the four varieties of cocoa honey under the experimental
conditions, indicating that the tasters’ training was adequate. Varieties showed significant
differences (p < 0.05) among themselves in the yellow color attribute, except for varieties
PS1319 and Parazinho. For the green color attribute, the CCN51 and Parazinho varieties
significantly differed from the other varieties, exhibiting a more intense green color, as
determined by the Friedman test at a 5% probability level. A similar result was found by
Nascimento et al. [38] when analyzing the color of cocoa honey from the varieties CCN51,



127

PS1319, SJO2, and Parazinho. In terms of aroma, the CCN51 and PS1319 varieties were
considered the most acidic, differing significantly from the other two varieties. The sweet aroma
was similar between the CCN51 and SJO2 varieties but significantly different between the
PS1319 and Parazinho varieties. The cocoa aroma differed between the CCN51/PS1319 and
SJ02/Parazinho varieties. The fruity and minty/refreshing aromas were more intense in the
CCN51 and PS1319 varieties. The floral aroma presented similar results in the SJO2 and
Parazinho varieties.

In terms of the acid taste attribute, the CCN51 and Parazinho varieties differed
significantly from the other varieties, exhibiting a higher acidity content. This could be
attributed to the acid aroma, with the CCN51 variety showing one of the highest intensities.
The PS1319 and SJ02 varieties were perceived as the sweetest by the tasters. The low intensity
of the sweet flavor in the CCN51 and Parazinho varieties may be overshadowed by the high
intensity of the acid flavor perceived by the tasters. A similar pattern was observed by Valdeci
et al. [18] in chocolates produced after spontaneous fermentation of the TSH565 cocoa clone.

The cocoa and fruity tastes differed only in the Parazinho variety, with the lowest
intensity, while the astringent taste was more pronounced in the Parazinho and CCN51
varieties. This is attributed to the inherent astringency of fresh cocoa beans [39], and since
cocoa honey undergoes cold pressing before fermentation, there is no reduction in astringency.
Eskes et al. [40], in their evaluation of the sensory characteristics of cocoa pulp based on genetic
variation, noted that the CCN51 variety was characterized as astringent and acidic. According
to Boza et al. [41], CCN51 beans are recognized for their high bitterness, astringency, and
acceptable taste.

Variety PS1319 differed from the others in viscosity, while softness was more prevalent
in varieties SJ02 and PS1319 compared to varieties CCN51 and Parazinho. Principal
component analysis (PCA) was conducted to compare sensory attributes and cocoa honey
varieties (Figure 3A). The PCA factors explained 51.53% and 37.28% of the data variation in

the first two principal components, respectively.
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Figure 3. Principal component analysis (PCA) relating sensory attributes and cocoa honey varieties (A). PCA
relating VOC classes, aroma sensory attributes, and cocoa honey varieties (B). A. Acid =aroma acid; A. Sweetened
= aroma sweetened; A. Cocoa/Cocoa Pulp = aroma cocoa/cocoa pulp; A. Fruity = aroma fruity; A. Refreshing =
aroma minty/refreshing; A. Floral = aroma floral; Sour t = sour taste; Sweet t = sweet taste; Cocoa = cocoa/cocoa

pulp.

The PCA in Figure 3A revealed that the PS1319 and SJ02 varieties exhibited similar
profiles, characterized by yellowish color, higher viscosity, softness, and sweet taste.
Conversely, the CCN51 and Parazinho varieties showed similar attributes, including a greenish
color, and an acidic and astringent flavor. These results are supported by Table 2, which
presents the sum of the rankings obtained through the RDA conducted by trained tasters.
Additionally, the PCA indicated that the type of variety influenced the sensory attributes of
cocoa honey. In their studies with cocoa liquor, Sukha et al. [42] concluded that cocoa variety
strongly influenced the flavor potential.

According to the average scores attributed by consumers in the acceptance test (Table
3), a significant difference (p < 0.05) was observed only for the attributes of flavor and overall
quality among the four varieties of cocoa honey studied. Flavor is one of the most important
quality attributes, influencing the acceptability of cocoa products, such as cocoa honey. All
varieties showed good sensory acceptability, with hedonic scale scores ranging from, “I liked
it slightly” to “I liked it moderately”. Varieties SJ02 and CCN51 obtained higher scores for the
flavor attribute, without differences between them, corresponding to, “I liked it moderately”,
and differing significantly (p < 0.05) from PS1319 and Parazinho varieties. This difference
could possibly be attributed to the presence of bitterness and astringent flavors. Table 2
indicates that the Parazinho variety had the highest content of astringency and the lowest sweet
taste, while the SJO2 variety was considered to have the highest sweet taste. However, regarding

overall quality, both the SJ02 and CCN51 varieties also obtained the highest scores, ranging
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from, “I liked it slightly” to “I liked it moderately”, but they did not differ significantly (p >
0.05) from each other.

Table 3. Acceptance test and purchase intention averages for different varieties of cocoa honey.

Varieties
Attributes

CCN51 PS1319 SJ02 Parazinho

Sensory acceptance
Appearance 6.6 +1.67° 6.63 +1.718 6.75+ 1.612 6.66 £ 1.47¢
Aroma 6.41 + 1.66° 6.47 £ 1.842 6.22 +£1.632 6.31+1.62°
Flavor 7.11+ 159 6.95 + 1.98% 7.13+1.89° 6.42 +1.92°
Consistency 6.88 £ 1.772 7.02+1.722 6.94 +1.82° 6.52 £ 1.90%
Overall quality 7.08 + 1.55% 6.93 + 1.84% 7.21+£1.528 6.53+1.71°

Purchase intention
356+1.178 3.39 + 1.36% 3.71+£1.23° 2.99 +1.27°

Means followed by the same letter on the line do not differ significantly from each other (Tukey test; p < 0.05).

In terms of purchase intention, the SJ02 and CCN51 varieties showed the highest results,
with a score of “probably would buy”, while the Parazinho variety had the lowest purchase
intention (“maybe I would buy/maybe I would not buy”). As discussed earlier, these results can
be explained by Table 2, where the RDA tasters indicated that the CCN51 and SJO2 varieties
had higher levels of flavor attributes and more astringency, while they attributed less sweetness
to Parazinho. A similar result was obtained by Andrade et al. [19] when evaluating five samples
of chocolate using doughs with different fermented cocoa contents.

2.5.  Correlation of Sensory Analysis with VOCs

The principal component analysis (PCA) shown in Figure 3B correlates the sensory
attributes of aroma assessed in the RDA with the VOCs and the four cocoa varieties studied.
The PCA factors explained 52.33% and 27.12% of the data variability in the first two principal
components (PC1 and PC2). VOCs were categorized into classes, namely, acids, alcohols,
aldehydes, esters, ketones, monoterpenes, oxygenated monoterpenes, sesquiterpenes,

oxygenated sesquiterpenes, and others.
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Figure 3B reveals that the CCN51 variety was rich in VOCs, predominantly composed
of acids, sesquiterpenes, esters, oxygenated sesquiterpenes, and oxygenated monoterpenes,
exhibiting sensory attributes such as acidic, fruity, cocoa/cocoa pulp, and minty/refreshing
aroma. In samples of cocoa liquor of the CCN51 variety, according to Rojas et al. [20], the
main types of compounds identified were aldehydes, ketones, alcohols, pyrazines, esters,
terpenes, acids, and lactones. The PS1319 variety demonstrated a predominance of ketones,
monoterpenes, and other volatile organic compounds with a refreshing/minty, floral, and sweet
aroma. According to Rodrigues-Campos et al. [26], some ketones are known to impart floral
notes to cocoa. The SJO2 variety exhibited a predominance of aldehydes, while Parazinho stood
out for the presence of acids and sesquiterpenes, lacking aroma descriptors.

The aroma composition of cocoa products is closely linked to the distinct post-harvest
processing conditions, as well as the variety and origin of the cocoa itself [43]. High-quality
“cocoa” is mainly produced from Criollo or Trinitario varieties, which typically feature fruity,
floral, herbal, woody, and caramel notes, while common cocoa beans are sourced from
Forastero variety [44]. Since CCN51, PS1319, and SJ02 are hybrids resulting from the genetic
enhancement of Trinitario cacao, unlike Parazinho, which belongs to the Forastero type and has
not undergone genetic improvement [3], the results obtained in the PCA (Figure 3B) indicated
that the CCN51 and PS1319 varieties obtained the highest abundances of VOCs and aroma
descriptors. This may be attributed to the origin of these varieties in Trinitario cocoa, renowned
for its high quality.

3. Materials and Methods
3.1. Standards and Materials

Standard solutions of n-alkanes C7—Czo, nonanoic acid, dodecanoic acid, tetradecanoic
acid, pentadecanoic acid, palmitic acid, 1-heptanol, 1-dodecanol, 1-hexadecanol, benzaldehyde,
octanal, (E)-2-octenal, 2-ethylhexyl salicylate, 2-heptanona, geranyl acetone, D-limonene, and
linalool were acquired from Sigma—Aldrich (Burlington, MA, USA). All standards used in GC-
MS analysis were of 95% purity. SPME fibers,
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS, 65 pum),
polydimethylsiloxane/divinylbenzene (PDMS/DVB, 50/30 um), carboxen/
polydimethylsiloxane (CAR/PDMS, 75 um), and polyacrylate (PA, 85 pum), used in this study
to extract the VOCs from the samples, and the SPME holder for manual sampling, were
purchased from Supelco (Bellefonte, PA, USA).
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3.2.  Obtaining Cocoa Honey

Cocoa honey was obtained from ripe fruits of the CCN51, PS1319, SJ02, and Paraz-
inho varieties harvested in the city of Presidente Tancredo Neves (Bahia, Brazil; latitude:
13°27'14" south; Longitude: 39°25'15" west), in May 2022. Cocoa honey was collected before
cocoa bean fermentation. Initially, a pre-selection was carried out, discarding unripe, damaged,
and advanced senescent fruits. The almonds were placed in a manual stainless- steel cold press
to obtain cocoa honey. Finally, the cocoa honey was stored in polyethylene bottles and kept at
18 °C (0.5 °C) until the beginning of the analyses. Three batches of cocoa honey were obtained

for each variety.
3.3. HS-SPME Method

An amount of 10 mL of cocoa honey was placed in sealed 20 mL glass vials for
extracting VOCs through headspace solid-phase microextraction (HS-SPME). Extraction was
performed by placing the flask in an aluminum heating block (4 cm high by 14 cm in diameter)
on a temperature-controlled heating plate [45]. SPME extractions were performed from the
headspace of the samples, after optimization, according to the following conditions:
DVB/CAR/PDMS fiber (65 pum), equilibration time of 20 min, extraction time of 78 min,
extraction temperature of 85 °C, and stirring speed of 171 rpm, using a magnetic bar. After
extracting and pre-concentrating VOCs, the fiber was inserted directly into the GC injector for

3 min.
3.4.  Optimization of the HS-SPME Conditions

A mixture containing 25% of each of the four varieties of cocoa honey was used to
optimize the extraction method by HS-SPME. As an initial step, a screening 24 full factorial
design [46] was performed to evaluate significant variables involved in HS-SPME. Three
replications were performed at the central point of the factorial design to quantify the
experimental error. The variables evaluated by the screening experimental design were the
extraction temperature, the extraction time, the equilibrating time, and the stirring speed. The
levels employed in these experiments are listed in Table S1. The response evaluated during all
experiments was the total sum of peak areas obtained in the GC-MS analysis.

Once significant variables were obtained, a central composite design, with 19
experiments and 5 replicates in central points, and response surface methodology [46] were
carried out to locate the optimum values of temperature, extraction time, and stirring speed. The

experimental levels involved in central composite design optimization are listed in Table S2.
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The statistical experimental design and optimization calculations were performed using the
Statistica 7.0 software (Statsoft, Tulsa, OK, USA).

3.5.  GC-MS Analysis

The volatile organic compounds were analyzed using a gas chromatograph coupled with
a mass spectrometer (GC-MS; Model QP2010 Plus, Shimadzu®, Kyoto, Japan), using a
capillary column model HP-5MS (5% —phenylmethylpolysiloxane, 30.0 m x 0.25 mm 1.D 0.25
um, Restek®, Bellefonte, PA, USA). Cocoa honey compounds were determined on three
batches of samples of each variety, with each batch evaluated in triplicate (totaling nine
analyses for each variety).

The sample analysis method followed the parameters: oven temperature at 30 °C (held
for 2 min), heating from 0.5 °C min™* to 38 =C (for 2 min), followed by heating from 4.0 -C
min~t to 90 =C (hold 2 min), heating from 4 C min* to 200 °C (hold 2 min), heating from 10
oC min?* to 280 C, and heating from 30 C min* to 300 °C, totaling a run of 73.17 min. The
injector temperature was 250 °C, splitless mode was used, and flow rate of 0.61 mL min 2.
Helium (99.999%) was used as a carrier gas. The MS conditions were as follows: transfer line
temperature of 250 °C, ion source temperature of 250 °C, and employing electron impact
ionization at 70 eV.

VVOCs were identified by comparing the obtained retention times and mass spectra with
those of the pure analytical standards. Mass spectra were also compared to the data system
library (NIST 147 Database). The linear retention index (LRI) was determined using a
homologous series of C7—Cazo n-alkanes and the results were compared with values re- ported
in the literature for similar chromatographic columns. The percentage of individual peaks was

obtained by normalizing the measured peak area without correction factors.
3.6.  Multivariate Data Analysis

A data matrix containing the areas of identified peaks was subjected to principal
component analysis (PCA) and hierarchical cluster analysis (HCA) with pre-treatment by
autoscaling [46]. As the PCA is a well-known multivariate analysis chemometric technique,
which facilitates the visualization of clustering trends, using all the information contained in
many variables, this tool was used to intensify the clustering trends of different varieties of

honey from cocoa, based on their VOC profiles. HCA is a statistical tool for grouping samples
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based on similarity, measuring distances between all possible pairs of samples in dimensional

space.
3.7.  Sensory Evaluation of Cocoa Honey

Initially, the project was approved by the Research Ethics Committee of the Faculty of
Pharmacy of the Federal University of Bahia (UFBA; CAAE: 65163322.9.0000.8035).

3.7.1. Microbiological Analysis

Before carrying out the sensory evaluation, microbiological analyses were carried out
for Salmonella spp., Escherichia coli, and molds and yeasts, in compliance with Normative
Instruction No. 161 [47] through the methodology of Silva et al. [48] and IAL [49].

3.7.2. Ranking Descriptive Analysis (RDA)

Analyses were performed at the Sensory Analysis Laboratory of the Faculty of
Pharmacy at the Federal University of Bahia (UFBA). The method used for the sensory
characterization was the ranking descriptive analysis (RDA), an adaptation of the quantitative
descriptive analysis (QDA), which describes the main characteristics that make up the
appearance, aroma, flavor, and texture of food, in addition to measuring the intensity of
perceived sensations. Ranking descriptive analysis (RDA) was proposed by Richter et al. [15],
where the evaluation of products is performed by ordering the intensity of the evaluated
attributes.

Here, 23 previously trained tasters, aged 18 to 45, evaluated the cocoa honey samples
in a single session. In the first training session, the evaluators were subjected to a basic
recognition test of the four basic tastes (sweet, sour, bitter, and salty) and ten aromas. In the
second session, they underwent the triangular test to identify bitter, acidic, and sweet tastes. In
the third session, they were presented with the paired comparison test to identify acidic and
bitter tastes. In the fourth session, they underwent the ordering test to order the sweet, bitter,
and acidic tastes in increasing order of intensity, in addition to the test to order the sweet, bitter,
acidic, and fruity aromas in an increasing order. In the fifth session, the network method was
applied. Tasters received the four samples in pairs (A and B; C and D) and were asked to
describe their similarities and differences in appearance, aroma, flavor, and texture, followed
by a group discussion after the survey of attributes. In the sixth session, the tasters were
presented with the RDA test form and the reference table (Table S4).
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The seventh session was the final evaluation, where 40 mL of each sample was served
in 50 mL white disposable cups coded with three-digit random numbers and randomized
between tasters and repetitions, in individual booths illuminated by white light. Tasters were
instructed to cleanse their palates by drinking water and chewing a biscuit. The four samples
were ordered in ascending order of the generated attributes, obtaining the ordering totals
according to Table 2. Three tasters were excluded from the data analysis due to incorrectly
filling out the evaluation form. All samples were evaluated in triplicate during the session. The
data collected referring to all attributes were evaluated using the Friedman test, at a 5%

probability level.
3.7.3. Acceptance

One hundred and eight consumers carried out the acceptance test in a single session.
The cocoa honey varieties were served in white disposable cups, coded with three-digit random
numbers, containing 10 mL of the samples at 4 1 °C, in individual booths illuminated by white
light. Consumers evaluated the appearance, aroma, flavor, consistency, and overall quality
attributes, using a 9-point structured hedonic scale (1—*I disliked it extremely” to 9—*I liked
it extremely”), in addition to a purchase intention scale (1—"“certainly would not buy” to 5—

“certainly would buy”). In addition, a questionnaire was applied to assess the consumer profile.
3.8.  Statistical Analysis

For VOC data, the MetaboAnalyst 5.0 program was used. Sensory profile results were
expressed as mean standard deviation and statistical analysis was performed using the statistical
software XLStat version 7.8. An analysis of variance (ANOVA) followed by the Tukey test

was performed to determine statistically significant differences between means (p < 0.05).
4. Conclusions

The optimized HS-SPME/GC-MS method enhanced the extraction efficiency, iden-
tifying 84 VOCs in cocoa honey from 4 varieties. Sensory analysis revealed that PS1319 and
SJ02 had similar profiles, with yellowish color, higher viscosity, softness, and sweet taste. The
study concluded that the cocoa honey variety influenced VOC concentrations and sensory
profiles. SJ02 and CCN51 showed the highest acceptability and purchase intention, highlighting
their potential as promising sources for the food industry. Further research is required to identify
potential quality markers among these VOCs for cocoa honey produced from different cocoa

tree varieties.
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Supplementary Materials: The following supporting information can be downloaded at:
https:// www.mdpi.com/article/10.3390/molecules29133194/s1. Table S1: Variable levels
employed for screening of 24 full factorial optimization of the HS-SPME method of cocoa
honey. Table S2: Variable levels employed for central composite design from optimization of
the HS-SPME method of cocoa honey. Table S3: Experiments carried out to confirm HS-SPME
optimal conditions estimated by response surface methodology at extrapolation conditions (n =

3). Table S4: Descriptive terms and reference materials.
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Table S1. Variables levels employed for screening of 24 full factorial optimization of HS-SPME
method of cocoa honey.

Coded Variable

Variable
-1 (0) (+1)
Extraction temperature, °C 40 60 80
Extraction time, min 10 20 30
Stirring speed, rpm 100 250 400
Equilibrium time, min 0 10 20

Table S2. Variables levels employed for central composite design from optimization of HS-
SPME method of cocoa honey.

Coded Variable
Variable
(-1,68) (-1) (0) (+1) (+1,68)
Extraction temperature, °C 73 80 90 100 107
Extraction time, min 13 50 60 70 77

Stirring speed, rpm 230 300 400 500 570
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Table S3. Experiments carried out to confirm HS-SPME optimal conditions estimated by
response surface methodology at extrapolation conditions (n=3).

Temperature extraction/ °C Time extraction/min Stirring speed /rpm Response
85 78 171 4.07 x108
85 68 161 3.93 x108
85 88 181 2.44 x108
95 78 171 3.25 x108
95 88 181 3.35x108
75 68 161 3.74 x108

Table S4. Descriptive terms and reference materials.

Sensory Descriptors

Definition

Reference Material

Appearance

Yellow color

Has a light shade of yellow

Less intense: Cocoa pulp + 20 drops
orange juice (SL).

More intense: Cocoa pulp + 10% SL.

Greenish color

A yellow tint that tends slightly
to green. Similar to lime green

Less: Cocoa pulp + 20 drops lime juice.

More: Persian lime juice.

