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RESUMO 

  

Achyrocline satureioides tem sido utilizada na medicina popular devido às suas 

propriedades farmacológicas, incluindo atividades antioxidante, anti-inflamatória 

e anticancer, atribuídas principalmente às agliconas flavonoídicas quercetina 

(QCT), luteolina (LUT), 3-O-metilquercetina (3OMQ) e achyrobichalcona (ACB). 

A extração por água no estado subcrítico (SWE), ou extração por água quente 

pressurizada (PHWE), emerge como uma alternativa sustentável para a 

obtenção desses compostos, evitando o uso de solventes orgânicos. No entanto, 

o uso de altas temperaturas pode ser uma desvantagem devido à possibilidade 

de degradação dos compostos de interesse. A presente dissertação propõe, pela 

primeira vez, a utilização de ciclodextrina na extração com água no estado 

subcrítico (SWE/β-CD) para aumentar a eficiência extrativa de flavonoides de 

Achyrocline satureioides. O corpo do trabalho é constituído por uma revisão da 

literatura científica na forma de artigo científico sobre a extração de flavonoides 

com água no estado subcrítico e outro artigo contendo resultados experimentais 

sobre SWE/β-CD dos flavonoides, que inicia com a otimização da extração 

utilizando um modelo experimental do tipo Box-Behnken Design (BBD). As 

condições extrativas otimizadas indicaram a concentração máxima de β-CD 

testada 3% (m/v) e diferentes condições de temperatura e tempo de extração 

para os diferentes flavonoides QCT e 3OMQ (100 oC e 30 min) e para LUT e 

ACB (220 oC, 0 min). Quando os resultados obtidos nas condições otimizadas 

SWE/β-CD foram comparados aos resultados de dois outros métodos, Soxhlet e 

maceração dinâmica, o primeiro mostrou-se altamente eficaz na extração das 

agliconas flavonoídicas QCT, LUT, 3OMQ e ACB, confirmando a hipótese central 

do estudo. Esses promissores resultados evidenciam o potencial de aplicação 

do novo método proposto para a extração de outros analitos de baixa 

hidrossolubilidade a partir da biodiversidade, inclusive em maior escala, tendo 

em vista sua compatibilidade ambiental. 

Palavras-chave: extração por água quente pressurizada; β-ciclodextrina; 

Achyrocline satureioides; flavonoides.





 
 

ABSTRACT 

 

Achyrocline satureioides has been used in folk medicine due to its 

pharmacological properties, including antioxidant, anti-inflammatory, and 

anticancer activities, mainly attributed to the aglycones quercetin (QCT), luteolin 

(LUT), 3-O-methylquercetin (3OMQ), and achyrobichalcone (ACB). Subcritical 

water extraction (SWE) or pressurized hot water extraction (PHWE) emerges as 

a sustainable alternative for obtaining these compounds, avoiding the use of 

organic solvents. However, the use of high temperatures may be a disadvantage 

due to the potential degradation of the compounds of interest. This dissertation 

proposes, for the first time, the use of cyclodextrin in subcritical water extraction 

(SWE/β-CD) to enhance the extractive efficiency of flavonoids from Achyrocline 

satureioides. The body of work consists of a literature review in the form of a 

scientific article on flavonoid extraction with subcritical water and another article 

containing experimental results on SWE/β-CD of flavonoids, which begins with 

the optimization of the extraction using an experimental Box-Behnken Design 

(BBD) model. The optimized extractive conditions indicated the maximum 

concentration of β-CD tested at 3% (w/v) and different temperature and extraction 

time conditions for the different flavonoids QCT and 3OMQ (100 °C and 30 min) 

and for LUT and ACB (220 °C, 0 min). When the results obtained in the optimized 

SWE/β-CD condition were compared to the results of two other methods, Soxhlet 

and dynamic maceration, the former proved to be highly effective in the extraction 

of the flavonoid aglycones QCT, LUT, 3OMQ, and ACB, confirming the central 

hypothesis of the study. These promising results highlight the potential application 

of the proposed new method for the extraction of other low water-soluble analytes 

from biodiversity, including on a larger scale, considering its environmental 

compatibility. 

Key words: pressurized hot water extraction; β-ciclodextrin; Achyrocline 

satureioides; flavonoids.
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APRESENTAÇÃO 

  

A presente dissertação foi redigida na forma de capítulos de acordo com 

as exigências das normativas vigentes no Regimento Interno do Programa de 

Pós-Graduação em Ciências Farmacêuticas da Universidade Federal do Rio 

Grande do Sul. A parte experimental foi realizada no Laboratório de 

Desenvolvimento Galênico do Programa de Pós-graduação em Ciências 

Farmacêuticas e no Laboratório de Catálise Molecular do Instituto de Química 

da UFRGS, coordenado pelo Dr. Jairton Dupont.  

 

O trabalho está organizado em seções como a seguir discriminadas: 

• Introdução: abrangência dos temas relevantes ao trabalho; 

• Objetivos: gerais e específicos; 

• Capítulos I – revisão geral dos temas relevantes à compreensão do 

trabalho; 

• Capítulo II – artigo de revisão sobre o emprego da Técnica SWE 

na extração de flavonoides  

• Capítulo III – artigo contendo os resultados experimentais do 

método proposto de extração de flavonoides por SWE utilizando β-

ciclodextrina: otimização e comparação com outros métodos 

extrativos; 

• Discussão geral; 

• Conclusões; 

• Referências. 
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INTRODUÇÃO 
 

As plantas apresentam um vasto número de constituintes bioativos com 

diferentes características estruturais que as tornam uma fonte inesgotável de 

inspiração para o desenvolvimento de novos produtos. O conhecimento popular 

incita a utilização desses constituintes para uso terapêutico, cosmético, 

alimentar, entre outros. Métodos extrativos têm sido desenvolvidos para alcançar 

concentrações diversas desses constituintes, tanto para a sua exploração na 

forma de produtos mais complexos (como extratos) ou na forma de substâncias 

isoladas. Estas últimas também utilizadas para estudos de seu papel nas plantas 

e no meio ambiente (SIMŐES et al., 2010). 

Entre as principais classes químicas de origem vegetal com comprovadas 

ações farmacológicas destaca-se os flavonoides, metabólitos secundários 

amplamente distribuídos pelas diferentes estruturas das plantas. Apresentam 

diversas funções biológicas entre as quais a de defesa e proteção da planta, 

além de lhe conferir pigmentação, aroma entre outras (PANCHE; DIWAN; 

CHANDRA, 2016). A obtenção desses compostos pode ser realizada por 

técnicas extrativas convencionais, como maceração, percolação, hidrodestilação 

e extração por Soxhlet, ou por meio de abordagens mais modernas, como 

extração assistida por micro-ondas, extração assistida por ultrassom, extração 

por líquido pressurizado e extração por fluido supercrítico (KALEEM; AHMAD, 

2018).  

Achyrocline satureioides, conhecida como marcela ou macela, é um 

arbusto pertencente à família Asteraceae frequentemente encontrado na 

América do Sul e utilizado na medicina popular por suas propriedades 

terapêuticas. Dentre as quais pode-se citar ação antidispéptica, 

antiespasmódica, emenagoga, anti-inflamatória, analgésica, antirreumática, 

antisséptica, antifúngica, antiviral, antibacteriana, anti-hemorrágica e sedativa 

(BARATA et al., 2013; BIANCHI et al., 2023; SIMÕES et al., 1988). Outros 

estudos investigaram sua atividade anticâncer, com ênfase na utilização das 

principais agliconas flavonoídicas: quercetina (QCT), luteolina (LUT), 3-O-

metilquercetina (3OMQ) e achyrobichalcona (ACB) (BIANCHI et al., 2020; 

CARINI; KLAMT; BASSANI, 2014; DONEDA et al., 2021; SOUZA et al., 2018). 
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A extração de flavonoides por água no estado subcrítico (SWE), também 

conhecida como extração por água quente pressurizada (PHWE), tem se 

revelado como uma alternativa sustentável e vantajosa por ser um método rápido 

e sem uso de solventes orgânicos. Neste método a extração ocorre numa faixa 

de condições de temperatura e pressão, a partir do ponto de ebulição (100 °C, 

0,1 MPa) e abaixo do ponto crítico da água (374 °C, 22,1 MPa) o que mantém a 

água fluida, com propriedades diferentes daquelas no estado líquido. Em 

temperatura de 250 °C e pressão de 5 MPa conferem à água características 

semelhantes às de solventes orgânicos, como metanol e etanol a 25 °C (TEO et 

al., 2010), permitindo a extração de moléculas menos polares (CHENG et al., 

2021). No entanto, a principal desvantagem é o uso de altas temperaturas, que 

pode levar a reações indesejadas, degradação das substâncias de interesse e 

redução de eficiência extrativa (MLYUKA et al., 2018). 

Apesar do curto tempo de extração empregado na SWE, a preservação de 

constituintes bioativos termolábeis permanece um desafio. Nesse contexto, a 

associação dessa técnica extrativa com ciclodextrinas surge como uma 

alternativa promissora como estratégia de promover a solubilidade dos analitos, 

assim como para sua preservação. As ciclodextrinas, moléculas cíclicas 

formadas por ligações α-1,4-glicosídicas, podem formar complexos de inclusão 

com moléculas hidrofóbicas, aumentando sua solubilidade e/ou estabilidade (LIU 

et al., 2020). Outros tipos de associação são possíveis, tais como a formação de 

complexos de não-inclusão e formação de agregados. A β-ciclodextrina é uma 

molécula formada por um conjunto de 7 subunidades de glicopiranose e possui 

interior com diâmetro de 6 – 6,5 Å, havendo diversos relatos de sua complexação 

com agliconas flavonoídicas isoladas ou presentes em frações enriquecidas 

(DOS SANTOS LIMA et al., 2019; PITTOL et al., 2022; SCHWINGEL et al., 2008; 

XAVIER et al., 2010). 