Aroma
Less: Cocoa pulp + 1% apple cider
vinegar.
Acid Odor relative to acetic acid.
More: Cocoa pulp + 5% apple cider
vinegar.
Less: Cocoa pulp.
Sweet Odor obtained from
sugar/caramel More: Cocoa pulp + 10% sugar heated
to 1200C to brown color.
Less: Cocoa pulp + 10% nibs of crushed
Odour relating to cocoa.
Cocoa/Cocoa pulp
cocoa/chocolate pulp More: Cocoa pulp +40% crushed cocoa
nibs.
Less: Cocoa pulp + 5% tangerine,
. orange, lemon (TLL) solution.
Fruity Odor obtained from
tangerine, lemon and other More: Cocoa pulp +20% TLL
citrus fruits
. . Less: Cocoa pulp + 3% solution of
Minty/Refreshing If\fel;l}tl r?eizr;)?teg:ﬁ r(:tf aromatic herbs of mint (EM).
More: Cocoa pulp + 10% EM.
Floral Sensation that refers to the Less: Cocoa pulp + 5% floral solution

floral-fruity odor (flowers:

(LRJ).
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lavender, roses, jasmine,
magnolias).

More: Cocoa pulp + 30% LRJ.

Flavor

Acidic taste

I like citric acid.

Less: Cocoa pulp + 0.05% citric acid.

More: Cocoa pulp + 1.% citric acid.

Sweet taste

Flavor associated with the
presence of sugars. Sweet
caramel flavor.

Less: Cocoa pulp + 1.0% sugar
solution.

More: Cocoa pulp + 10.0% sugar
solution

Flavor associated with cocoa

Less: Cocoa pulp + 10% nibs of crushed
cocoa.

Cocoa/Cocoa pulp o/ "
pulp/cocoa nios. More: Cocoa pulp + 40% nibs of
crushed cocoa.
Flavor relative to citrus Less: Cocoa pulp + 5% tangerine,
Fruity fruits (tangerine, lemon, orange, lemon (TLL) solution.
orange) More: Cocoa pulp + 20% TLL solution.
Dry sensation in the mouth Less: Cocoa pulp.
when consuming unripe
. fruits. Sensation resulting More: Cocoa pulp + green banana pulp.
Astringency

from the contraction of the
mucous membrane of the
mouth.

Texture/Sensation in the mouth

Resistance property

Minus: Cocoa pulp (1:1).

Viscosity

to flow. More: Cocoa pulp.

Feeling of silkiness in the Less: Cocoa pulp + 2% polyalcohol
Softness mouth. Texture with a solution (PAL).

feeling of softness

More: Cocoa pulp + 10% PAL.
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4.4

MANUSCRITO: Perfil quimico de mel de cacau (Theobroma cacao L.) de diferentes
variedades por UHPLC-HRMS/MS e analise quimiométrica
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PERFIL QUIMICO DE MEL DE CACAU (Theobroma cacao L.) DE DIFERENTES
VARIEDADES POR UHPLC-HRMS/MS E ANALISE QUIMIOMETRICA

Periodico a ser submetido: Journal of Agricultural and Food Chemistry —
ISSN 1520-5118

Maior percentil (Scopus): 94%

Resumo

O objetivo deste estudo foi identificar o perfil quimico de mel de cacau de diferentes variedades
por meio de cromatografia liquida de ultraeficiéncia acoplada a espectrometria de massas de
alta resolucdo (UHPLC-HRMS/MS). Um total de 72 compostos foram identificados, com
énfase em compostos bioativos como flavonoides, alcal6ides, aminoacidos e aminas bioativas.
A analise multivariada permitiu a discriminacdo de variedades com base em seus perfis
quimicos. Notavelmente, a variedade CCN51 apresentou a maior diversidade de aminoacidos
essenciais e acidos carboxilicos. A variedade Parazinho foi caracterizada pela presenca de
alcaloides, flavonoides e aminoécidos essenciais. A variedade PS1319 destacou-se pelo alto
teor de acidos fenolicos e aminoacidos essenciais e ndo essenciais. A variedade SJO2 foi
distinguida por uma abundancia de &cidos fendlicos e agucares. Cinco compostos foram
quantificados por UHPLC-MS/MS, destacando-se a variedade Parazinho por apresentar as
maiores concentracdes de catequina e teobromina. Esses compostos sdo reconhecidos por seus
potenciais beneficios a saude, incluindo antioxidantes, propriedades anti-inflamatorias,
cardioprotetoras e regulacdo do humor. Portanto, a presenca desses compostos destaca o mel
de cacau como uma adicao valiosa a uma dieta balanceada, com potencial significativo para
aumentar seu valor de mercado e gerar beneficios econdmicos para a industria do cacau.

Palavras-chave: Polpa de cacau; Compostos bioativos; Espectrometria de massa de alta
resolucdo; Analise multivariada.

1. Introducéo

O cacau (Theobroma cacao L.) € uma das commodities agricolas mais importantes e
suas sementes sdo o principal ingrediente na producgéo de chocolate, um alimento amplamente
apreciado em todo o mundo (Anoraga et al., 2024). O cacau é amplamente cultivado na Africa
Ocidental, América do Sul e Sul da Asia. Em 2024, a producéo total atingiu 4,5 milhdes de
toneladas, sendo a Africa (71,2%) o maior produtor, seguida pelas Américas (23,3%) e pela
regido da Asia-Oceania (5,6%) (ICCO, 2024).

O Brasil ocupa a 62 posi¢do no mundo, com uma producéo anual de 0,5 toneladas por

hectare. O estado da Bahia se destaca como o maior produtor de cacau do pais, com uma
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tradicdo de cultivo que remonta ao século 19 (IBGE, 2024; ICCO, 2024; Yusof et al., 2017). A
regido sul da Bahia é conhecida pela producdo de cacau de alta qualidade, utilizando
principalmente variedades finas e aromaticas. O clima favoravel e os solos férteis da regido
contribuem para uma forte produtividade. O cacau da Bahia € crucial para a industria do
chocolate e é altamente valorizado nos mercados nacional e internacional (Ferreira, 2017; Serra
& Sodré, 2021).

O cacau e o chocolate amargo s@o considerados alguns dos alimentos funcionais mais
promissores devido as suas altas concentragdes de compostos bioativos, como flavondides,
acidos fendlicos, alcaloides e aminoécidos (Dala-Paula et al., 2021; Giltekin-Ozguven et al.,
2016; Zyzelewicz et al., 2018).

No entanto, a cadeia produtiva do cacau gera varios subprodutos valiosos que podem
ser utilizados em varios setores, incluindo cascas de vagens, cascas de gréos de cacau, polpa de
cacau e mel de cacau (Soares & Oliveira, 2022). Quando prensada a frio, a polpa do cacau
produz um subproduto conhecido como mel de cacau, um liquido mucilaginoso, rico em
acucares, acidos organicos, minerais e propriedades antioxidantes. Esse subproduto possui
valor econdmico significativo devido ao seu potencial comercial e industrial, encontrando
aplicaces em produtos como doces, geleias, bebidas alcodlicas, sucos e cosméticos (Guirlanda
et al., 2021; Guirlanda et al., 2023; Indiarto et al., 2021).

Akoa et al. (2021) identificaram compostos fendlicos e alcaloides da familia das
metilxantinas em grdos de cacau e chocolate amargo de trés hibridos usando LC-MS/MS,
destacando a presenca de epicatequina, teobromina, acidos feralico e clorogénico e seus
derivados, procianidina C1, cafeina e &cido salicilico. No estudo realizado por Pagliari et al.
(2022), as metilxantinas foram identificadas em cascas de cacau por meio de LC-MS/MS. Para
analisar compostos bioativos no licor de cacau, Herrera-Rocha et al. (2024) empregaram LC-
MS e identificaram a presenca de varios compostos, como catequina, acido protocatecuico,
fenilalanina, serotonina e isoleucina.

Em relacdo aos compostos volateis, mel de cacau das variedades CCN51, PS1319, SJ02
e Parazinho foram previamente analisados por HS-SPME/GC-MS, juntamente com avaliagdes
do perfil sensorial, destacando-se a presenca de ésteres como acetato de 1-metilbutila e acetato
de 2-heptila, alem da classe de terpenos como linalol e D-limoneno (Nascimento et al., 2024a).
Nascimento et al. (2024b) determinaram a composi¢do mineral usando MIP OES e examinaram
as propriedades fisico-quimicas do mel de cacau de diferentes variedades. O mel de cacau foi
descrito como um produto acido, contendo quantidades significativas de sélidos solUveis
(11,97-17,32), acucares totais (11,62-16,03 g/100g) e valor energético (113,58-120,53 kcal).
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Além disso, contém niveis considerdveis de magnésio (132,08-198,16 mg/kg), zinco (3,01-
18,76 mg/kg) e menores quantidades de sodio (44,56-94,57 mg/kg), tornando-se uma fonte
nutricional relevante que incentiva seu consumo.

Apesar de ser uma fonte alimentar muito promissora, ha informacdes limitadas sobre o
perfil de compostos bioativos de amostras de mel de cacau, e nenhum estudo relatou a
caracterizagdo quimica de compostos ndo volateis. Portanto, o objetivo deste trabalho foi
determinar o perfil quimico do mel de cacau de diferentes variedades usando cromatografia

liquida de ultra-eficiéncia acoplada a espectrometria de massas de alta resolucao.

2. Material e métodos

2.1 Reagentes e materiais quimicos

Padrbes fendlicos, incluindo teobromina, epicatequina, cafeina, quercetina, acido
clorogénico e &cido galico, foram todos obtidos da Sigma-Aldrich (St. Louis, MO, EUA) com
pureza >95%. Acetonitrila de grau LC-MS (>99,9%), metanol de grau LC-MS (>99,9%) e acido
férmico de grau LC-MS (~ 98%) foram todos obtidos da Supelco (Darmstadt, Alemanha). A
agua foi purificada por um sistema de purificacdo de agua Milli-Q® IQ 7000 (18 MQ cm,
Millipore, Bedford, MA, EUA).

2.2 Amostragem de mel de cacau
O mel de cacau foi extraido da polpa de cacau de frutos maduros das variedades CCN51,

PS1319, SJ02 e Parazinho (Fig. 1), colhidas na cidade de Presidente Tancredo Neves, Bahia,
Brasil (13° 27' 14"S e 39° 25' 15"W), antes da fermentacdo das améndoas de cacau.

CCNs1 PS1319 SJ02 Parazinho

Fig. 1. Variedades de cacau (Theobroma cacao L.).
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A etapa inicial do processo envolveu a sele¢do dos frutos, com o objetivo de escolher
aqueles que estavam totalmente maduras e de alta qualidade. Para produzir o mel de cacau, foi
utilizado uma prensa manual a frio feita de aco inoxidavel com capacidade de 50kg. Apds a
extracao, o mel de cacau foi armazenado em garrafas de polietileno e mantido a -18°C (+ 0,5°C)

até a realizacdo das analises.

2.3 Extracdo de compostos

As amostras de 5 mL de mel de cacau foram diluidas em 10 mL de agua ultrapura
(proporcdo 1:2), em vortice por 1 minuto e centrifugadas (MPW-351R, MPW Med.
Instruments) por 15 min a 10.000 rpm e 4 °C. Os sobrenadantes foram entéo filtrados através

de filtros de membrana PES de 0,45 um e 0,22 pm em série antes da inje¢do (Xu et al., 2020).

2.4 Caracterizagdo por UHPLC-HRMS/MS

Os compostos foram identificados por UHPLC-HRMS/MS. Em seguida, 2 puL do
extrato liquido foram injetados em um sistema Agilent 1290 Infinity 11 Binary LC. Uma coluna
C18 (InfinityLab Poroshell 120 EC-C18 4,6 x 100 mm, 4 pum), a temperatura de 40 °C, foi
empregada nas separagdes, de acordo com a seguinte condi¢do de gradiente de solvente:
iniciando com 95% de solvente A (&gua ultrapura/0,1% de acido formico) e 5% de solvente B
(acetonitrila/0,1% de &cido formico) a 0 min, aumentar para 85% de A a 7 min, 100% B em 17
min, mantendo essa condigdo por 1 min com vazéo de 0,4 mL min™.

A anélise HRMS foi realizada em um sistema Agilent 6545B Accurate-Mass Q-TOF
LC-MS equipado com a tecnologia Jet Stream da Agilent (Santa Clara, EUA) para ionizagéo
por eletrospray, nos modos positivo e negativo (faixa de massa m/z 60—600). Os parametros Q-
TOF empregados foram: taxa de aquisicéo de 3,0 espectros s, temperatura do géas de secagem
de 200 °C, vazdo do gas de secagem de 10,0 L min%, temperatura do gas da bainha de 400 °C,
vaz4o do gas da bainha de 10,0 L min't, pressdo do gés nebulizador de 35 psi, tenséo do skimmer
de 45 V, octopolo RF de 750 V, tensdo do fragmentador de 100 V, tenséo capilar de 3,5 kV e
tensdo do bico de 0,5 kV. O software Agilent MassHunter Workstation, versdo 10.0, foi
utilizado para processamento de espectros, aquisicdo de dados e andlise qualitativa. A
identificacdo do composto foi baseada em uma comparacdo da massa exata e do espectro
MS/MS com dados do banco de dados MassHunter METLIN Metabolite PCDL (Personal

Compound Database and Library). Uma mistura contendo seis padrdes analiticos (1 ppm) foi
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preparada e injetada para garantir a reprodutibilidade do instrumento e reforgar a anota¢éo dos

metabdlitos presentes nos méis de cacaul.

2.5. Quantificacao de compostos bioativos alvo por UHPLC-MS/MS

A concentracdo de alguns compostos estratégicos, como teobromina, catequina, (E)-
resveratrol, cafeina e acido galico, foi determinada usando um sistema Agilent 1260 Infinity 11
UHPLC acoplado a um espectrometro de massa triplo quadrupolo (UHPLC-MS/MS) Agilent
Ultivo System, equipado com um sistema de bomba quaternaria, e fonte de ions de alta
sensibilidade Agilent Jetstream (AJS) (Agilent Technologies, Santa Clara, California, EUA).
A separacao do analito foi realizada usando uma coluna InfinityLab Poroshell 120 EC-C18 de
fase reversa (100 mm x 4,6 mm x 4,0 um). O modo de elui¢do gradiente foi realizado da
seguinte forma: iniciando-se com 95% de solvente A (agua ultrapura/0,1% de &cido férmico) e
5% de solvente B (acetonitrila/0,1% de &cido formico) em 0 min, aumentando para 95% de B
em 10 min, mantendo essa condicao por 2 min. A temperatura da coluna foi mantida em 40 °C.
A taxa de fluxo da fase movel foi fixada em 0,8 mL min™, e um volume de 2 pL da amostra foi
injetado. A temperatura do amostrador automatico foi mantida em 8 °C para evitar a degradacédo
do analito. A fonte de ions AJS foi operada em modo positivo. Os parametros de ionizagédo
foram temperatura do gas seco (150 °C) e temperatura do gas da bainha (250 °C), fluxo de gas
seco (4 L mint), fluxo de gas da bainha (12 L min), pressdo do nebulizador (20 psi), tenséo
capilar (3,5 kV), tensdo do bico (0,5 kV) e fragmentador (125 V). O nitrogénio foi usado como
gas de colisdo na célula de colisdo. A aquisicdo do alvo foi obtida usando duas transicoes
dindmicas de monitoramento de reacdes mdaltiplas (IMRM) para cada composto alvo. Os
tempos de retencdo (TR) e os parametros detalhados de aquisicdo de MS/MS usados para o

perfil dos compostos fenolicos relatados foram fornecidos na Tabela S1.

2.6 Validag&o do procedimento analitico

O procedimento analitico foi validado com base nos seguintes pardmetros, conforme
descrito por Thompson et al. (2002): seletividade, faixa linear e linearidade, efeito de matriz,
limite de deteccdo (LOD), limite de quantificacdo (LOQ), preciséo e veracidade (avaliada por
meio de testes de pico e recuperacdo). Mais detalhes sobre os critérios para validacdo do
procedimento analitico sdo fornecidos na se¢do Material Suplementar e na Tabela S2 e S3.

Resumidamente, todas as curvas analiticas investigadas foram lineares na faixa de concentragdo
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estudada, sem evidéncias de falta de ajuste. Em relacédo ao efeito de matriz, observou-se discreta
supressao de sinal para catequina e cafeina (EM=0,8), enquanto aumento de sinal foi observado
para acido galico (EM=1,2). Assim, curvas analiticas pareadas com matrizes foram utilizadas
para determinar a concentracdo dos analitos. Os valores de LOD e LOQ variaram de 10,9 ng
mL-1 (cafeina) a 45,2 ng mL-1 ((E)-resveratrol), e de 36,1 ng mL-1 a 151 ng mL-1 para esses
mesmos compostos, respectivamente. A precisdo, avaliada por meio da repetibilidade, foi
inferior a 6,0 para todos 0s compostos, enquanto que para a precisdo intermediaria, os valores
variaram de 12,6 % a 28,2 %. Os valores de recuperacédo para cada analito foram: 81,8 — 93,9%
(&cido gélico), 84,8 — 121% (teobromina), 87,4 — 113% (catequina), 87,7 — 115% (cafeina) e
90,6 — 98,4% ((E)-resveratrol).

2.7 Andlise estatistica

Os dados contendo as areas dos picos identificados foram submetidos a analise
hierarquica de cluster (HCA) com pré-tratamento por autoescalonamento, utilizando o
MetaboAnalyst 6.0. Os experimentos foram realizados em triplicata. O OriginPro 2024
(OriginLab, Northampton, MA, EUA) foi usado para plotar graficos. Uma analise de variancia
(ANOVA), seguida do teste de Tukey, foi realizada para identificar diferencas estatisticamente

significativas entre as médias (p < 0,05).

3. Resultados e discussao

3.1 Caracterizagdo quimica e analise multivariada

Os resultados, apresentados na Tabela 1, revelaram a presenca de varias classes
quimicas, incluindo flavonodides (4), acidos fendlicos (5), aminoacidos (14), alcaloides (2),
aminas bioativas (5), glicosideos (2), acucares (4), acidos carboxilicos (11), ésteres (11),
terpenos (4), cetonas (3), aldeidos (3) e outros (4), totalizando 72 compostos quimicos. Seis

desses compostos foram confirmados usando padrdes comerciais.



Tabela 1. Anélise UHPLC-HRMS/MS para a composi¢do quimica do mel de cacau (Theobroma cacao L.).
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RT Tipo de ion/aduto Molecular Tioo de Rolame
Pico (min) precursor Férmula (Erro Composto anotado anoFt)a 307 CCN51 nto SJ02 | Parazinho
(m/z) em ppm) ¢ PS1319
Flavondides
C23H20010
1 4,84 457,1117/[M+H]* Epicatequina-3-O-(4-metilgalato) L2 + + + +
(-2.63)
C15H1406
2 5,06 291,0858/[M+H]* Epicatequina L1 + + + +
(-1.72)
C21H20011
3 5,74 449,1090/[M+H]* Luteolina-4'-O-glicosideo L2 + - - +
(2.67)
C15H1007
4 6,66 301,0352 / [MH]~ Quercetina L1 + + + -
(-0.66)
Acidos fendlicos
C10H1205 )
5 2,41 213,0752/[M+H]* Acido vaniléctico L2 + + + +

(-2.35)




152

CoHsgO3 )
6 3,74 165,0546/[M+H]* Acido 2-hidroxicinamico L5
(0.00)
C7HsOs )
7 4,05 169,0141 / [MH]~ Acido galico L1
(-4.73)
C16H1809 )
8 4,74 163,0390/[M+H]* Acido clorogénico L1
(-4.29)
C7HsO4 )
9 5,60 153,0191 / [MH]~ Acido protocatecuico L5
(-1.31)
Aminoécidos
10 CeH14N-O2
2,35 147,1134/[M+H]* Lisina L5
(4.08)
CeHoN302
11 2,36 156,0771/[M+H]+ Histidina L5
(1.92)
CeH14N402
12 2,36 175,1196/[M+H]* Arginina L5
(3.43)
C4H3N203
13 2,49 133,0611/[M+H]* Asparagina L5

(2.25)




153

CsH/NO;
14 2,50 106,0500/[M+H]* Serina L5
(0.94)
C3sH/NO>
15 2,50 90,0551/[M+H]* Alanina L5
(1.12)
CsH7/NO4 )
16 2,52 134,0451/[M+H]* Acido aspértico L2
(2.24)
CsHgNO4 )
17 2,56 148,0606/[M+H]* Acido glutdmico L5
(1.35)
CsHgNO;
18 2,66 116,0711/[M+H]* Prolina L5
(4.31)
C5H11N02
19 2,95 118,0867/[M+H]* Valina L5
(3.39)
CsH1:NO2S
20 3,38 150,0589/[M+H]* Metionina L5
(4.00)
CsH7NOs )
21 3,53 130,0499/[M+H]* Acido piroglutamico L2
(0.00)
CoH11NO3
22 3,74 182,0816/[M+H]* Tirosina L5

(2.20)




154

CsH13NO>
23 3,85 132,1024/[M+H]* Isoleucina L5
(3.78)
Alcal6ides
C7H8N402
24 2,56 179,0567/[M-H] Teobromina L1
(-3.91)
CsgH10N4O> Cafeina
25 4,96 195,0873/[M+H]* L1
(-2.05)
Bioactive amines
C7H19Ns
26 2,11 146,1655/[M+H]* Espermidina L2
(2.05)
C1oH26N4
27 2,18 203,2232/[M+H]* Espermina L2
(0.98)
C10H12N20
28 4,02 177,1026/[M+H]* Serotonina L5
(2.26)
CsHuiN
29 4,65 122,0967/[M+H]* Fenetilamina L5
(2.46)
30 4,94 161,1079/[M+H]* CioH12N2 Triptamina L5
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(3.72)
Glicosideos
C15H1809 )
31 5,58 341,0873 / [MH] - Acido cafeico 4-O-glicosideo L2
(-1.47)
C20H30013
32 6,05 479,1756/[M+H]* Kelampayoside A L2
(-0.63)
Acucares
CsH1206
33 2,51 179,0567/[M-H] Glicose L5
(3.35)
C12H22012
34 2,70 341,1104 / [MH]- Sacarose L5
(4.40)
CeH1206
35 2,75 179,0566/[M-H] Frutose L5
(2.79)
CsH1004
36 2,84 135,0645/[M+H]* 2-Desoxi arabinose L2
(-5.18)
Acidos

carboxilicos
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C3HsO3
37 2,77 89,0247/[M-H] Acido lactico L5
(3.37)
C14H12N6O3 )
38 3,47 313,1036/[M+H]* Acido pteréico L2
(-2.56)
C4HsO4 )
39 3,86 117,0198/[M-H] Acido succinico L5
(4.27)
C10H180s )
40 4,16 219,1226/[M+H]* Acido 2-hidroxi-decanoéico L2
(-0.46)
C14H2003 )
41 5,79 237,1491/[M+H]* Acido 4-heptiloxibenzdico L2
(2.53)
CsH1002 )
42 6,11 101,0604 / [MH]~ Acido valérico L2
(-3.96)
C18H3002 )
43 6,16 279,2308/[M+H]* Acido y-linolénico L2
(-3.94)
C11H2004 )
44 9,16 217,1438/[M+H]* Acido undecanodioico L2
(1.84)
C18H3402 )
45 9,32 283,2625/[M+H]* Acido 11-cicloheptylundecandico L2

(-2.47)
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337,2341/[M+Na] C18H3404
46 9,53 Acido octadecanodidico L2
* (-2.37)
265,2145/[M+Na] CisH3002 i
47 11,22 Acido miristico 12-metil L2
* (2.64)
Esteres
C4H40O;
48 2,68 85,0283/[M+H]* 2(3H)-Furanona L2
(-1.18)
C10H1004
49 5,00 195,0649/[M+H]* Cafeina de metila L2
(-1.52)
C7H120s
50 5,06 175,0603/[M-H] 3-Isopropilmalato L2
(-5.14)
CsHeOs
51 5,10 115,0387/[M+H]* 2-Hidroxi-2,4-pentadienoato L2
(-2.61)
C19H2404
52 5,16 317,1756/[M+H]* Cafeina de isopulegona L2
(2.84)
CoH1802
53 6,48 159,1387/[M+H]* Heptanoato de etilo L2

(4.40)
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C16H2802
54 8,58 253,2157/[M+H]* Hexanoato de linalilo L2
(-1.97)
C14H2802
55 9,11 251,1985 Nonanoato de 3-metilbutilo L2
(1.19)
Ci12H2002 (4E)-4-hexenoato de (3 Z)-3-hexen-
56 9,43 197,1531/[M+H]* L2
(-2.54) 1-ilo
247,1681/[M+Na] C14H240,
57 10,69 Butanoato de a-terpineol L2
* (4.86)
C12H1404
58 11,06 223,0966/[M+H]* Isobutirato de piperonilo L2
(0.45)
Terpenos
C20H3003 )
59 6,32 319,2272/[M+H]* Acido grandflorico L2
(1.25)
C10H160
60 4,89 153,1272/[M+H]* Limoneno-1,2-epéxido L2
(-1.31)
C10H1602
61 5,00 169,1224/[M+H]* 8-Epiiridodial L2

(0.59)
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Ci15H2002
62 9,95 233,1529/[M+H]* Germacrona-13-al L2
(-3.00)
Cetonas
C7H1.0
63 5,58 113,0961/[M+H]* 5-Metil-3-hexen-2-ona L2
(0.00)
CoH180
64 6,53 143,1430/[M+H]* 2-Nonanona L2
(0.00)
CoH160
65 8,43 141,1277/[M+H]* 8-Nonen-3-um L2
(2.13)
Aldeidos
CsH40;
66 3,52 97,0280/[M+H]* Furfural L2
(-4.12)
219,1724/[M+Na] Ci3H240
67 5,26 (42) -Dodecenal L2
* (2.28)
C12H2:02
68 9,69 199,1688/[M+H]* Decanoylacetaldeido L2

(-2.51)
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Outros
Ci3H1602
69 3,42 205,1225/[M+H]* Plastoquinona L2
(0.98)
CesH140
70 3,63 103,1114/[M+H]* 1-hexanol L2
(-2.91)
C7HsO3 )
71 5,95 141,0541/[M+H]* Alcool gentisilico L2
(-3.54)
C11H1802
72 8,95 183,1374/[M+H]* 2-Hexil-5-metil-3(2H)-furanona L2
(-3.28)

aAnnotation type: (L1) Level 1, confirmed structure by reference standard; (L2) Level 2, probable structure by library spectrum match; (L5) Level 5, exact mass of interest

(Schymanski et al., 2014).
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A Fig. 2 apresenta o dendrograma obtido a partir da analise hierarquica de clusters
(HCA) combinada com um mapa de calor, onde as amostras foram agrupadas com base

em suas semelhancas, demonstrando claramente a formacéao de quatro clusters distintos.

value

]

i

class

CCMN51
Parazinho
PS13219

sioz2

CONSL R1
CH5L_R
CCNSL_R3
PS1319_R1
PS1315 R
PS1319_R2
02_R
5102_R1
5102 R2

Fig. 2. Dendrograma da analise hierarquica de agrupamento (HCA) combinado com um
mapa de calor dos compostos encontrados no mel de cacau de diferentes variedades,
obtido por UHPLC-HRMS/MS.

O cluster correspondente a variedade Parazinho (lilas) se destaca pela presenca de
aminas bioativas, flavonoides e aminoacidos condicionalmente essenciais, apresentando
0s maiores niveis de serotonina, triptamina e epicatequina. Ja o cluster relacionado a
variedade CCN51 (rosa) contém uma predominancia mais elevada de aminoacidos

essenciais e acidos carboxilicos, sendo reconhecido pelo seu alto teor de quercetina. A
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variedade PS1319 (laranja) se caracteriza por uma abundancia de alcaloides, como
cafeina, além de 4&cidos fendlicos, como os acidos galico e clorogénico, além de
aminoacidos essenciais e ndo essenciais, bem como aglcares como sacarose e glicose.
Por fim, a variedade SJO2 (verde) se destaca pelos &cidos fendlicos e acucares, incluindo
a frutose.

O cacau e seus derivados séo reconhecidos como uma rica fonte de compostos
bioativos (Cinar et al., 2021). Esses compostos bioativos podem ser categorizados em
compostos fenolicos, incluindo flavonodides e acidos fenolicos, bem como alcaloides,
aminoéacidos, glicosideos, entre outros (Balcazar-Zumaeta et al., 2024; Cortez et al., 2024;
Zhou et al., 2021).

Entre os flavonoides identificados estavam epicatequina, quercetina e
epicatequina 3-O-(4-metilgalato). A epicatequina é considerada o principal flavan-3-ols
do cacau, representando aproximadamente 35% de seu contetdo fendlico total. Kobi et
al. (2024) relataram a presenca de epicatequina e quercetina em gréos de cacau das
variedades CCN51 e PS1319 cultivadas em condigdes de cabruca e sol pleno. Os
flavonoides sdo conhecidos por suas propriedades cardioprotetoras, funcionando como
antioxidantes e exibindo atividades antiplaquetarias e anti-inflamatérias (Cinar et al.,
2021).

Alcaldides da familia das metilxantinas, incluindo teobromina e cafeina, também
foram identificados nas amostras de mel de cacau. A teobromina é o alcaloide
predominante nos graos de cacau, normalmente compreendendo entre 1% e 4% de seu
peso. Este composto esta associado a estimulacdo cardiaca, reducéo de peso e aumento
da sensibilidade a insulina. Por outro lado, a cafeina é conhecida por elevar a pressdo
arterial e estimular o sistema nervoso central (Akoa et al., 2021; Cortez et al., 2024). De
acordo com Becerra et al. (2024), os graos de cacau geralmente contém aproximadamente
1% a 2% (p/p) de teobromina e 0,1% a 0,8% de cafeina.

Cinco 4cidos fenolicos foram detectados, incluindo é&cido galico, acido
clorogénico e cido protocatecuico. Oracz et al. (2019) relataram a identifica¢do de &cido
galico e acido protocatecuico em grdos de cacau usando cromatografia liquida de ultra-
desempenho acoplada a espectrometria de massa de alta resolucéo.

Alcaldides como teobromina e cafeina, juntamente com compostos polifenolicos
como epicatequina, quercetina e 4acido protocatecuico, tém sido extensivamente
estudados por seus efeitos positivos no estresse oxidativo, obesidade, resisténcia a

insulina, satde cardiovascular, atividade antioxidante, efeitos citotoxicos e propriedades
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anti-inflamatorias. Embora o consumo de compostos bioativos do cacau ofereca
beneficios significativos a salde, as altas concentracfes de polifendis e alcaldides nos
graos de cacau crus podem afetar adversamente o sabor, contribuindo para a adstringéncia
e o amargor (Cinar et al., 2021; Goya et al., 2022).

Aminas bioativas, como serotonina e triptamina, estdo presentes no cacau e no
chocolate, e foram detectadas em amostras de mel de cacau. Esses compostos podem
oferecer vérios beneficios a salde, incluindo protecdo cardiovascular, propriedades
antioxidantes e efeitos antienvelhecimento (Silva et al., 2023; Costa et al., 2022). Deus et
al. (2021) observaram que 0s niveis de serotonina e triptamina diminuiram durante a
fermentagdo do cacau. A serotonina, um neurotransmissor essencial sintetizado a partir
do amino&cido triptofano, estd associada a sentimentos de bem-estar, felicidade e
desempenha um papel fundamental na regulacdo da qualidade do sono, memoria e
aprendizado. Deficiéncias nos niveis de serotonina podem contribuir para condicdes
como estresse e depresséo (Tahiri et al., 2024; Pinto et al., 2023). A fenetilamina, pode
ser encontrada em vérias plantas e usada como estimulante, alucinégeno,
neurotransmissor, antidepressivo e broncodilatador (Zhao et al., 2018).

Espermidina e espermina, que pertencem ao grupo das aminas bioativas, também
foram identificadas nas amostras de mel de cacau. As poliaminas estdo presentes em todas
as células vivas, onde desempenham papéis essenciais no desenvolvimento, crescimento
e resisténcia ao estresse. Além disso, esses compostos exibem atividade antioxidante,
ajudando a prevenir danos as membranas celulares e ao DNA. A presenca de espermidina
e espermina foram observadas nos graos de cacau durante a fermentacéo (Brito et al.,
2017; Silva et al., 2020). E importante ressaltar que, embora as aminas bioativas sejam
benéficas a salude humana em niveis baixos, suas altas concentracdes podem levar a
efeitos adversos, como dores de cabeca e reacdes alérgicas (Hazards, 2011; Oliveira et
al., 2019).

Dentre os aminodcidos detectados nas amostras de mel de cacau, seis sdo
aminoacidos essenciais: isoleucina, lisina, histidina, valina, metionina e tirosina. Seis séo
aminoacidos ndo essenciais: asparagina, serina, alanina, acido aspartico, acido glutamico
e acido piroglutamico. Dois foram considerados condicionalmente essenciais: arginina e
prolina. Deus et al. (2021), ao estudarem as mudancas nos aminoacidos e aminas bioativas
durante a fermentacdo do cacau na fazenda, concluiram que os niveis de aminoacidos
aumentaram ao longo da fermentacdo. Becerra et al. (2024) detectaram a presenca de

valina e tirosina em graos de cacau, identificados por meio de LC-MS/MS.
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Os aminodcidos sdo formados durante a fermentacdo do cacau e desempenham
um papel crucial no desenvolvimento de compostos aromaticos volateis. Essas reacoes
geram uma variedade de compostos bioativos, incluindo aminodcidos, peptideos,
acucares redutores, acidos e flavan-3-0is, entre outros. Esses compostos sdo responsaveis
pelo aroma e sabor distintos do chocolate (Balcazar-Zumaeta et al., 2023; Balcazar-
Zumaeta et al., 2024). Portanto, a qualidade do cacau e a percepcéo do sabor e aroma do
chocolate sdo influenciadas pelo perfil de aminoéacidos (Dala-Paula et al., 2021). No
entanto, nenhum outro dado sobre amino&cidos no mel de cacau foi relatado na literatura
até o momento.

O cacau e seus derivados podem conter glicosideos (Pérez-Jiménez et al., 2010),
e dois desses compostos, acido cafeico 4-O-glicosideo e kelampaiosideo A, foram
identificados em amostras de mel de cacau. No entanto, esses glicosideos nao séo
comumente mencionados na literatura cientifica sobre cacau. Por exemplo, o
kelampayoside A foi identificado na raiz de Millettia speciosa usando UHPLC-MS/MS
(Zhang et al., 2022). Os glicosideos derivados de plantas surgiram como candidatos
promissores para o tratamento do cancer devido as suas diversas atividades biologicas.
Sua capacidade de inibir a angiogénese e reduzir a metastase de células cancerigenas 0s
torna valiosos para o desenvolvimento de futuras estratégias terapéuticas contra o cancer
(Prithviraj, 2024; Ghosh et al., 2023).

Dentre as classes de carboidratos, foram identificados monossacarideos como
frutose, glicose e 2-desoxi arabinose, bem como o dissacarideo sacarose. Moretti et al.
(2023), ao avaliarem a influéncia das variedades de cacau na composicao de carboidratos
da polpa do cacau, verificaram que, em média, a polpa contém 76% de acUcar, com
variacdo significativa de 20% no teor de agUcar entre as cultivares. Além disso, foram
observadas concentracGes mais altas de glicose e frutose do que de sacarose na polpa do
cacau. Isso ocorre porque a sacarose € O acUcar predominante no inicio do
amadurecimento, mas a medida que a fruta amadurece, 0s niveis de sacarose diminuem
enguanto os niveis de glicose e frutose aumentam, um processo facilitado pela acéo da
invertase (Paliyath et al., 2012). No estudo de Moretti et al. (2023), também foi observado
que as variedades PS1319, Pard, SJ02 e CCN51 apresentaram 0s maiores teores de

acucares totais, incluindo glicose, frutose e sacarose.
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Acidos carboxilicos, como acido latico e acido succinico, foram identificados em
amostras de mel de cacau. O &cido latico e o acido succinico ocorrem naturalmente nos
grdos de cacau e em sua polpa, desempenhando papéis importantes durante a fermentacéo
dos graos de cacau. Esses compostos foram descritos em gréos de cacau de varias origens
(Hanifah et al., 2022; Ferreira et al., 2023).

Compostos de baixo peso molecular, como alcoois, cetonas, ésteres, terpenos e
aldeidos também foram detectados. De acordo com Brito et al. (2017), variagdes no perfil
desses compostos na literatura podem resultar de diferencas nas variedades de cacau,
regides de cultivo, condicBes de crescimento, estagios de maturacdo, processos pos-
colheita e condigdes de armazenamento. Nesse contexto, os resultados indicam que
muitos dos compostos encontrados no cacau também estdo presentes no mel de cacau, 0
que ndo s6 agrega valor a sua producdo, mas também promove seu consumo devido aos
seus potenciais beneficios a saude (Brito et al., 2017; Pereira et al., 2023; Zhang et al.,
2022).

E evidente que cada variedade de cacau tem um perfil composto distinto. Esses
compostos sdo conhecidos por seus potenciais beneficios a saude, incluindo propriedades
antioxidantes, anti-inflamatdrias e cardioprotetoras (Cinar et al., 2021; Silva et al., 2023).
Além disso, a presenca de aminas bioativas contribui para efeitos positivos no humor e
no bem-estar (Deus et al., 2021; Tahiri et al., 2024). Compreender o papel desses
compostos pode ajudar a promover o consumo de mel de cacau e aumentar o valor desse
subproduto dentro da cadeia produtiva do cacau. Além disso, esse conhecimento oferece
novas perspectivas para o desenvolvimento de produtos funcionais com beneficios a
salde (Balcézar-Zumaeta et al., 2024; Zhao et al., 2018).

A anélise das amostras de mel de cacau utilizando UHPLC-HRMS/MS resultou
na identificacdo de 72 compostos (Tabela 1), com predominancia de compostos bioativos
como flavonoides, alcaloides, aminas bioativas, aminoacidos e glicosideos. Esses
compostos sdo reconhecidos por seus potenciais beneficios a salde, incluindo
propriedades antioxidantes, anti-inflamatdrias e cardioprotetoras. E importante enfatizar
que a presenca de aminas bioativas, como a serotonina, contribui para os efeitos positivos

do mel de cacau no humor e no bem-estar.

3.2 Determinacdo de compostos selecionados em meis de cacau
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A concentracdo de compostos bioativos, como 4&cido galico, teobromina,
catequina, cafeina e (E)-resveratrol, foi determinada em quatro variedades diferentes de
mel de cacau por UHPLC-MS/MS (Tabela 2).

Tabela 2. Concentragdo de compostos bioativos (média + desvio padrdo, mg kg™) em
diferentes variedades de mel de cacau.

Compostos CCN51 PS1319 SJ02 Parazinho
Catequina 1.480 £ 0.020°  1.130 £0.020°  2.430 + 0.150° 7.340 + 0.120¢
Cafeina <0,010 0,169 + 0,006* ND <0,030
Acido galico 0,040 + 0,0022 <0,040 <0,040 <0,040
(E)-Resveratrol <0,140 <0,140 <0,140 <0,140

Teobromina 0,790 £0,023% 1,360 +0,020° 0,266 + 0,033° 2.200 + 0.050¢

As médias seguidas da mesma letra na linha ndo diferem significativamente entre si (teste de Tukey; p <
0,05). Média calculada por seis repeti¢des (n=6). ND: ndo detectado.

Os dados apresentados na Tabela 2 indicam que a catequina e a teobromina foram
detectadas em todas as amostras, enquanto o (E)-resveratrol foi encontrado abaixo do
limite de quantificacdo (LOQ) em todas as variedades. Dentre as amostras analisadas, a
variedade Parazinho apresentou a maior quantidade total dos compostos bioativos
identificados. De acordo com Barnaba et al. (2017), valores médios de 0,039 mg kg™ de
acido galico foram encontrados em graos de cacau sul-americanos usando espectrometria
de massas de alta resolugdo, enquanto valores mais altos para catequina (100 mg kg™?)
foram relatados por Lima et al. (2024). Peredo et al. (2021) também observaram valores
inferiores ao LOQ para (E)-resveratrol ao avaliar os compostos fendélicos de uvas de
diferentes variedades por UHPLC.

A teobromina, seguida pela cafeina, que geralmente esta presente em quantidades
menores, é o principal alcaldide encontrado nos grdos de cacau. Neste estudo, esses
compostos também foram detectados no mel de cacau, embora em concentragcbes mais
baixas. Valores semelhantes foram relatados na polpa de cacau, com niveis de teobromina
de 0,00065% (EFSA et al., 2019). Além disso, Vargas-Arana et al. (2022) descreveram
teores de teobromina (10,21 mg kg™), cafeina (0,22 mg kg™!) e catequina (2,93 mg kg™!)
na farinha de casca de cacau.

A Figura 3 mostra a distribuicdo de compostos bioativos em diferentes variedades
de mel de cacau. A variedade Parazinho demonstrou a maior variabilidade, impulsionada
principalmente por niveis elevados de catequina e teobromina. Além disso, uma alta

densidade de dados foi observada perto da mediana. Brunetto et al. (2007) observaram
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que o cacau Forastero apresentou maior teor de teobromina e menor concentracdo de
cafeina em comparagdo com outros genatipos.

Wl 5% 75%
T Range within 1.51QR
o Median

'

T T T
SJ02 PS1319 CCN51 Parazinho

Fig. 3. Grafico de violino com box-whisker para a avaliacao de diferentes variedades de
mel de cacau.
Nesse contexto, diversos estudos tém mostrado que a concentracdo de compostos

fendlicos nas plantas varia principalmente com base na genética do cacaueiro, bem como
em outros fatores como condi¢des ambientais de cultivo, origem geogréfica e periodo de
colheita (Batista et al., 2016; Cortez et al., 2023). Kobi et al. (2024) relataram variactes
no contetdo fendlico associado a diversidade genética do cacaueiro. Portanto, 0s
resultados do presente estudo confirmam ainda mais a diversidade de compostos

bioativos presentes no mel de cacau.

4. Concluséo

Em conclusdo, a analise multivariada revelou a formacdo de quatro grupos
distintos de amostras de mel de cacau. A variedade CCN51 é caracterizada por uma maior
predominéncia de aminoacidos essenciais e acidos carboxilicos. A variedade Parazinho
distingue-se pela presenca de alcaloides, flavondides e aminoacidos condicionalmente
essenciais. A variedade PS1319 destaca-se pelos seus altos niveis de alcal6ides, acidos
fenolicos e aminoacidos essenciais e ndo essenciais. A variedade SJO2 € notavel por sua
abundancia de acidos fenolicos e acucares. Portanto, a caracterizacdo dos compostos
presentes no mel de cacau, juntamente com seus potenciais beneficios a saude, o
posiciona como um subproduto valioso com potencial significativo para aumentar sua

comercializacdo local e internacional, gerando renda para os produtores de cacau. Além
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disso, o0 tipo de variedade teve impacto nos dados de quantificacdo de compostos
bioativos no mel de cacau e a variedade Parazinho destacou-se por suas maiores

concentragdes de catequina e teobromina.
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Material Suplementar

PERFIL QUIMICO DE MEL DE CACAU (Theobroma cacao L.) DE
DIFERENTES VARIEDADES POR UHPLC-HRMS/MS E ANALISE
QUIMIOMETRICA

1. Validagdo do método

A seletividade foi avaliada comparando cromatogramas obtidos de uma amostra
de mel de cacau livre de analitos com aqueles da mesma amostra enriquecida com 0s
analitos alvo em uma concentracao final de 200 ng mL™". A linearidade foi determinada
por meio do coeficiente de determinacdo (R?) e pelo teste de falta de ajuste no modelo
linear por meio de ANOVA (p < 0,05). O efeito matriz (EM) foi avaliado como a razéo
entre as inclinacGes das curvas analiticas construidas a partir de amostras de mel de cacau
livres de analitos e aquelas preparadas em agua ultrapura (Slopematrix/Slopewater). Valores
de EM abaixo de 0,9 (indicando supressdo) ou acima de 1,1 (indicando aumento de sinal)
foram considerados evidéncias de um efeito de matriz significativo, conforme descrito
por Torbati et al. (2019).

O LOD e o0 LOQ foram calculados usando os parametros da curva analitica, com
as formulas (LOD = (Sb x 3)/a e LOQ = (Sb x 10)/a)), onde "Sb" é o desvio padrdo do
coeficiente linear e "a" € a inclinacdo da curva analitica (Ribani et al., 2007).

A precisdo foi avaliada por meio da repetibilidade e precisdo intermediaria. A
repetibilidade foi avaliada usando o desvio padrdo relativo (RSD) de dez injecbes (n =
10n = 10n = 10) de uma amostra de mel de cacau livre de analitos enriquecida com 400
ng mL™! dos analitos alvo. A precisdo intermedidria foi determinada a partir da DSR de
dez injeces por dia durante trés dias consecutivos, totalizando 30 injegdes (n=30).

Devido a falta de materiais de referéncia padrdo com concentracfes certificadas
de compostos fendlicos no mel de cacau, a veracidade foi avaliada por meio de testes de

pico/recuperacao em trés niveis de concentragao: 100, 400 e 600 ng mL".
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Tabela S1. Os parametros instrumentais dos compostos-alvo selecionados em mel de
cacau por UHPLC-MS/MS.

Rt Precursor fons do Energia de
Composto . Polaridade produto . ~g
[min] m/z m/z colisdo (eV)
Acido Galico 2,480 - 169,0 125; 107 12; 20
Teobromina 4,243 + 181,0 163; 138 12; 16
Catequina 8,111 + 2910 139; 123 15; 23
Cafeina 8,212 + 195,0 138; 110 19; 23
(E)-resveratrol 9,274 + 229,0 135; 107 12; 24
Tabela S2. Parametros de validacdo do procedimento analitico.
ME (Matriz
R x Repeti.  Inter. de
2 "
Compostos  Faixa linear R Regressao (Zerro padrao) LOD LOQ (n=10)* (n=30)* inclinaco/
SlopeWater)
Catequina 100-1000 0,9982 vy =5483117)X + 1654710 0,04 0,12 1,59 28,2 0,8
Cafeina 36,1-1000 0,9986 y=184,19 +1,38X +6757 =666y 0,01 0,03 1,09 12,6 0,8
Acido galico  38,8-1000 0,9990 Yy = 77,49%w059) - 451¢301) 0,01 0,04 1,20 15,2 1,2
(E)-resveratrol 151 -1000  0,9955 y = 3,701)X — 4,955 0,04 0,14 5,53 27,4 1,0
Teobromina 41,0-1000 0,9996 vy =66,7¢05X - 1388273 0,01 0,04 1,60 3,40 1,0

*Precisio expressa pela repetibilidade e precisio intermediaria.

Tabela S3. Recuperacdes relativas (média £ RSD) para os analitos alvo. As amostras de
mel de cacau foram enriquecidas em 100, 400 e 600 ng mL™.

Compostos 100 ng mL™! 400 ng mL* 600 ng mL*
Recuperacédo (%) Recuperacao (%) Recuperacéo (%)
Catequina 86,2 + 41 102 = 00 874 + 28
Cafeina 115 + 0,0 87,7 £+ 10 923 + 0,7
Acido galico 939 + 50 870 + 33 818 + 12,0
(E)-resveratrol 91,7 + 285 984 =+ 1172 906 + 15
Teobromina 848 = 40 121 £ 20 102+ 10
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4.5

Artigo: Multivariate Analysis to Evaluate the Storage Time of Cocoa Honey (Theobroma
Cacao L.) Processed by Pasteurization and High Intensity Ultrasound
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ABSTRACT

This study investigated the effects of thermal pasteurization, thermal pasteurization with
additives, and high-intensity ultrasound techniques on the storage of cocoa honey
(Theobroma cacao L.) over a 28-day period. Physicochemical analyses revealed
significant differences among the treatments, with thermal pasteurization maintaining
stability for up to 14 days, pasteurization with additives for up to 28 days, and ultrasound
treatment for up to 21 days. All conservation methods effectively inhibited microbial
growth throughout the 28 days. The compounds detected in the highest relative contents
were 2-heptyl acetate and palmitic acid, with esters representing the predominant
chemical class. The application of multivariate analysis tools provided a more efficient
exploration of the VOC data, demonstrating that pasteurization with additives produced
a more consistent compound profile throughout the storage period. These findings
indicate that pasteurization with additives and ultrasound technology were the most
effective methods for extending the shelf life of cocoa honey.

Keywords: Conservation; Thermal pasteurization; Ultrasonication; Volatile organic
compounds; Chemometrics.

1. Introduction

Cocoa is derived from the Theobroma cacao L. tree, native to the tropical forests
of the Americas. The most commercially significant varieties are Forastero, Criollo, and
Trinitario. The Forastero variety is known for its robust flavors, while Criollo and
Trinitario are considered finer and more aromatic. Currently, the major cocoa-producing
regions are West Africa, South America, and Southeast Asia. Brazil ranks as the world's
6th largest producer, with the states of Bahia and Paréa producing 139 thousand tons and
138 thousand tons, respectively, in 2023 (Moundanga et al., 2024; IBGE, 2024, Serra &
Sodré, 2021).

Cocoa beans are commercially important for chocolate production, while cocoa
shells, pulp, and cocoa honey are generally treated as by-products (Figueroa et al., 2020).
Cocoa honey is an opaque yellow liquid obtained by pressing or decanting fresh cocoa
beans. It shares characteristics with cocoa pulp, such as high acidity, with a pH ranging
from 3.56 to 3.69, high total sugar content (11.62-16.03 g/100 g), moisture (69.44-
71.21%), carbohydrates (29.0%), and energy value (113.58-120.53 kcal/100 mL), as well
as low protein (0.38%), ash (0.26-0.49%), and no detectable lipids (Nascimento et al.,
2024a).

Cocoa honey is currently marketed as frozen juice and is also used in the

production of alcoholic beverages such as beer and wine, kombucha, jams, and as a sugar
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substitute in chocolate and ice cream production (Guirlanda et al., 2021; Lannes et al.,
2013). However, its shelf life is very short due to its high sugar content, which makes it
highly susceptible to fermentation, limiting its domestic commercialization and export
potential (Guirlanda et al., 2023).

In this context, to extend the shelf life of cocoa honey and enhance its commercial
viability both domestically and internationally, the application of conservation methods
Is essential. Heat treatment is a widely employed technology for the microbiological and
enzymatic inactivation of foods and beverages. Pasteurization is commonly used in fruit
drinks to prolong their shelf life by inhibiting microbial growth. It is especially effective
in products with a pH of 4.5 or lower, where acidic conditions naturally suppress pathogen
proliferation. However, heat treatments can negatively affect the nutritional content and
sensory properties of foods (Haase et al., 2023; Ramirez-Corona et al., 2024). To mitigate
these effects, combining pasteurization with additives has emerged as a viable alternative,
enhancing the efficacy of pasteurization. Common preservatives used in fruit juices
include potassium sorbate, sodium benzoate, and potassium metabisulfite, among others
(Zahan et al., 2024).

Additionally, the adoption of alternative conservation methods that maintain food
quality is becoming increasingly essential. High-intensity ultrasound technology (US),
which applies mechanical waves with frequencies between 20 kHz and 1 GHz, is
considered an emerging non-thermal food processing technique. Most applications in the
food industry utilize ultrasound frequencies ranging from 16 to 100 kHz. The equipment
can operate with either direct or indirect contact with the food being treated, with probe-
type systems providing direct contact and delivering more power than ultrasound baths
due to the more pronounced effects of acoustic cavitation (Chavez-Martinez et al., 2020;
Kumar et al., 2021).

The application of high-intensity ultrasound technology for the inactivation of
bacteria and enzymes in model systems and liquid food products has been the subject of
extensive investigation. Several factors can influence the inactivation of microorganisms,
including temperature, energy density, frequency and amplitude of the ultrasound waves,
exposure time, type of microorganism, and the volume and composition of the food being
processed (Ganesan et al., 2015). Equipment capable of continuous industrial-scale
processing of foods such as mayonnaise, ketchup, and fruit juice, with capacities ranging
from 5 to 500 L min™', is already available (Patist & Bates, 2008). According to Soria and

Villamiel (2010), ultrasound is considered an advantageous emerging technology, as it
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facilitates the development of rapid processing methods with low energy consumption,
while preserving the nutritional and sensory quality of various liquid foods, particularly
dairy products and juices (Carrillo-Lopez et al., 2021; Lepaus et al., 2023).

Several factors can influence the physical and chemical characteristics of cocoa
and, consequently, cocoa-based products (Moundanga et al., 2024). Volatile organic
compounds (VOCs) play a crucial role in shaping consumer preferences, making them
important targets for improvements aimed at enhancing the perception of food flavor
(Klee & Tieman, 2018). Thus, multivariate analysis tools can be applied to assess the
stability of VOCs over time.

Various exploratory statistical methods of multivariate analysis, such as principal
component analysis (PCA) and hierarchical cluster analysis (HCA), are employed to
effectively analyze and interpret chemical data. In the food industry, multivariate analysis
plays a crucial role at multiple stages, from product development and production to
quality assessment. Additionally, it facilitates the identification of patterns and
correlations that may not be apparent through univariate analysis (Gomes et al., 2023;
Sveti¢, VrecCer, & Korasa, 2024).

In our previous study, we evaluated the volatile organic compounds (VOCs) and
sensory attributes of cocoa honey from different varieties, reporting distinct
characteristics among them and providing important insights for future applications
(Nascimento et al., 2024b). Recently, Haase et al. (2023) investigated the aromatic,
physicochemical, microbiological, and sensory stability of heat-treated cocoa pulps
during 24 weeks of storage at 4 °C and 23 °C. Their results indicated that ultra-high
temperature (UHT) treatment followed by refrigerated storage was the most effective
method for preserving cocoa pulp while inactivating microorganisms. However, studies
focusing on the physical and chemical stability of cocoa honey remain underexplored in
the literature.

Thus, the objective of the present study was to evaluate and compare, for the first
time, the impact of conservation methods, including pasteurization, pasteurization with
additives, and high-intensity ultrasound, on the physicochemical and microbiological
properties, as well as the volatile profile, of cocoa honey over different storage periods

using multivariate analysis tools.
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2. Materials and methods
2.1. Standards and materials

Standard solutions of n-alkanes C7—Cso, hexanal, 1-hexanol, 2-heptanone,
benzaldehyde, 1-heptanol, octanal, D-limonene, trans-p-Ocimene, 1-octanol, linalool,
nonanal, (E)-2-nonenal, 1-nonanol, decanal, undecanal, 1-dodecanol, dodecanoic acid,
tetradecanoic acid, pentadecanoic acid, 1-hexadecanol, and palmitic acid were acquired
from Sigma—Aldrich, USA. All standards used in GC-MS analysis were a purity of >
95.0%. Sodium hydroxide (PA grade, NEON), Potato Dextrose Agar and Plate Count
Agar were obtained from KASVI.

The SPME fiber used was of the type Divinylbenzene/Carboxen/Poly
(dimethylsiloxane) (DVB/CAR/PDMS, 80 um) (Agilent Technologies, Califérnia, EUA,
5191-5874).

2.2 Obtaining cocoa honey

Cocoa honey was extracted from ripe fruits of the CCN51 variety, harvested in
the city of Presidente Tancredo Neves (Bahia, Brazil; Latitude: 13° 27' 14" South;
Longitude: 39° 25' 15" West), prior to the fermentation of the cocoa almond. The CCN51
variety, developed through the genetic improvement of Trinitario cocoa, is known for its
increased resistance to witch's broom and is also regarded as an aromatic variety (Serra
& Sodré, 2021).

The initial stage of the process involved sorting to identify fully ripe, high-quality
fruits. To obtain cocoa honey, the raw almonds were placed in a manual stainless steel
cold press. Following extraction, the cocoa honey was stored in polyethylene bottles and

kept at -18°C (x 0.5°C) until analysis commenced.

2.3 Evaluation of the efficiency of different conservation methods

In this study, 150 mL of cocoa honey was subjected to thermal pasteurization,
thermal pasteurization with an additive, and ultrasonication over various storage periods
0, 1, 2, 3,7, 14, 21, and 28 days) and stored in glass bottles sealed with hermetically

sealed aluminum caps. The control sample was not exposed to any of these treatments.

2.3.1 Thermal pasteurization
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The cocoa honey samples were pasteurized in glass bottles at 65°C for 30 minutes,
following the parameters established by Gao et al. (2021), using a digital circulating water
bath (Solab SL-154). After pasteurization, the samples were cooled in an ice bath and
then stored at a controlled refrigeration temperature of 4 £ 2 °C until the analyses were

conducted.

2.3.2 Thermal pasteurization with aditive

The cocoa honey samples were pasteurized in glass bottles at 65°C for 30 minutes,
in accordance with the parameters set by Gao et al. (2021), using a circulating water bath
(Solab SL-154). After pasteurization, 1% (w/v) of potassium sorbate was added, adhering
to the limit established by RDC N° 8 of Anvisa (Brazil, 2013), and the mixture was then
homogenized and cooled in an ice bath. The samples were subsequently stored at a

controlled refrigeration temperature of 4 + 2 °C until analysis.

2.3.3 High-intensity ultrasound processing

The cocoa honey samples were subjected to ultrasonic treatment using a Sonics
Vibra-Cell VC 505 for 10 minutes, operating at a frequency of 20 kHz and a maximum
power of 500 W. The treatment utilized a 13 mm diameter probe in pulsed mode, with a
pulse duration of 30 seconds and a cycle time of 1 minute (50% duty cycle), resulting in
a total processing time of 20 minutes, based on the methodology adapted from Yikmus et
al. (2024). After treatment, the samples were cooled in an ice bath and stored in 250 mL
glass bottles at a controlled refrigeration temperature of 4 + 2 °C until analysis.

2.4 Physicochemical characterization

The pH of the cocoa honey samples was measured using a digital pH meter (Q-
400A Quimis). Titratable acidity was assessed through the potentiometric method with a
0.1M sodium hydroxide solution, and the results were expressed as a percentage of citric
acid (1AL, 2008). The total soluble solids content (TSS) and moisture were determined

using refractometry.

2.4.1 Colorimetric analysis

The brightness values (L*; 100 = white and 0 = black), red (a*; + red and - green),
yellow (b*; + yellow and - blue), chroma (C*; saturation or intensity of color), and the
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hue angle (h°; color tone) of the cocoa honey were measured in the Transmittance option
using a Chroma Meter CR-5 Colorimeter (Konica Minolta Business Technologies Inc.,
Tokyo, Japan).

2.4.2 Sugar analysis

Reducing sugars, non-reducing sugars and total sugars were determined using the

modified Lane and Eynon method (IAL, 2008). Analyzes were performed in triplicate.

2.5 Microbiological assays

Microbiological analyses were conducted to determine the presence of molds and
yeasts, and mesophilic aerobic bacteria, following the methodology outlined by Silva et
al. (2021), during storage periods of 0, 7, 14, and 28 days.

To evaluate mesophilic aerobic bacteria, 0.1 mL of each serial dilution was mixed
with Plate Count Agar (PCA) and incubated at 35°C for 2 days. For the determination of
molds and yeasts, 0.1 mL of each dilution was plated on Potato Dextrose Agar (PDA) and
incubated at 25°C for 5 days. Colonies were then counted, and the results were expressed

as CFU/mL. All analyses were conducted in triplicate.

2.6 HS-SPME method

The volatile organic compound profile was analyzed using HS-SPME-GC-MS
method with a PAL RSI 85 autosampler at storage periods of 0, 1, 7, 14, 21, and 28 days.
Headspace vials containing 10 mL of cocoa honey were incubated for 20 minutes at 85°C,
after which an 80 um DVB/Car/PDMS fiber (Agilent Technologies, California, USA,
5191-5874) was exposed to the headspace for 78 minutes at the same temperature, with
shaking at 171 rpm (Nascimento et al., 2024b). Subsequently, the fiber was directly

inserted into the GC injector for 1 minute.

2.7 GC-MS analysis

VOCs were separated using GC-MS on a G3540A GC System gas chromatograph
(Agilent Technologies, California, USA), equipped with a 5977B mass spectrometer
detector (Agilent Technologies, California, USA) in splitless injection mode. Helium
served as the carrier gas at a flow rate of 0.6 mL/min, and an HP-5MS column (5%
phenylmethylpolysiloxane, 30.0 m x 0.25 mm I.D. x 0.25 um, Restek®, Bellefonte, USA)
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was employed. The temperature program began at 30°C for 3 min, followed by a ramp to
50°C (1.5°C/min) for 3 min, then to 90°C (1.0°C/min) for 2 min, reaching 200°C
(2.0°C/min) for 2 min, and finally up to 300°C (15.0°C/min) for 7 min, resulting in a total
run time of 132 min. The injection and transfer lines were maintained at 250°C. Total ion
current (70 eV) was recorded over a mass range of m/z 35 to 350 in scan mode. All
analyses were conducted in triplicate.

Furthermore, compounds were identified by comparing the obtained retention
times and mass spectra with those of pure analytical standards, when available. All mass
spectra were also matched against the data system library (NIST 147 Database). Linear
retention index (IRL) values were determined using a homologous series of C7—Czo n-
alkanes, and the results were compared with values reported in the literature for similar

chromatographic columns.

2.8 Multivariate data analysis and statistical analysis

The data representing the areas of the identified peaks were subjected to principal
component analysis (PCA) and hierarchical cluster analysis (HCA), with pretreatment
using autoscaling (Gomes et al., 2023). For the PCA and HCA analyses, along with the
heat map visualization, the MetaboAnalyst 6.0 and Origin 2024b software programs were
utilized.

Statistical analysis of the results from the physicochemical analyses was presented
as mean + standard deviation using XLStat version 7.8. Analysis of variance (ANOVA)
followed by the Tukey test was conducted to identify statistically significant differences
between the means (p < 0.05).

The results of the microbiological analyses were tabulated using Excel and
analyzed with R software version 4.4.1. To assess the distribution of numerical data, the
Shapiro-Wilk normality test was conducted. Descriptive statistics for the numerical
variables were expressed as median + interquartile range (IQR). The Kruskal-Wallis test,
followed by the Dunn-Bonferroni post-hoc test, was performed to compare the absolute
counts of microorganisms among the treatments applied for the preservation of cocoa
honey.

To enhance the visualization of data distribution in the boxplot graph, the
microorganism counts were categorized as follows: category 1 for the interval [0, 107],
category 2 for [10?, 10°], category 3 for [10%, 10%], category 4 for [10%, 10°], and category

5 for [10°, +o0]. All statistical tests were conducted using a significance level of 95%.
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3 Results and discussion

3.1 Effects of conservation methods on the physicochemical characterization of cocoa

honey

Table 1 presents the physicochemical characteristics of cocoa honey following
treatment with various processing techniques. The pH values of the control, thermal
pasteurization, and ultrasound-treated samples were statistically significant; generally,
the pH decreased while acidity tended to increase over time. In the control group, the pH
ranged from 3.43 to 3.77, and acidity ranged from 1.02 to 1.17% (as citric acid). These
values are similar to those reported in the literature for fresh cocoa honey of the CCN51
variety, which showed a pH of 3.59 and acidity of 0.99% (as citric acid) (Nascimento et
al., 2024a). For the thermal pasteurization samples, pH values ranged from 3.48 to 3.68,
with acidity from 1.01 to 1.24% (as citric acid). In the ultrasound treatment, pH and
acidity ranged from 3.31 to 3.59 and from 1.09 to 1.22% (as citric acid), respectively.
Hinneh et al. (2018) reported an increase in acidity during the storage period of 0 to 7
days in a sample of cocoa pulp. However, in the thermal pasteurization with additives,
the data indicated minimal variation in acidity and only slight fluctuations in pH (3.42 to
3.69) over the shelf life, suggesting greater stability. Similarly, Haase et al. (2023)
observed variations in pH in cocoa pulp following thermal pasteurization and UHT
processing.

Regarding the total soluble solids content (TSS, measured in °Brix), the results
indicated that the application of thermal pasteurization methods (17.07 to 19.47 °Brix),
thermal pasteurization with additives (18.00 to 19.30 °Brix), and ultrasound treatment
(18.57 to 20.77 °Brix) resulted in an increase in this parameter during storage compared
to the control group samples (15.20 to 19.03 °Brix). These values align with a previously
reported study indicating a TSS of 17.0 °Brix for cocoa pulp without thermal processing
(Nunes et al., 2020). A similar trend was observed by Kesavan-Adoracao et al. (2023)
after subjecting kutkura (Meyna spinosa) juice by thermosonication. Additionally, Khalil
et al. (2023) noted that the application of ultrasound technology, as well as thermal
pasteurization, significantly contributed to the increase in TSS in the carrot-orange juice
blend compared to the control samples. This can be explained by the fact that sound waves
can damage the tissues and cell walls of the fruit. This rupture allows water to penetrate

the cells, resulting in the solubilization of a greater amount of soluble solids.
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The TSS/acidity ratio is a crucial factor that influences the flavor and aroma of
fruit juices and serves as one of the primary analytical measures of their quality (Hussain
et al., 2023). Furthermore, the data from this study indicated that gamma irradiation
processing resulted in an increase in both TSS and acidity of plum juice after the first 20
days of storage at 3 + 1 °C. Similarly, Habibi et al. (2024) reported significant increases
in TSS and acidity in blood orange juice over a 60-day storage period at various
temperatures (6, 8, 10, and 12 °C).

Sugars are carbohydrates that can be classified into reducing and non-reducing
categories. Reducing sugars, which include monosaccharides such as glucose and
fructose, are the primary sugars utilized in alcoholic fermentation, while non-reducing
sugars encompass disaccharides such as sucrose, lactose, and maltose (Chen et al., 2021;
Villiers et al., 2012). In this study, a significant difference was observed among the
treatments in the analysis of reducing, non-reducing, and total sugars. In the control
group, the sugar levels increased, exhibiting a slight decrease on days 7, 14, and 21, before
rising again on day 28. Correspondingly, acidity levels also increased on these days,
suggesting the onset of a fermentation process. Sugars are critical in fermentation, serving
as the primary carbon source for microorganisms such as yeast. During fermentation,
these sugars are converted into ethanol and carbon dioxide. Additionally, the presence of
sugars can influence the formation of secondary products, such as acetic acid and other
compounds that affect the flavor and characteristics of the final product (Villiers et al.,
2012). Nascimento et al. (2024a), in their study of the fresh CCN51 variety, reported
similar results for reducing sugars (7.55 g/100 g), non-reducing sugars (8.48 g/100 g),
and total sugars (16.03 g/100 g).

In samples treated with thermal pasteurization, total sugars remained relatively
constant in the initial days, with a slight decline observed between days 21 and 28.
Conversely, in the samples subjected to thermal pasteurization with additives, all sugar
values tended to increase. Hinneh et al. (2018) also reported an increase in sugars during
the storage period from 0 to 3 days in their study of cocoa pulp. Similarly, Habibi et al.
(2024) found that reducing sugars increased after 20 days of storage in blood orange juice;
however, the initial increases were less pronounced by the end of the storage period.

In the ultrasound-assisted processing, the results indicated that the reducing sugar
content remained constant until the fourteenth day, with values close to 6.8 g/100 g.
Between the 21st and 28th days, an increasing trend in reducing sugar content was

observed, culminating in a level of approximately 8.6 g/100 g. This increase can be
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attributed to events related to microbial dynamics, particularly the hydrolysis of non-
reducing disaccharides such as sucrose and oligosaccharides present in the sample,
leading to an increase in reducing monosaccharides. This hypothesis is supported by the
results for non-reducing sugar content, which remained stable during the first three days
of storage, with levels near 10.7 g/100 g. However, from that point onward, a statistically
significant decline was noted, with concentrations stabilizing around 9.5 g/100 g until the
final day of storage.

Cocoa pulp processing may involve heat treatments that can lead to non-
enzymatic browning reactions, depending on the product. The likelihood of chemical
phenomena, such as the Maillard reaction, increases with the concentration of reducing
sugars present (Huang & Barringer, 2010; Moretti et al., 2023). Furthermore, it is
essential to emphasize that factors such as harvest time, soil type, cocoa variety, and fruit
ripeness can significantly influence the chemical composition of cocoa, including its
sugar content (Afoakwa, 2014; Sulaiman et al., 2017).

Overall, the results presented in Table 1 indicate that cocoa honey samples
subjected to various treatments (thermal and non-thermal) exhibited an increased shelf
life compared to the control samples. Specifically, the samples subjected to thermal
pasteurization remained stable for up to 14 days, while those treated with sonication
maintained stability until day 21 of storage. In contrast, the samples subjected to thermal
pasteurization with additives demonstrated stability throughout the entire storage period.
These findings suggest that both thermal treatments and ultrasound processing effectively
extended the shelf life of cocoa honey during refrigerated storage at 4 + 2 °C, whereas
the control group remained stable for only 7 days.

Consequently, the results indicate that high-intensity ultrasound technology may
serve as an effective alternative to thermal pasteurization, as it extends the shelf life of
cocoa honey by up to 21 days with a shorter processing time. Additionally, compared to
thermal pasteurization with additives, ultrasound technology appears promising,
particularly considering the growing consumer demand for foods with minimal or no
chemical additives. Furthermore, considering the total processing time and the costs
associated with the use of additives, high-intensity ultrasound processing may be more

economical than both thermal processing with and without additives.



1

190

Table 1. Physicochemical characterization of cocoa honey (Theobroma cacao L.) after conservation methods and different storage periods.

TO (Control)
Period pH Acidity Total soluble solids Reducing sugars Non-reducing sugars Total sugars
(day) (% citric acid) (°Brix) (9/100 g) (9/100 g) (9/100 g)
0 3.77+0.01° 1.04+0.01° 15.20+0.00¢ 5.65+0.02° 9.03+0.04 14.68+0.03"
1 3.50+0.00° 1.02+0.00¢ 15.20+0.00° 6.36+0.02¢ 8.31+0.50% 14.66+0.53°
2 3.57+0.02° 1.100.00¢ 15.80+0.00f 7.04+0.03 8.63+0.13% 15.67+0.10°
3 3.55+0.00° 1.17+0.00° 17.20+0.00° 7.68+0.19" 9.8520.27° 17.53+0.08°
7 3.45+0.01 1.15+0.00" 17.55+0.07¢ 7.5420.17" 9.29+0.04% 16.83+0.19"
14 3.44+0.00° 1.11+0.00° 17.9040.17° 6.97+0.06° 8.00+0.43 14.98+0.37%
21 3.42+0.00° 1.17+0.01° 18.40+0.17" 7.68+0.11° 7.06+0.21° 14.73+0.11°
28 3.43+0.02¢ 1.1740.012 19.03+0.06° 8.56:0.07% 8.58+0.09° 17.14+0.03®
T1 (Pasteurization)
Period pH Acidity Total soluble solids Reducing sugars Non-reducing sugars Total sugars
(day) (% citric acid) (°Brix) (9/100 g) (9/100 g) (9/100 g)
0 3.62+0.02° 1.01+0.01° 17.230.25P 7.01+0.08% 8.33+0.17%¢ 15.34+0.24°
1 3.500.00f 1.12+0.043%c 17.07+0.12° 6.70+0.44" 8.97+0.35° 15.66+0.77%
2 3.51+0.00f 1.09+0.01%° 17.20+0.00° 7.30+0.05% 8.32+0.55%¢ 15.62+0.60%
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3 3.56+0.01¢ 1.15+0.0320¢ 17.50+0.00° 7.53+0.122 7.92+0.10° 15.45+0.22°
7 3.53+0.01¢ 1.15+0.0720¢ 17.20+0.00° 7.34+0.03% 8.71+0.16% 16.05+0.192
14 3.68+0.01° 1.16+0.012 17.03+0.12° 7.71+0.142 8.84+0.032 16.55+0.172
21 3.48+0.01" 1.14+0.042bc 19.1740.652 7.55+0.492 7.83+0.44¢ 15.39+0.05°
28 3.49+0.02 1.24+0.142 19.47+0.582 7.48+0.222 8.19+0.2712¢ 15.67+0.08%
T2 (Pasteurization with additive)
Period pH Acidity Total soluble solids Reducing sugars Non-reducing sugars Total sugars
(day) (% citric acid) (°Brix) (9/100 g) (9/100 g) (9/100 @)
0 3.42+0.02¢ 1.10+0.022 18.70+0.20% 6.35+0.05¢ 9.65+0.12b¢ 15.99+0.12¢
1 3.42+0.04% 1.09+0.052 18.87+0.122 6.72+0.02° 9.48+0.02¢ 16.20+0.01¢
2 3.49+0.04°¢ 1.09+0.042 19.10+0.702 6.97+0.13% 9.93+0.132¢ 16.89+0.01°
3 3.48+0.02bcd 1.10+0.022 18.87+0.232 7.16+0.052 10.09+0.032 17.24+0.082
7 3.47+0.02bcd 1.11+0.022 18.00+0.00° 7.06+0.092 10.28+0.092 17.34+0.052
14 3.44+0.01¢ 1.09+0.03? 19.23+0.402 6.86+0.26% 10.27+0.252 17.13+0.042
21 3.69+0.012 1.17+0.052 19.30+0.002 7.19+0.072 10.28+0.162 17.47+0.152
28 3.53+0.03° 1.09+0.032 19.30+0.002 7.17+0.082 10.15+0.282 17.32+0.282
T3 (Ultrasound)
Period pH Acidity Total soluble solids Reducing sugars Non-reducing sugars Total sugars
(day) (% citric acid) (°Brix) (9/100 @) (9/100 @) (9/100 @)
0 3.57+0.03¢ 1.16+0.00% 19.79+0.122b 6.86+0.03¢ 10.86+0.102 17.72+0.12%
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1
2
3
7
14

21
28

3.59+0.02°
3.31+0.03f
3.41+0.02¢%
3.44+0.01¢
3.40+0.01%
3.41+0.01°%
3.38+0.02°

1.21+0.022

1.21+0.00%
1.09+0.02
1.15+0.01%¢
1.10+0.07°
1.17+0.07%
1.22+0.082

19.17+0.75%
18.730.15P
18.780.03"
18.57+0.42°
18.80+0.90°
19.17+0.76%
20.77+0.96°

6.46+0.10¢
6.70+0.04
6.72+0.02
6.92+0.02°
6.83+0.09
8.15+0.27"
8.59+0.28°

10.6120.09°
10.85+0.142
10.73+0.272
9.69+0.08°
8.35+0.79¢
8.72+0.13
9.54+0.13"
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17.07+0.07%°
17.54%0.17%¢
17.45+0.30%%°
16.57+0.08°
15.17+0.79¢
16.88+0.33"
18.13+0.412

Means followed by the same letter in the column do not differ from each other (Tukey test; p <0.05). The data is shown as mean = SD (n=3).
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3.1.1 Colorimetric Analysis

The values of L*, a*, b*, C*, and h® were determined for fresh and heat-treated cocoa

honey samples of the CCN51 variety (Table 2). Overall, the results indicate that the samples

are relatively light, as evidenced by L* values approaching 100. All a* values were negative,

while b* values were positive but low, suggesting a tendency towards a greenish hue. A similar

finding was reported by Nascimento et al. (2024a) in fresh cocoa honey of the CCN51 variety.

Table 2. Colorimetric analysis of cocoa honey in different conservation methods and storage

periods.
TO (Control)
Perod 1 - o e "
0 99.203+0.31%°  -0.293+0.01*  6.537+0.01%  6.547+0.01%®  92.567+0.10°
1 98.770+0.15"  -0.290+0.00®®  6.573+0.01%  6.583+0.01%  92.530+0.02°
2 99.610+0.60°  -0.387+0.08.  6.083+0.42°  6.097+0.01°  93.687+0.99
3 99.143+0.13%°  -0.393+0.01¢  7.233+0.01°¢  7.243+0.01°“  93.127+0.01%
/ 98.553+0.02°  -0.23020.00®  8.257+0.01*  8.260+0.01*  91.600+0.02
14 99.467+0.01%  -0.320+0.01°°  6.840+0.01°%  6.850+0.01°%  92.683+0.05%*
21 99.593+0.13*  -0.267+0.02®  7.437+0.14  7.437+0.14*°  91.647+0.27%
28 99.360+0.35®  -0.213+0.03*  7.937+0.69%°  7.940+0.69%*  91.580+0.35¢
T1 (Pasteurization)
Perod | - - = .
0 98.703+0.48"  -0.183+0.03*°  7.290+0.16%  7.293+0.16%  91.437+0.21"
1 98.780+0.10°  -0.203%0.01°¢  7.783+0.27°¢  7.787+0.27°  91.500+0.08"
2 98.137+0.78°  -0.113+0.01*®  7.520+0.22%  7.520+0.22°  90.873+0.05¢
3 98.353+0.27°  -0.120+0.04*®  8.240+0.11®®  8.240+0.11®  90.830+0.31%
/ 98.093+0.20°  -0.047+0.04*  8.337+0.19°  8.337+0.19°  90.317+0.27¢
14 98.640+0.00°  -0.140+0.01"  7.817+0.01°¢  7.817+0.01"  91.017+0.05"
21 98.660+0.11°  -0.133+0.03°  7.963+0.24%¢  7.963+0.24%°  90.953+0.20%
28 100.016£0.27 %  -0.423+0.01¢  6.967+0.03°  6.977+0.03°  93.480+0.03?




T2 (Pasteurization with additive)
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Perod 1 - . e "
0 99.760+1.07°  -0.160+0.12°  7.933+0.44°d  7.933+0.44°  91.197+0.96%
1 99.807+0.70*  -0.323x0.11°  7.037#0.66°  7.043+0.65¢  92.710+1.16°
2 99.617+0.22*  -0.317+0.07°  7.657+0.14%  7.667+0.14°  92.350+0.54°
3 99.580+0.59°  -0.340+0.07°  7.4200.62%¢  7.427+0.61°  92.653+0.78°
/ 99.440+0.15*  -0.277+0.05°  7.920+0.27°@  7.930+0.27°°  92.007+0.44
14 98.730+0.48%  -0.180+0.06°  8.420+0.27%  8.427+0.27%¢  91.237+0.44%
21 96.097+0.30°  0.233+0.07°  9.237+0.10°  9.240+0.10°  88.577+0.47°
28 97.137+0.48™  0.023+£0.09%  8.777+0.20%  8.777+0.20®  89.863+0.55"

T3 (Ultrasound)

Perod 1 - . e "
0 97.710+0.15®  -0.440+0.01°  7.470+0.04°  7.480+0.04°  93.370+0.11°
1 97.580+0.22®  -0.287+0.07°  8.270+0.36°  8.280+0.36°  92.007+0.52%
2 97.990+0.20°  -0.183+0.09°  8.363+0.90°  8.363+0.90°  91.307+0.76"
3 97.540+0.07®  -0.413+0.01%  7.883x0.05°  7.893+0.05*  93.013+0.01°
! 97.107+0.15°*  -0.313+0.06°¢  7.907+0.18°  7.913+0.18°  92.267+0.43%®
14 96.97740.19>  -0.163+0.12®  7.207+0.70°  7.210+0.71°  91.253+0.88"
21 97.387+0.05®  -0.310+0.06°¢  7.560+0.18"°  7.563+0.18"  92.343+0.44%
28 96.853+0.76°  0.230+0.15°  10.560+0.05* 10.563+0.05%  88.737+0.83°

Means followed by the same letter in the column do not differ from each other (Tukey test; p <0.05). The data is
shown as mean + SD (n=3).

No significant variations in color coordinates were observed in the samples processed

solely with thermal pasteurization, with only minor changes noted over the storage period. In

samples treated with pasteurization and additives, the combined analysis of the h°, a*, and b*

coordinates indicates that the samples exhibited a slight greenish hue during the first fourteen

days of storage, followed by the development of a darker color after this period.

The results indicated that the cocoa honey samples subjected to high-intensity

ultrasound treatment maintained a consistent color throughout the storage period. However,

analysis of the a*, C*, and h° coordinates revealed a notable darkening of the cocoa honey
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sample by day 28. This change can be attributed to non-enzymatic reactions, such as Maillard
reactions and oxidative degradation of ascorbic acid, both of which are influenced by the
presence of reducing sugars and vitamin C in cocoa honey. The literature also reports a decrease
in the L* value of cocoa pulp samples that underwent heat treatment via pasteurization and
UHT processing over time, indicating an overall darkening of the samples (Haase et al., 2023).

Regarding the color parameters, both pasteurization and ultrasound treatments were
more effective in preserving the color stability of cocoa honey samples for up to 21 days of
storage. In comparison, pasteurization with additives maintained color stability for a shorter
duration, effectively preserving it for up to 14 days.

Principal component analysis (PCA) was performed on the physicochemical and
colorimetric data (Tables 1 and 2) to explore potential patterns and variability among the
different conservation techniques applied to the cocoa honey samples. However, the PCA plot
(Fig. S1) indicated that the physicochemical and colorimetric parameters data were insufficient
to distinguish between samples subjected to the various conservation methods.

3.2 Effects of conservation methods on the microbiological characterization of cocoa honey

To assess the impact of different processing methods on the microbiological stability of
cocoa honey samples, quantitative analyses of molds, yeasts, and mesophilic aerobic bacteria
were conducted on storage days 0, 7, 14, and 28. The results are presented as median values

along with the interquartile range (Table 3).

Table 3. Medians and interquartile range of colony counts of aerobic mesophilic bacteria and
molds and yeasts in cocoa honey (Theobroma cacao L.), under different conservation methods

and storage periods.

Molds and yeasts (CFU/mL)

Treatments MedianIQR
0 day 7 day 14 day 28 day
Control® 11x10%+6.00 13x10%+7.00 30.0x10%+1.05 75x10%+69.0
Pasteurization® ND ND ND ND
Pasteurization with additive® ND ND ND ND
Ultrasound® ND ND ND ND
Mesophilic aerobes (CFU/mL)
Treatments MediantIQR
0 day 7 day 14 day 28 day
Control® 1.0x10%+0 11x10%+3.5 7.3x10%+0.2 99.0x10%+77.5
Pasteurization® 1.0x10%+0 1.0x10%+1.0 ND 1.0x10%+0.05

Pasteurization with additive® 4.0x10%+1.5 1x10%+1.0 1.0x10%t1.0 1.0x10%+1.0
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Ultrasound® ND ND 1.0x10%+0.05 1.0x10%+0.05

The same letter in the treatment’s column do not differ from each other (Kruskal-Wallis test, followed by post-hoc
Dunn-Bonferroni test; p <0.05). ND means not detected. The data is shown as mean + SD (n=3).

The boxplots in Fig. 1 depict illustrate the distribution of microorganism counts across
the different treatments, with molds and yeasts shown in Fig. 1A and aerobic mesophilic
bacteria in Fig. 1B. All preservation methods demonstrated significant inhibitory effects on the
growth of molds and yeasts compared to the control group, as confirmed by the Kruskal-Wallis
test followed by the Dunn-Bonferroni post-hoc analysis (Table 3, Fig. 1A). The Kruskal-Wallis
test is a non-parametric alternative to one-way ANOVA (analysis of variance). It is used to
compare the medians of three or more independent groups and determine whether significant
differences exist among them. In summary, the Kruskal-Wallis test identifies whether there is
any significant difference among the group distributions, while the Dunn-Bonferroni post-hoc
test specifies which groups exhibit significant differences.

In terms of controlling the growth of aerobic mesophilic bacteria (Table 3, Fig. 1B),
significant differences were observed between the control and the treatments involving thermal
pasteurization and ultrasound. However, no significant difference was detected between the
control group and the thermal pasteurization treatment with additives. Additionally, for both
molds and yeasts and mesophilic aerobic bacteria counts, no significant differences were found
among the treatments of thermal pasteurization, thermal pasteurization with additives, and
ultrasound (Table 3, Fig. 1).
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Fig 1. Boxplot of nonparametric measures for analysis of molds and yeasts (A) and mesophilic aerobic bacteria
(B) in cocoa honey samples after conservation methods. Control (C); Pasteurization (P); Pasteurization with
additive (PA); Ultrasound (US).
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As presented in Table 3, the control group displayed mold and yeast counts near 10?
CFU/mL during the seven days of storage. However, from the fourteenth day onward, the
counts surpassed 10* CFU/mL. A similar trend was observed for mesophilic aerobic bacteria in
the control group, with a significant rise in microbial counts beginning on day 14 and
culminating in a pronounced increase by day 28. This marked microbial proliferation renders
the unprocessed cocoa honey sample unsuitable for consumption.

These findings align with the results of the physicochemical analyses, indicating that
cocoa honey samples in the control group experienced increased microbial activity, likely
driven by fermentation and the hydrolysis of oligosaccharides and higher sugars. This process
led to a reduction in pH and an increase in acidity, total soluble solids, and reducing sugar
content (Table 1, TO). As a result, untreated cocoa honey provides favorable conditions for the
proliferation of yeasts and other microorganisms due to its high sugar content, which serves as
a primary substrate for microbial growth (Kadow, 2020).

The application of thermal pasteurization, thermal pasteurization with additives, and
high-intensity ultrasound technology for processing cocoa honey samples demonstrated
effectiveness in maintaining microbiological safety. Microbial counts for all treatments
remained below the legally established limits (<10* CFU/mL) for the microorganisms analyzed
throughout 28 days of storage (Brazil, 2022). The microbiological stability observed in samples
treated with thermal and non-thermal methods can be attributed to their direct deleterious
effects on microbial cells, resulting in inactivation.

Furthermore, the inhibition of microbial growth can also be attributed to the naturally
low pH of cocoa pulp, which likely acted as an additional barrier to microbial proliferation
(Doyle & Buchanan, 2013). Supporting this, Haase et al. (2023) recently demonstrated that
pasteurization and ultra-high temperature (UHT) treatments effectively inhibited the growth of
aerobic mesophilic bacteria, molds, and yeasts in cocoa pulp juice stored for 24 weeks at both
4°C and 23°C. In contrast, Firdaus et al. (2022) produced cocoa pulp syrups using various types
of sugar from West Sumatra without applying heat treatment for preservation. Microbiological
analyses revealed that syrups stored at 5°C were safe for consumption only within the first five
days. These findings emphasize the critical role of conservation techniques in extending the
shelf life of cocoa honey and mitigating potential health risks for consumers.

The conservation methods evaluated in this study demonstrated significant efficacy in
controlling microbial growth and effectively extending the shelf life of cocoa honey.

Throughout the storage period, no significant differences in microbial counts were observed
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between the samples treated with thermal pasteurization and those processed using high-
intensity ultrasound, highlighting the viability of both approaches for cocoa honey
conservation. However, considering the advantages of reduced processing times and superior
maintenance of physicochemical properties, ultrasound treatment emerges as the most
advantageous method for preserving cocoa honey.

It is essential to emphasize the importance of detecting microorganisms, such as molds
and yeasts, to ensure food safety and confirm the absence of pathogens. The analysis of
mesophilic aerobic bacteria serves as a key indicator of raw material quality and provides
valuable insights into the processing, handling, and storage conditions. This analysis enables a
more accurate assessment of the product's shelf life (Gourama & Funciona, 2024; Sant'ana et
al., 2002).

3.3 Evaluation of VOC:s after applying conservation methods and different storage periods

The volatile profile of cocoa honey samples subjected to thermal pasteurization, thermal
pasteurization with additives, and high-intensity ultrasound was evaluated to identify the
volatile organic compounds (VOCs) associated with the storage period of 28 days. Notable
differences were observed in the number of volatile compounds detected across each
preservation method. A total of 119 volatile compounds were identified, with 21 confirmed
using standards (Table S1). Specifically, 102 compounds were detected in the control group,
88 in the pasteurization group, 71 in the pasteurization with additive group, and 82 in the
ultrasound group. The detected compounds included various chemical classes, such as acids
(10), alcohols (19), aldehydes (21), esters (12), ketones (11), furans (5), monoterpenes (16),
sesquiterpenes (16), and others (9). In a previous study, 63 volatile compounds were identified
in unprocessed cocoa honey of the CCN51 variety (Nascimento et al., 2024b).

Fig. 2 shows the abundance of acids during the storage period for the pasteurization,
pasteurization with additives, and ultrasound treatments, as well as in the control samples.
Notably, the alcohol content exhibited a significant increase starting at 14 days post-
pasteurization. Alcohols and acids are primarily produced during the fermentation of cocoa
beans, and their concentrations typically decrease following drying and roasting processes
(Calva-Estrada et al., 2020). This trend suggests that the cocoa honey samples may have
experienced some degree of fermentation on days 14, 21, and 28, despite the application of

preservation methods. Furthermore, the results indicate that thermal pasteurization (Fig. 2C)
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was the most effective method for maintaining ester content compared to the control (Fig. 2A),
proving to be more efficient than the other preservation approaches employed. A marked
reduction in ester-type aroma compounds was observed during storage for samples subjected
to ultrasonic processing (Fig. 2B) and thermal pasteurization with additives (Fig. 2D).

An interesting correlation is observed in the reduction of ester content, which may be
attributed to the increased hydrolysis of these compounds into their respective acids and
alcohols. This is evident from the rising profiles of the acid (brown) and alcohol (blue) volatile
groups across all treatments. Ester hydrolysis may result from heightened microbial activity

and contributes to the observed decrease in pH in the cocoa honey samples.
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Fig 2. Total relative composition of the main classes of VOCs identified in different conservation methods and
storage periods. Control (A); Ultrasound (B); Pasteurization (C); Pasteurization with additive (D).

Aldehyde levels decreased in both the control and ultrasound-treated samples after 14
days, while alcohol levels showed an upward trend. According to Zhao et al. (2018), aldehydes
can be converted into alcohols through the action of alcohol dehydrogenase, and into carboxylic
acids by aldehyde dehydrogenase in food substrates, particularly under the influence of
microbial activity.

Another notable observation is the reduction in the levels of esters, monoterpenes, and
sesquiterpenes during the storage period, particularly evident on day 28 following ultrasound
treatment (Fig. 2B), when compared to the control. The decline in these compounds over time
may signal a loss of quality and alterations in the flavor and aroma of the product. Thus,

monitoring these parameters is crucial to ensure that the product retains its desired sensory
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characteristics throughout its shelf life. In addition to the effects of storage, it is important to
recognize that different processing methods also impact ester concentrations. For instance,
thermal processing has been shown to influence ester levels (Wibowo et al., 2015), which
explains the higher ester content in the control samples compared to those treated with
preservation methods.

Ketones increased in the ultrasound and thermal pasteurization treatments, while they
tended to decrease in both the control group and thermal pasteurization with additives. Ketone
compounds are typically formed through the auto-oxidation of unsaturated fatty acids during
the fermentation process. The primary ketone identified in this study was 2-heptanone, which
imparts fruity and floral notes (Haase et al., 2023).

In the control samples furan levels increased, whereas their concentrations decreased
when preservation methods were applied during storage. Furans, a class of compounds typically
formed through thermal reactions and not found naturally, were present in lower percentages
due to the relatively mild temperatures used in the treatments (<65°C). While furans can
contribute pleasant flavor notes, excessive amounts may overpower the taste, leading to
bitterness and disrupting the overall flavor balance. Therefore, monitoring their levels is crucial
to ensure concentrations remain within desirable limits, preserving product quality and safety
(Gong et al., 2021; Spada et al., 2022).

For the compounds classified as 'Others’, a decreasing trend was observed across all
conservation methods, as well as in the control group, as storage time increased. Based on the
results for volatile compounds, this study confirms that thermal pasteurization was the most
effective method for preserving the aromatic profile of cocoa honey over 28 days of storage.
However, the samples subjected to thermal pasteurization with additives exhibited higher
acidity, while the ultrasound method, despite also resulting in higher acidity, was less effective

in preserving esters.

3.4 Application of multivariate analysis in the evaluation of VOCs

To assess the main classes of VOCs across different conservation methods and storage
periods, different multivariate analysis techniques were employed, including principal
component analysis (PCA) (Fig. 3) and hierarchical cluster analysis (HCA) combined with a

heat map (Fig. 4).
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Fig 3. Principal component analysis (PCA) of the main classes of VOCs in different conservation methods and
storage periods. C = Control; US = Ultrasound; P = Pasteurization; PA = Pasteurization with additive.

The PCA reveals that the different conservation methods resulted in distinct compound
profiles, encompassing different classes of identified compounds. This allows for the
discrimination of conservation methods based on their volatile compound profiles, which
exhibit unique compositions at each storage period.

The control group was characterized by the presence of esters, other compounds, and
aldehydes during the initial days of storage, with ketones becoming predominant towards the
end of the storage period. In thermal pasteurization, monoterpenes, sesquiterpenes, and other
compounds were dominant in the early storage phase, while alcohols and acids prevailed on
days 14, 21, and 28. Thermal pasteurization with additives was distinguished by the presence
of monoterpenes and sesquiterpenes at the start (0, 1, and 7 days) and by alcohols and acids
from day 14 onward. Ultrasound treatment was notable for the presence of furans and aldehydes
in the early days and acids from day 14 onwards. Wibowo et al. (2015) similarly used PCA to
distinguish the influence of aromatic compounds on the shelf life of pasteurized orange juice.

The dendrogram generated by hierarchical cluster analysis (HCA), combined with the
heat map (Fig. 4), reveals that the samples were grouped based on the similarity of their VOC
profiles. This analysis clearly shows the formation of nine distinct clusters.

As shown in (Fig. 4), the control samples formed a distinct cluster on days 0, 1, and 7,

characterized by a predominance of monoterpenes, sesquiterpenes, esters, and other
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compounds. However, by day 14, the compound profile shifted, with an increased presence of
furans, which persisted through days 21 and 28, accompanied by a rise in acid content in these
samples. For thermal pasteurization, two clusters were identified: one in the early days of
storage (0, 1, and 7), marked by a predominance of monoterpenes, sesquiterpenes, esters, and
other compounds, and another cluster at the end of the storage period (14, 21, and 28 days),
with higher alcohol content. In contrast, thermal pasteurization with additives showed only one
cluster, indicating greater homogeneity of compounds throughout the 28-day storage period,

with an increase in acid content only towards the end (14, 21, and 28 days).
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Ultrasound treatment revealed a higher concentration of aldehydes and furans in the
initial days of storage; however, after 14 days, levels of alcohols, acids, and ketones increased
significantly. These findings are consistent with the observations presented in (Fig. 1).
Although no studies have utilized heat maps to evaluate the volatile compound profiles formed
during the storage of cocoa honey, a study conducted by Donadel et al. (2019) employed heat
maps to assess VOCs in apples and apple juice over a 7-day storage period, noting distinct

differences between the formed clusters.

3.5 Characterization of volatile compounds

As shown in Table S1, palmitic acid is prominent among the acids, particularly in
samples treated with thermal pasteurization with additives and ultrasound, where it exceeded
10 % by the end of the storage period. Although cocoa honey contains minimal fat, the presence
of palmitic acid is plausible, as it is a saturated fatty acid commonly found in cocoa and its by-
products, including cocoa pulp and cocoa butter. Other acids, such as tetradecanoic, palmitoleic,
and pentadecanoic acids, were also identified.

A recent study reported similar findings for cocoa honey from the CCN51 variety
(Nascimento et al., 2024b). In the control group, the presence of acetic acid (with a vinegar-like
odor) was detected from days 7, 14, 21, and 28, with concentrations increasing from 0.09% to
0.83% over time. Acetic acid is produced during fermentation through microbial activity,
leading to a drop in pH and potentially imparting an undesirable flavor to the product (Rottiers
et al., 2019). This trend is also reflected in Table 1, where a decrease in pH was observed
starting on day 7, indicating a decline in sample quality and rendering it unsuitable for
consumption. Similarly, Haase et al. (2023) reported higher acetic acid levels in fresh cocoa
pulp, with lower concentrations observed following pasteurization and UHT treatment.

The alcohol content ranged from 1.29% to 8.61%, with particular emphasis on 2-
nonanol, a compound that imparts a fruity aroma. In the control samples, 2-nonanol levels
increased over the storage period, while there was a tendency for these levels to decrease
following thermal pasteurization, thermal pasteurization with additives, and ultrasound
treatments. Hegmann et al. (2020) also identified 2-nonanol in the cocoa pulp of various
varieties. Interestingly, 2-heptanol was absent in the control group but appeared after all
preservation methods were applied, with levels increasing over the storage period. 2-heptanol
IS an important aroma marker that imparts a fresh, citrus-like aroma, similar to lemongrass
(Ascrizzi et al., 2017).



204

In the aldehyde group, (E,E)-2,4-decadienal and 2-undecenal were detected. Their
presence may be linked to lipid degradation, contributing either unpleasant or pleasant notes
depending on their concentrations. (E,E)-2,4-decadienal, a product of lipid degradation, imparts
a distinctive fried aroma, though it can also be described as citrus-like. While commonly found
in frying oils and oil vapors, it is also present in foods like tangerine and orange juices (Parker
et al., 2014; Feng et al., 2018). In this study, it was detected in all treatments except thermal
pasteurization. Similarly, Haase et al. (2023) reported higher concentrations of (E,E)-2,4-
decadienal in pasteurized and UHT-treated cocoa pulp. However, its overall contribution to the
aroma is likely minimal due to its low levels. 2-undecenal was found across all treatments, a
result consistent with the findings of Bastos et al. (2019).

High concentrations of ketones are associated with the production of high-quality cocoa,
characterized by fruity and floral notes (Coria-Hinojosa et al., 2024). Among the ketone group,
2-heptanone has been identified, with Akoa et al. (2023) reporting its presence in cocoa beans
from various varieties grown in Cameroon. Compared to the control, the levels of 2-nonanone
decreased throughout the storage period. Both 2-heptanone and 2-nonanone were detected in
pasteurized cocoa pulp (Haase et al., 2023). Additionally, 2-pentanone was present in all
treatments, with notably higher levels on day 28 in the ultrasound-treated samples. Coria-
Hinojosa et al. (2024) also found 2-pentanone in samples of Forastero cocoa.

A total of 12 esters were identified, representing the predominant class with an average
content of 11.00%. Known for imparting fruity and floral notes, esters are considered key
contributors to high-quality aroma. Their production is influenced by fermentation time and
varies with yeast activity and sugar concentration (Coria-Hinojosa et al., 2024; Utrilla-Vazquez
etal., 2020). In this study, the main compound detected was 2-heptyl acetate, which was present
in all treatments. This compound was also found in high concentrations in Trinitario cocoa
beans (Rottiers et al., 2019) and can be considered a quality marker for cocoa honey.

Among the furan compounds, 2-ethyl-5-methylfuran was detected across all treatments.
While this compound has not been previously reported in studies on cocoa, 2-n-pentylfuran,
also identified in this study, has been described in chocolate samples by Spada et al. (2022).
Furans are volatile heterocyclic contaminants formed from various precursors such as sugars,
amino acids, lipids, ascorbic acid, and carotenoids. They are generated via Maillard reactions
during high-temperature processing and are commonly found in cocoa, chocolate, and coffee
due to heat treatment (Spada et al., 2022; Park et al., 2023). In this study, low levels of furans
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were observed after thermal pasteurization, thermal pasteurization with additives, and
ultrasound treatment, especially when compared to the control throughout the storage period.
The monoterpene class showed low levels overall, with D-limonene, linalool, and a-
terpineol detected across all treatments and on almost all storage days. Bastos et al. (2019)
similarly reported the presence of D-limonene, linalool, and a-terpineol in samples of cocoa
pulp and fresh and fermented cocoa beans. Sesquiterpenes also appeared at low concentrations,
with y-eudesmol identified in all treatments, ranging from 0 to 0.72%. Nascimento et al. (2024b)
reported similarly low concentrations of monoterpenes and sesquiterpenes in CCN51 variety
cocoa honey. However, as noted in studies on cocoa pulp, beans, and chocolate, these
compound classes may be more prominent in those products (Pino et al., 2010; Bastos et al.,
2019). Among the 'other' compound class, y-nonalactone stood out for its higher concentration,
imparting a fruity, coconut-like aroma. Haase et al. (2021) reported a similar result when

analyzing cocoa pulp from different origins.

4. Conclusions

The physicochemical analysis results indicated that thermal pasteurization maintained
stability for up to 14 days, thermal pasteurization with additives for up to 28 days, and
ultrasound treatment for up to 21 days, effectively extending the shelf life of cocoa honey under
refrigerated storage. Regarding VOCs, multivariate analysis revealed that thermal
pasteurization with additives produced a more homogeneous compound profile throughout the
28-day storage period. These findings suggest that both thermal pasteurization with additives
and ultrasound technology hold significant potential for prolonging the shelf life of cocoa
honey. The application of chemometric tools, including PCA and HCA combined with a heat
map, provided a more efficient exploration of the VOC data. These analyses revealed patterns
indicating grouping trends among the cocoa honey samples based on the different conservation
techniques and identified the classes of compounds responsible for these distinctions.

This study offers valuable insights for future research; however, further investigations
should incorporate sensory evaluations to identify the most acceptable conservation method for
potential consumers of cocoa honey. Moreover, considering the growing consumer preference
for reduced additive use and environmentally friendly processing, ultrasound technology

emerges as a highly promising approach for cocoa honey processing. Notably, among the
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methods evaluated, ultrasound technology required less processing time compared to thermal
techniques, highlighting its potential as an efficient and sustainable alternative.
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Fig S1. Principal component analysis (PCA) of physicochemical and colorimetric data across different
conservation methods and storage periods. C = Control; US = Ultrasound; P = Pasteurization; PA =

Pasteurization with additive.
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Table S1. Mean relative composition (%) of VOC’s identified in cocoa honey of the CCNS51 cocoa variety (Theobroma cacao L.) by HS-SPME-

GC-MS (n=3).
TO (Control)
Group Compound Odor description LRI%xp LRIPLiT  0day lday 7day 14 day 21 day 28 day
Acids
1 acetic acid Vinegar-like® - 645.0 - - 0.09 0.31 0.61 0.83
2 octanoic acid Green,soapy® 11776 11770 001 002  0.02 0.05 0.14 0.17
3 decanoic acid Coriander-like,
s0apy° 13742 1374.0 - - - - - 0.17
Rancid, fatty,
4 dodecanoic acid* metald 1568.4  1568.0 - - - - 0.25 0.65
5 tetradecanoic acid* 1763.2  1763.0 - - - - 0.43 0.68
6 pentadecanoic acid* 1853.0  1851.0 0.01 0.03 0.03 0.10 0.19 0.16
/ palmitoleic acid 19446 1944.0 . - . 0.21 0.54 0.64
8 palmitic acid* 1971.3 1972.0 2.32 2.72 2.73 3.72 5.04 6.00
Alcohols
9 1-hexanol* 8763  874.0 - - 0.01 0.01 0.05 0.11
10 1-heptanol* 977.4 975.0 - - - - - 0.01
11 2-octanol 1005.1  1004.0 - - - - - 0.02
12 2-ethyl-1-hexanol 10352 1030.0 - - 0.02 0.03 0.09 0.09



13
14

15
16
17
18
19
20
21
Aldehydes
22
23
24

25
26
27

28

(E)-2-octen-1-ol
1-octanol*

2-nonanol

phenylethyl alcohol
1-nonanol*

1-decanol
2-undecanol
1-dodecanol*

farnesyl alcohol

hexanal*
benzaldehyde*
(E)-2-heptenal

octanal*
benzeneacetaldehyde
(E)-2-octenal

nonanal*

Soapy, citrus-like,
fatty®

Fruity®

Green®
Almond-like®
Green, flowery®

Citrus-like, green
c

Fatty, grassy,
green®

Citrus-like®

1074.1

1072.6

1099.6
1111.3
1176.3
1278.4
1299.9

1473.6
1723.0

807.1
960.0
961.9

998.4

1043.8

1059.1

1104.1

1071.0

1072.0

1098.0
1114.0
1176.0
1278.0
1303.0

1473.0
1722.0

807.0
960.0
960.0

1000.0

1044.0

1059.0

1104.0

0.03
0.12
0.26

0.02

0.01

0.02

0.06

0.03

0.86

0.02
0.04
0.13
0.21

0.08
0.03

0.03

0.03

0.13

0.04

1.06

0.05
0.07
0.16
0.20

0.11
0.03
0.01

0.03

0.05

0.11

0.02

0.01

0.93

0.02
0.02
0.10
0.22

0.14
0.02
0.01

0.01

0.12
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0.03

0.11

1.01

0.02
0.12
0.10

0.14
0.41

0.02
0.02

0.05

0.12

1.39
0.07
0.04
0.16
0.13

0.23
0.78

0.06
0.03

0.13

0.08



29

30
31
32
33
34
35
36
37
38
39
40
41
Esters
42
43
44
45

(E)-2-nonenal* Fatty, ﬁiﬁboard
decanal*
2,4-nonadien-1-al
2(E)-decenal
undecanal*
(E,E)-2,4-decadienal Deep fried, fatty®
2-undecenal Tallowy, sweet'
dodecanal
(E)-2-dodecenal
tridecanal
tetradecanal
pentadecanal

(E)-hexadec-2-enal

pentyl propanate
2-heptyl acetate Fruity?
benzyl acetate

2-nonyl acetate

1160.3

1208.8

1213.7
1265.8
1306.2
1313.4
1366.1
1408.9
1467.0
1511.2
1598.9
1710.5
1880.6

946.2
1043.9
1164.3
1244 .4

1160.0

1203.0
1213.0
1265.0
1306.0
1313.0
1366.0
1409.0
1467.5
1511.0
1606.0
1710.0
1877.6

952.0
1047.0
1170.0
1236.9

0.03

0.05

0.11
0.01
0.23
0.25
0.14
0.05

0.63
0.06

0.17
9.50
0.09
1.79

0.03

0.08
0.11
0.31
0.04
0.32
0.61
0.16
0.17
0.03
0.29
0.08

0.13
9.14
0.08
1.57

0.04

0.07
0.11
0.28
0.03
0.54
0.53
0.16
0.15
0.04
0.25
0.11

0.18
10.19
0.08
1.76

0.08

0.02
0.01
0.13

1.35
0.21
0.07

0.12
0.08

0.18
10.67
0.03
1.59
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0.08

0.02

0.27
0.14
0.03

0.12
0.09
0.07

0.13
8.88
0.01
0.85

0.11

0.02

0.03

0.24

0.08
0.01

0.05
0.06

0.08
8.33

0.56



46
47
48
49
50

51

Ketones

52

53

54

55

56

57

58
59

B-phenethyl acetate
2-methylpropyl benzoate
decanol acetate
methyl jasmonate
benzyl benzoate

n-Hexadecanoic acid methyl
ester

2-pentanone

2-hexanone

- *
z-heptanone Fruity, flowery®

2-octanone
acetophenone Almond-like,
P solvent-like®
2-nonanone Flowery, fruit,

musty”
3-nonen-2-one

2-undecanone

1259.8

1327.2
1413.3

1635.1
1762.5

1923.5

700.0

795.5

893.7.0

994.5.0

1062.0

1088.6

1141.2
1294.0

1260.0

1331.2
1409.0

1638.0
1762.0

1923.0

707.8

795.4

890.0

992.0

1062.0

1089.0

1142.0
1291.0

0.05

0.68
1.76

0.05

0.50

0.01

0.63

0.02

0.01

0.81

0.02
0.17

0.02

0.75
1.88

0.03

0.28

0.01

0.61

0.03

0.01

0.81

0.02
0.15

0.02
0.01

0.67
1.84

0.05

0.46

0.02

0.79

0.03

0.02

0.92

0.03
0.17

0.01

0.53
1.42

0.05

0.48

0.02

0.83

0.03

0.02

0.79

0.03
0.13
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0.36
1.49

0.32

0.37

0.02

0.90

0.04

0.01

0.77

0.04
0.11

0.01

0.01

0.41
1.85

0.07

0.08

0.03

1.33

0.05

0.77

0.07
0.06



6,10-dimethyl-5,9-undecadien-2-

60
one
61 2-pentadecanone
62 2-heptadecanone
Flg;an 2-ethyl-5-methylfuran
64 2-n-pentylfuran
65 trans-2-(2-pentenyl)furan
66 3-methyl-2-(2-methyl-2-
butenyl)-furan
Monoterpenes
67 B-pinene
68 a-terpinene
69 p-cymene
70 D-limonene*
71 3-carene
72 [-cis-ocimene
73 y -terpiene

74 cis-linalool oxide

Floral, fruit™

Citrus, orange,
sweet'

1454.7

1699.3
1902.6

805.6

992.6
1001.6

1097.9

992.5

1011.2

1023.3

1027.4

1040.6
1042.9

1057.1
1070.8

1456.0

1699.0
1902.0

804.0

993.0
1001.0

1093.0

983.0

1012.0

1023.0

1027.0

1034.0
1043.0

1057.0
1071.0

0.09

0.01

0.05

0.01

0.01

0.01

0.04
0.01

0.02
0.03

0.16

0.15

0.06

0.01

0.02

0.02

0.01
0.01

0.18

0.20

0.10

0.03

0.01

0.02

0.05

0.01
0.01

0.05

0.24

0.36

0.02

0.01

0.02

0.04

0.02
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0.04

0.42
1.21

0.22

0.25
0.01

0.01

0.01

0.01

0.03

0.04

0.03

0.27

0.25

0.31

0.01

0.02

0.03



75
76
77
78
79
80

Sesquiterpene
S

81
82
83
84
85
86
87
88
89
90
91

(E)-furan linalool oxide
linalool*
p-mentha-1,5,8-triene
a-terpineol
cis-geraniol

[3-damascenone

B-dihydroionol
(E)-B-farnesene
cis-p-Farnesene
vy -selinene
-chamigrene
a-guaiene
(Z,E)-a-farnesene
d-guaijene
d-cadinene
D-germacrene

[-calacorene

Flowery®

1070.8
1097.5
1130.1
1184.6
1261.6
1381.2

1442.5
1456.3
1459.2
1472.5
1473.0
1481.8
1495.8
1500.8
1521.5
1522.4
1540.4

1072.0
1097.6
1135.0
1185.0
1259.0
1381.0

1449.2
1457.0
1458.0
1470.0
1473.0
1489.0
1495.9
1502.0
1521.0
1521.0
1532.0

0.02
0.13
0.01
0.08
0.04
0.05

0.02
0.01

0.04

0.01

0.01

0.01
0.04

0.01

0.06
0.12
0.01
0.07
0.04
0.04

0.02
0.01

0.01
0.02
0.03

0.02
0.16
0.02
0.09
0.06
0.04

0.02
0.01

0.03
0.11

0.07

0.03
0.02

0.01

0.01
0.01
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0.02
0.09

0.03
0.03
0.01

0.19
0.01

0.04
0.01
0.01
0.01

0.03
0.10

0.07

0.05
0.01

0.01

0.21

0.09
0.01

0.01
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92 a-calacorene 15412 15410 001 002  0.01 - - -
93 E-nerolidol 1565.0  1565.0 - - - - 0.33 0.39
94 (2)-nerolidol 1565.2  1565.0  0.04 0.06 - - - -
95 v -eudesmol Woody! 16129 1621.0 046 043  0.35 0.20 0.18 0.16
Others
% 2-methyl-3-furanthiol Broth-like® 8695  869.0 001 001 001 0.01 0.02 0.02
97 5_-ethy|-2-methyl-2-
vinyltetrahydrofuran 911.6 910.9 0.01 0.01 0.01 0.01 0.01 -
98 p-chlorophenyl chloride 1006.3  1014.9 ) 0.01 0.01 ) ) )
99 /-nonalactone UL SOPONE 13423 13440 168 168 142 103 0.64 0.03
100 vy -decalactone 1467.4  1465.0 - - - - 0.05 0.06
101 (-)-cembrene A 19554  1960.0 021  0.18  0.16 0.18 0.10 0.14
102 thunbergene 19625 19640 084 091  0.76 0.20 0.15 -
T1 (Pasteurization)
Group Compound Odor description LRI%xp LRIPLT 0 day lday 7day 14 day 21 day 28 day
Acids
1 octanoic acid Green, soapy* 1177.6 11770 0.1 0.01  0.01 0.02 0.02 0.03
2 pentadecanoic acid* 1852.9  1851.0 - 0.01 0.04 0.06 0.09 0.10
3 palmitic acid* 1971.3 19720 240 298  4.15 4.03 4.12 5.38
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Alcohols

© 0 ~N o o

11

12

13
14

15
16

Aldehydes

17

18

2-heptanol

2-octanol

2-ethyl-1-hexanol

2-nonanol
1-nonanol*
1-decanol
2-undecanol
1-undecanol
1-dodecanol*
2-tetradecanol

galoxolide

1-hexadecanol*
isophytol

hexanal*

benzaldehyde*

Citrus, fresh,
lemon-grasslike"

Fruity®

Green®

Almond-like®

904.3

1005.1
1035.2
1099.6
1176.3
1278.4
1299.9
1376.9
1473.5
1603.6
1853.9

1880.4
1949.2

807.1

960.0

901.0

1004.0
1030.0
1098.0
1176.0
1278.0
1303.0
1374.4
1473.0
1611.0
1850.0

1880.0
1949.0

807.0

960.0

0.89

0.04

0.95

0.01
0.10

0.50

0.02

0.07

0.03

0.74

0.03

0.85

0.01

0.10
0.01

1.30

0.01

0.10

0.03

0.71

0.03
0.02
0.87

0.04

0.05
0.02

2.59

0.02

0.07

0.03

0.75

0.04
0.03
0.78

0.06

0.14
0.05

4.12
0.05

0.08
0.04

0.11

0.04

1.16

0.06
0.06
0.96
0.01
0.02
0.10
0.06
4.70
0.04

0.18

0.04

141

0.06
0.07
0.84
0.01
0.04
0.12
0.10
5.85
0.04

0.17

0.05
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19

20

21

22

23

24
25
26
27
28
29
30

31
32

33

Esters

34

(E)-2-heptenal
benzeneacetaldehyde
(E)-2-octenal
nonanal*
(E)-2-nonenal*

decanal*
2,4-nonadien-1-al

2(E)-decenal
undecanal*
2-undecenal

dodecanal

(E)-2-dodecenal

tridecanal

tetradecanal

pentadecanal

pentyl propanate

Green, flowery®

Fatty, grassy,
green®

Citrus-like®

Fatty, cardboard-
like®

Soapy©

Tallowy, sweet'

961.9

1043.8

1059.1

1104.1

1160.3

1202.8
1213.7
1265.8
1306.2
1366.1
1408.9
1467.0
1511.2
1598.9
1710.5

946.2

960.0

1044.0

1059.0

1104.0

1160.0

1203.0
1213.0
1265.0
1306.0
1366.0
1409.0
1467.5
1511.0
1606.0
1710.0

952.0

0.02

0.19

0.03

0.14
0.09
0.23
0.15
0.49
0.22
0.12
0.04
0.36
0.11

0.14

0.02

0.19

0.03

0.17
0.12
0.26
0.23
0.54
0.29
0.15
0.02
0.23
0.12

0.08

0.02

0.16

0.03

0.12
0.12
0.23
0.14
0.48
0.20
0.13
0.02
0.28
0.14

0.11

0.07

0.02

0.13

0.03

0.09
0.12
0.22
0.12
0.48
0.22
0.13
0.06
0.32
0.17

0.10

0.01

0.03

0.18

0.04

0.11
0.12
0.22
0.12
0.45
0.20
0.12
0.06
0.33
0.10

0.16

0.09

0.03

0.16

0.04

0.09
0.11
0.21
0.11
0.43
0.19
0.12
0.04
0.27
0.14

0.11
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35
36
37
38
39
40
41

42

Ketones

43
44
45
46

47

48

49

2-heptyl acetate Fruity?
benzyl acetate
2-nonyl acetate
B-phenethyl acetate
2-methylpropyl benzoate
methyl jasmonate

benzyl benzoate

n-hexadecanoic acid methyl
ester

2-pentanone

2-hexanone

2-heptanone* Fruity, flowery®

2-octanone
Almond-like,
acetophenone solvent-like®
Flowery, fruit,
2-nonanone musty"

3-nonen-2-one

1043.9
1164.3
12444
1259.8
1327.2
1635.1
1762.5

1923.5

700.0
795.5
893.7
994.5

1062.0

1088.6

1141.2

1047.0
1170.0
1236.9
1260.0
1331.2
1638.0
1762.0

1923.0

707.8
795.4
890.0
992.0

1062.0

1089.0

1142.0

9.20
0.10
1.80
0.08
0.01
0.13
1.68

0.04

0.46
0.01
0.62

0.01

0.76

0.01

8.44
0.09
1.65
0.05

0.16
1.70

0.04

0.11
0.01
0.58
0.01

0.02

0.68

0.02

7.35
0.07
0.74
0.04

0.29
1.83

0.03

0.16
0.01
0.57
0.01

0.02

0.58

0.02

5.54
0.06
0.38
0.08
0.01
0.24
2.00

0.04

0.48
0.01
0.64
0.01

0.01

0.40

0.03

6.68
0.09
0.22
0.07

0.17
2.06

0.07

0.38
0.03
1.01
0.02

0.01

0.49

0.03

5.24
0.09
0.12
0.05

0.17
2.13

0.07

0.31
0.03
1.06
0.02

0.03

0.45

0.03
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50
o1
52
53

Furan
54

55
56

57

Monoterpenes

58
59

60

61
62

63
64

65

2-undecanone

6,10-dimethyl-5,9-undecadien-2-
one

2-pentadecanone

2-heptadecanone
2-ethyl-5-methylfuran

2-n-pentylfuran

3-methyl-2-(2-methyl-2-
butenyl)-furan

2-n-octylfuran

B-pinene

p-cymene
D-limonene*

3-carene
y-terpinene

[-cis-ocimene

cis-linalool oxide

(E)-furan linalool oxide

Floral, fruit™

Citrus, orange,
sweet'

1294.0

1454.8

1699.3

1902.6

805.6

992.6

1097.9

1294.3

992.5
1023.3

1027.4

1040.6
1057.1

1042.9
1070.8

1070.8

1291.0

1456.0

1699.0

1902.0

804.0

993.0

1093.0

1294.0

983.0
1023.0

1027.0

1034.0
1057.0

1043.0
1071.0

1072.0

0.16

0.15

0.19

0.04

0.01

0.03

0.03
0.02

0.01
0.03

0.22

0.14

0.17

0.12

0.06

0.03

0.02

0.02

0.18

0.07

0.11

0.31

0.09

0.01

0.03

0.02

0.05

0.20

0.05

0.10

0.33

0.12

0.03

0.03

0.03

0.03

0.10

0.55

0.13

0.02

0.02

0.04

0.02

0.01

0.03

0.01

0.06

0.55
0.38

0.04

0.01

0.02

0.02

0.02

0.04
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66
67
68

69
70

Sesquiterpene
71
72
73
74
75
76
77
78
79
80

Others
81

82

. C
linalool™* Flowery

p-mentha-1,5,8-triene
a-terpineol
cis-geraniol

[3-damascenone
-dihydroionol

v -selinene
a-guaiene
d-guaijene
d-cadinene
[-calacorene
a-calacorene
(2)-nerolidol

y -eudesmol Woody!

muurolol

2-methyl-3-furanthiol Broth-like®

5-ethyl-2-methyl-2-
vinyltetrahydrofuran

1097.5
1130.1
1184.6
1261.6
1381.2

1442.5

1472.5
1481.8
1500.8
1521.5
1540.4
1541.2
1565.2

1612.9
1641.9

869.5

911.6

1097.6
1135.0
1185.0
1259.0
1381.0

1449.2

1470.0
1489.0
1502.0
1521.0
1532.0
1541.0
1565.0

1621.0
1642.0

869.0

910.9

0.15
0.01
0.09
0.06
0.06

0.01

0.01

0.01
0.01

0.02
0.02
0.53

0.01

0.01

0.14
0.01
0.09
0.05
0.04

0.02

0.02

0.01

0.02

0.04

0.56
0.01

0.01

0.01

0.13

0.08
0.03
0.03

0.01

0.02

0.03

0.01

0.02

0.60

0.01

0.01

0.11
0.01
0.07
0.05
0.03

0.01

0.03

0.01
0.01

0.40

0.01

0.07

0.06
0.03
0.02

0.02

0.01
0.02

0.33

0.02

0.08

0.04

0.03
0.01

0.02
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83 y-pentalactone 968.7 966.0 - 0.01 0.01 - - -
84 p-chlorophenyl chloride 1006.3  1014.9 0.01 0.01 - - - -
Fruity, coconut-
85 y-nonalactone like! 1342.3  1344.0 1.92 2.00 2.05 1.61 1.36 0.46
86 undecylcyclohexane 1758.3 1760 0.02 0.02 - - - -
87 (-)-cembrene A 19554 19600 0.5 013  0.12 0.16 0.19 0.17
88 thunbergene 19625 19640 077 085  0.61 - - -
T2 (Pasteurization with additive)
Group Compound Odor description LRI%exp LRIPLiT  0day lday 7day 14 day 21 day 28 day
Acids
1 3-(methoxymet_hoxy)butan0|c 11215 11181 ] 0.32 ) ] ) ]
acid
2 octanoic acid Green, soapy® 11776 11770 002 004  0.06 0.06 0.07 0.09
3 benzoic acid 1180.3  1178.0 0.09 0.09 0.28 0.12 0.24 0.37
Coriander-like,
4 decanoic acid soapy* 1374.2  1374.0 - - 0.02 0.02 0.03 0.03
5 pentadecanoic acid* 1852.9  1851.0 0.16 0.08 0.10 0.14 0.22 0.31
6 palmitic acid* 1971.3 19720 5.35 5.32 6.85 7.58 7.59 10.95

Alcohols
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8

9

10
11
12
13
14

Aldehydes

15
16

17

18

19

2-heptanol

2-ethyl-1-hexanol
2-nonanol
1-decanol
2-undecanol
1-dodecanol*

1-hexadecanol*
isophytol

hexanal™*

benzaldehyde*

octanal*

benzeneacetaldehyde

(E)-2-octenal

Citrus, fresh,

_ 1 n
lemon-grasslike 904.3

1035.2
Fruity® 1099.6
1278.4
1299.9
1473.6

1880.4
1949.2

Green® 807.1
Almond-like® 960.0
Citrus-like, green

c

998.4

1043.8

Fatty, grassy,
green® 1059.1

901.0

1030.0
1098.0
1278.0
1303.0
1473.0

1880.0
1949.0

807.0
960.0

1000.0

1044.0

1059.0

0.58

0.35
0.02
0.07
0.81

0.05

0.05
0.01

0.04

0.73

0.27
0.02
0.10
1.47

0.05
0.05

0.08
0.01

0.05

0.02

0.97

0.04
0.58
0.02
0.07
0.94

0.04

0.09
0.01

0.05

0.08

0.82

0.04
0.34
0.02
0.05
1.41

0.05
0.01

0.03

0.93

0.07
0.17
0.03
0.08
2.07

0.10
0.03

0.05

1.00

0.43

0.14
0.01

0.05
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20

21
22
23
24
25
26
27
28
29
30
31
32
Esters
33
34
35
36

Fatty, cardboard-
(E)-2-nonenal* like®

(E)-4-decenal
decanal* Soapy*
2,4-nonadien-1-al
2(E)-decenal
undecanal*

(E,E)-2,4-decadienal Deep fried, fatty®

2_undecenal Tallowy, sweet'

dodecanal
(E)-2-dodecenal
tridecanal
tetradecanal

pentadecanal

pentyl propanate
2-heptyl acetate Fruity?
benzyl acetate

2-nonyl acetate

1160.3

1198.1
1202.8
1213.7
1265.8
1306.2
1313.4
1366.1
1408.9
1467.0
1511.2
1598.9
1710.5

946.2
1043.9
1164.3
1244 .4

1160.0

1197.0
1203.0
1213.0
1265.0
1306.0
1313.0
1366.0
1409.0
1467.5
1511.0
1606.0
1710.0

952.0
1047.0
1170.0
1236.9

0.02
0.09
0.12
0.27
0.06
0.11
0.54
0.14
0.11
0.01
0.25
0.06

0.13
8.77
0.04
1.13

0.02

0.01
0.08
0.16
0.28
0.05
0.12
0.64
0.16
0.12
0.02
0.65
0.07

0.06
7.96
0.11
0.86

0.02

0.01
0.09
0.18
0.32
0.06
0.13
0.57
0.14
0.12
0.02
0.24

0.13
8.14
0.03
0.75

0.03

0.01
0.07
0.12
0.25
0.04
0.09
0.51
0.12
0.11

0.19

0.10
3.89
0.03
0.44

0.05
0.15
0.27
0.04
0.08
0.48
0.10
0.10

0.15

0.09
5.48
0.02
0.31

0.05
0.16
0.29
0.04
0.12
0.57
0.13
0.05

0.22

0.07
4.83
0.03
0.15
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37
38
39
40

41

Ketones
42
43
44

45

46

47

48

49
Furan

50

51

B-phenethyl acetate
benzenepropyl acetate
methyl jasmonate

benzyl benzoate

n-Hexadecanoic acid methyl
ester

2-pentanone
2-hexanone

2-heptanone*

acetophenone

2-nonanone

2-undecanone

6,10-dimethyl-5,9-undecadien-2-
one

2-pentadecanone

2-ethyl-5-methylfuran

3-methyl-2-(2-methyl-2-
butenyl)-furan

Fruity, flowery®

Almond-like,
solvent-like®

Flowery, fruit,
musty"

1259.8
1371.6
1635.1
1762.5

1923.5

700.0
795.5
893.7

1062.0

1088.6

1294.0

1454.7

1699.3

805.6

1097.9

1260.0
1373.0
1638.0
1762.0

1923.0

707.8
795.4
890.0

1062.0

1089.0

1291.0

1456.0

1699.0

804.0

1093.0

0.02
0.02
0.03
3.00

0.07

0.36

0.47

0.47

0.12

0.13

0.36

0.10

0.03
0.03
0.01
2.64

0.03

0.30

0.57

0.45

0.10

0.14

0.30

0.07

0.01

0.05
0.04
0.03
3.28

0.10

0.56
0.02
0.78

0.04

0.53

0.09

0.14

0.27

0.04
0.01
0.01
2.86

0.03

0.21

0.65

0.28

0.04

0.20

0.04

0.02
2.67

0.02

0.25
0.01
0.75

0.37

0.05

0.04

0.21

0.05

0.05
3.19

0.08

0.82

0.31

0.01

0.08

0.17
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52
Monoterpenes

56
57

58
59
60
61
62
63
Sesquiterpene
64
65
66
67
68
Otheres

69

2-n-octylfuran

B-pinene
Citrus, orange,
: « :
D'||m0nene Sweetl
3-carene

trans-B-ocimene*
linalool* Flowery*
a-Terpineol
cis-geraniol

[-damascenone

B-dihydroionol
a-guaiene
d-cadinene

D-germacrene

v -eudesmol Woody!

Fruity, coconut-
y-nonalactone like!

1294.3

992.5

1027.4

1040.6
1052.1
1097.5
1184.6
1261.6
1381.2

1442.5
1481.8
1521.5
1522.4
1612.9

1342.3

1294.0

983.0

1027.0

1034.0
1052.0
1097.6
1185.0
1259.0
1381.0

1449.2
1489.0
1521.0
1521.0
1621.0

1344.0

0.05

0.03

0.03

0.03

0.03
0.05

0.01
0.01
0.27

0.79

0.03

0.02

0.02

0.02

0.05

0.01

0.01

0.22

0.88

0.03

0.11
0.02

0.06

0.29

0.87

0.02

0.09
0.04

0.05

0.01

0.01
0.21

0.81

0.01

0.03

0.11
0.02

0.05

0.01

0.24

0.69

0.03

0.06
0.06

0.06

0.01

0.29

0.73
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70

(-)-cembrene A 1955.4  1960.0  0.26 0.13 059 - - -

£ thunbergene 19625 19640 127 064 147 1.05 - 0.86
T3 (Ultrasound)
Group Compound Odor description LRI%xp LRIPLiT  0day lday 7day 14 day 21 day 28 day
Acids
1 octanoic acid Green, soapy"® 11776 11770  0.03 0.01 - - - -
Rancid, fatty,
2 dodecanoic acid* metal® 1568.4  1568.0 - - - - 0.07 0.14
3 pentadecanoic acid* 1852.9  1851.0 0.02 0.01 0.01 0.03 0.06 0.03
4 palmitic acid* 1971.3 19720  3.85 3.64 450 7.73 10.38 11.43
Alcohols
5 1-hexanol* 876.3 874.0 - - - - 0.02 0.05
Citrus, fresh,
- i n
6 2-heptanol lemon-grasslike™ g1 3 9010 160 138 079 146 1.85 2.30
/ 1-heptanol* 977.4  975.0 - 0.01 - 0.01 - 0.02
8 2-ethyl-1-hexanol 1035.2  1030.0 - 0.01  0.02 0.02 0.01 0.01
Soapy, citrus-like,

9 1-octanol* fatty® 1072.6 10720  0.01 0.06  0.05 0.04 - -
10 2-nonanol Fruity® 1099.6  1098.0  1.20 1.03 079 0.60 0.89 0.68
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11
12
13
14
15
16
17
18
Aldehydes
19
20
21

22

23
24

25

phenylethyl alcohol
1-nonanol*
1-decanol

2-undecanol
1-undecanol

1-dodecanol*
galoxolide

1-hexadecanol*

hexanal*

benzaldehyde*
(E)-2-heptenal

octanal*

benzeneacetaldehyde
(E)-2-octenal

nonanal*

Green®
Almond-like®
Green, flowery*

Citrus-like, green
Cc

Fatty, grassy,
green®

Citrus-like®

1111.3
1176.3
1278.4

1299.9
1376.9

1473.6
1853.9

1880.4

807.1

960.0
961.9

998.4

1043.8

1059.1

1104.1

1114.0
1176.0
1278.0

1303.0
1374.4

1473.0
1850.0

1880.0

807.0

960.0
960.0

1000.0

1044.0

1059.0

1104.0

0.01
0.04
0.10

0.16
0.04

0.22
0.02

0.06

0.03

0.08

0.14

0.01
0.04
0.10

0.73

0.49

0.03
0.02

0.14

0.07

0.09

0.33

0.02
0.04

0.07
0.01

0.92

0.48

0.04
0.01

0.12

0.04

0.07

0.31

0.05
0.05

1.89

0.21

0.16

0.04
0.01

0.01

0.13

0.04

0.05

0.02
0.02
0.03

2.33

0.49

0.06

0.03
0.01

0.01

0.05

0.04

0.04
0.01
0.01

3.17

0.04

0.10

0.07
0.01

0.02

0.27

0.04

0.06
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26

27
28
29
30
31

32

33
34
35
36
37
38
Esters
39
40
41

Fatty, cardboard-
(E)-2-nonenal* like®

(E)-4-decenal
decanal* Soapy*
2,4-nonadien-1-al
2(E)-decenal

undecanal*

Deep fried, fatty®
(E,E)-2,4-decadienal

2-undecenal Tallowy, sweet'

dodecanal
(E)-2-dodecenal
tridecanal
tetradecanal

pentadecanal

pentyl propanate
2-heptyl acetate Fruity®

benzyl acetate

1160.3

1198.1
1202.8
1213.7
1265.8
1306.2

1313.4

1366.1
1408.9
1467.0
1511.2
1598.9
1710.5

946.2
1043.9
1164.3

1160.0

1197.0
1203.0
1213.0
1265.0
1306.0

1313.0

1366.0
1409.0
1467.5
1511.0
1606.0
1710.0

952.0
1047.0
1170.0

0.07

0.01
0.07
0.11
0.26
0.02

0.40

0.42
0.12
0.07
0.01
0.15
0.04

0.14
9.83
0.15

0.08

0.03
0.15
0.38
0.63
0.06

0.38

0.69
0.18
0.17
0.04
0.24
0.07

0.13
9.05
0.15

0.05

0.02
0.14
0.27
0.46
0.10

0.21

0.79
0.16
0.12
0.03
0.24
0.07

0.10
7.81
0.11

0.03

0.03

0.14
0.01

0.07

0.31
0.06
0.04

0.14
0.05

0.05
7.54
0.06

0.03

0.01

0.06

0.21

0.13
0.03

0.02
0.02

0.09
6.96
0.01

0.04

0.02
0.02
0.18

0.35
0.05
0.04

0.04

0.05

4.02
0.01
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42
43

44

45
46
47

48

Ketones
49
50
51
52

53

54

55
56

57

2-nonyl acetate

B-phenethyl acetate

3-hydroxy-2,2,4-trimethylpentyl
isobutyrate
decanol acetate

methyl jasmonate

benzyl benzoate

n-Hexadecanoic acid methyl
ester

2-pentanone
2-hexanone
2-heptanone*

2-octanone

acetophenone

2-nonanone

3-nonen-2-one

2-undecanone

6,10-dimethyl-5,9-undecadien-2-
one

Fruity, flowery®

Almond-like,
solvent-like®

Flowery, fruit,
musty"

12444
1259.8

1372.0
1413.3

1635.1
1762.5

1923.5

700.0
795.5
893.7
994.5

1062.0

1088.6

1141.2
1294.0

1454.8

1236.9
1260.0

1380.0
1409.0

1638.0
1762.0

1923.0

707.8
795.4
890.0
992.0

1062.0

1089.0

1142.0
1291.0

1456.0

1.07
0.09

0.28
2.38

0.06

0.52
0.04
1.61
0.05

1.27

0.04
0.16

0.12

1.15
0.09

0.09
2.62

0.06

0.82
0.04
1.54
0.05

1.10

0.04
0.16

0.22

0.56
0.05

0.12
2.77

0.04

0.48
0.03
1.57
0.04

0.91

0.02
0.05

0.15

0.12
0.02

0.01

0.08
2.05

0.89
0.05
1.87
0.02

0.58

0.01

0.05

0.10
0.01

0.09
0.90

0.81
0.04
2.12
0.03

0.65

0.01
0.01

0.04

0.04
0.03

0.05

0.17
0.60

2.06
0.07
2.08
0.01

0.03

0.52

0.01
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58
Furan
59
60

61

Monoterpenes

62
63

64
65
66
67
68
69
70
Sesquiterpene
71
72

2-pentadecanone

2-ethyl-5-methylfuran

2-n-pentylfuran

3-methyl-2-(2-methyl-2-
butenyl)-furan

p-cymene
D-limonene*

3-carene
trans-B-ocimene*
linalool*
1,3,8-p-menthatriene
a-Terpineol
cis-geraniol

[-damascenone

B-dihydroionol

(E)-p-farnesene

Floral, fruit™

Citrus, orange,
sweet'

Flowery®

1699.3

805.6
992.6

1097.9

1023.3

1027.4

1040.6
1052.1
1097.5
1122.0
1184.6
1261.6
1381.2

1442.5
1456.3

1699.0

804.0
993.0

1093.0

1023.0

1027.0

1034.0
1052.0
1097.6
1118.7
1185.0
1259.0
1381.0

1449.2
1457.0

0.41
0.10

0.02

0.01

0.03

0.04

0.06
0.03
0.05
0.02
0.02

0.46
0.21

0.01

0.02

0.04

0.09

0.05

0.03

0.01

0.01

0.43
0.14

0.01

0.01

0.02

0.03

0.06

0.03

0.33
0.03

0.01

0.01

0.03

0.01

0.28

0.01

0.02

0.02

0.05

0.02

0.01

0.37

0.13

0.01

0.02
0.02

0.02

0.01
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3 v -selinene 14725 14700 001 0.3 - - -
74 a-guaiene 1481.8  1489.0 - - 0.01 - -
7 D-germacrene 15224  1521.0 - - - - -
6 a-calacorene 15412 15410 001 001  0.01 - -
7 v -eudesmol Woody’ 16129 16210 025 016  0.20 i i
Others

8 2-methyl-3-furanthiol Broth-like® 8695  869.0 003 002 002 - 0.03
79 5-ethyl-2-methyl-2-

vinyltetrahydrofuran 9116 91098  0.01 0.01 - - ;

Fruity, coconut-

80 y-nonalactone like! 13423 13440 091  0.96 - - -
81 (-)-cembrene A 19554 19600 022 018 0.3 0.20 0.22
82 thunbergene 19625 19640  1.27 135 154 - -

0.01

0.07

0.01

0.19

0.16
0.55

*Identification confirmed by comparison with mass spectra and retention times of analytical standards. 2LRIexp= linear retention index to the standard of n-alkanes (C7-Cso)
obtained in an HP-5 MS capillary column. °PLRIy it = linear retention index published in the literature (NIST Chemistry Web Book, accessed in www.webbook.nist.gov). °Haase
et al. (2023); “Rodriguez-Campos et al. (2011); ®Hegmann et al. (2020); ‘Chetschik et al. (2017); 9Rottiers et al. (2019); "Utrilla-Vazquez et al. (2020); ‘Aprotosoaie et al. (2016);
iMiyazawa et al. (2012); 'Haase et al. (2021); ™Spada et al. (2022); "Ascrizzi et al. (2017)
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5. CONCLUSAO GERAL

O mel de cacau das variedades estudadas exibiu composi¢des fisico-quimicas distintas,
demonstrando ser &cido e com valores significativos de solidos solUveis totais, carboidratos,
valor energético e agucares. Com base nos dados de ingestdo diaria recomendada (IDR), a
presenca de magnésio, a alta concentragdo de zinco e os baixos niveis de sodio tornam o mel
de cacau uma fonte nutricional valiosa, justificando o incentivo ao seu consumo.

O método otimizado HS-SPME/CG-EM aumentou a eficiéncia da extracéo,
identificando 84 COVs no mel de cacau de quatro variedades. A analise sensorial indicou que
PS1319 e SJO2 apresentavam perfis semelhantes, com coloracdo amarelada, maior viscosidade,
maciez e sabor doce. O estudo concluiu que a variedade do mel de cacau afeta as concentragdes
de COVs e os perfis sensoriais. SJ02 e CCN51 mostraram maior aceitabilidade e intencéo de
compra, destacando seu potencial para a industria alimenticia.

Por meio da andlise de UHPLC-HRMS/MS foram identificados 72 compostos, com
destague para 0os compostos bioativos, como flavonoides, alcaloides, aminoacidos, glicosideos
e aminas bioativas. Esses compostos sdo reconhecidos por seus potenciais beneficios a salde,
incluindo propriedades antioxidantes, anti-inflamatorias e cardioprotetoras.

Os métodos de conservacdo, como a pasteurizacdo térmica, pasteurizacdo com aditivo
e ultrassom de alta intensidade, mostraram-se promissores para a preservacao do mel de cacau.
Diante da crescente preocupacdo dos consumidores com a reducao de aditivos e a demanda por
processos sustentaveis, a tecnologia de ultrassom possui grande potencial para aplicacdo no
processamento de mel de cacau. Este estudo oferece insights valiosos, mas futuras pesquisas
devem incluir a avaliacdo sensorial para identificar qual método de conservacao € mais aceito
pelos consumidores.

Portanto, conclui-se que este estudo forneceu dados inéditos sobre as propriedades
nutricionais e sensoriais do mel de cacau, contribuindo para o conhecimento sobre os beneficios
e caracteristicas desse subproduto. A pesquisa tem potencial para incentivar novos trabalhos e
pode levar ao desenvolvimento de tecnologias que melhorem a produgéo e o processamento do
mel de cacau, expandindo sua comercializacdo local e internacionalmente. Assim, para ajudar
a disseminar esses resultados aos produtores de cacau, que muitas vezes ndo tém acesso a
artigos cientificos, foi elaborada uma cartilhna (APENDICE A) explicando o que é o mel de
cacau e apresentando os resultados mais relevantes obtidos de cada variedade.
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