A combinação de ciclodextrinas com extração com água no estado 

subcrítico ainda não foi documentada na literatura científica de acordo com as 

fontes pesquisadas até o momento (CAPES, CAFe – Comunidade Acadêmica 

Confederada, Brazil (https://www-periodicos-capes-gov-

br.ez45.periodicos.capes.gov.br/index.php?). A presente dissertação propõe, 

pela primeira vez, adicionar β-ciclodextrina ao meio de extração com água no 
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estado subcrítico visando aumentar a eficiência de obtenção das agliconas 

flavonoídicas de inflorescências de Achyrocline satureioides; otimizar os 

parâmetros de extração por meio de um modelo experimental do tipo Box-

Behnken Design (BBD) e comparar a eficiência de extração com as obtidas por 

meio de outros métodos extrativos (Soxhlet e maceração dinâmica). 

A dissertação está estruturada em capítulos, dos quais: 

⎯  O capítulo I apresenta uma a revisão da literatura científica, abordando os 

principais aspectos referentes ao desenvolvimento metodológico do 

trabalho, particularidades da matéria-prima (Achyrocline satureioides), 

moléculas alvo (QCT, LUT, 3OMQ e ACB), método extrativo (SWE estático) 

e ciclodextrinas (β-ciclodextrina). 

⎯ O capítulo II é apresentado na forma de minuta de um artigo de revisão 

intitulado “Subcritical Water Extraction of Flavonoids: An Overview on 

Experimental Conditions and Sustainable Approach” que discorre sobre a 

extração de flavonoides utilizando a água no estado subcrítico. 

⎯ O capítulo III é apresentado na forma de minuta de artigo científico intitulado 

Subcritical water extraction/β-cyclodextrin (SWE/β-CD): a new green and 

efficient method for flavonoid extraction from Achyrocline satureioides. Neste 

artigo são apresentados os resultados experimentais de otimização do 

método de extração dos flavonoides oriundos das inflorescências de 

Achyrocline satureioides utilizando SWE/β-CD, por meio de Metodologia de 

Superfície de resposta (RSM) por Box-Behnken Design (BBD) e uma 

comparação da eficiência de extração dos flavonoides do método otimizado 

com a eficiência apresentada por outras técnicas extrativas (Soxhlet e 

maceração dinâmica).  

⎯ No Anexo I são apresentados resultados preliminares de caracterização 

química, física e físico-química do extrato obtido utilizando a técnica SWE/ 

SWE/β-CD nas condições otimizadas definidas pelo BBD.  
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OBJETIVOS 

 

Objetivo geral 

 Avaliar a extração de agliconas flavonoídicas de inflorescências de Achyrocline 

satureioides por água no estado subcrítico (SWE) em presença de β-ciclodextrina 

determinando as melhores condições extrativas e comparando a sua eficiência de 

extração com as obtidas utilizando extração em Soxhlet e por maceração dinâmica. 

Objetivos específicos 

• Quantificar as agliconas flavonoídicas QCT, LUT, 3OMQ e ACB por 

cromatografia a líquido de alta eficiência na matéria prima (inflorescências de 

Achyrocline satureioides) e em extratos obtidos pela utilização de diversos 

métodos extrativos (SWE, SWE/β-CD, Sohxlet e maceração dinâmica); 

• Otimizar as melhores condições extrativas do método SWE/β-CD por meio de 

desenho experimental Box-Behnken Design. 

• Comparar os teores de agliconas flavonoídicas extraídos por SWE/β-CD nas 

condições extrativas ótimas com os obtidos por extração em Soxhlet e por 

maceração dinâmica. 

• Caracterização do produto obtido (extrato/ciclodextrina) por RMN, MS e DSC. 
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CAPÍTULO I 

Revisão da literatura 

 

Achyrocline satureioides (Lam.) DC.   
 

 Achyrocline satureioides (Lam.) DC. ou Achyrocline saturejoides (Lam.) 

DC. é uma planta arbustiva amplamente distribuída na América do Sul 

(Argentina, Uruguai, Paraguai, Bolívia, Peru, Colômbia, Venezuela e Brasil). 

Nativa no Brasil, é encontrada no nordeste (Bahia), sudeste (Espírito Santo, 

Minas Gerais, Rio de Janeiro e São Paulo) e sul (Paraná, Rio Grande do Sul e 

Santa Catarina), com domínios fitogeográficos no Cerrado, Mata Atlântica e 

Pampa (DEBLE, 2024).  

 Na nomenclatura popular, as principais denominações atribuídas à 

espécie são “marcela”, “vira-vira”, “marcela hembra”, “bira-bira”, “marcela del 

campo”, “juan blanco”, “marcelita”, “marcela blanca”, “ alquitrán” (Argentina); 

“jate’i-caá” (língua guarani, Paraguai); “alkko wira wira”, “wira-wira” ou “huira 

huira” (língua quíchua, Bolívia); “macela”, “macelinha”, “macela amarela”, 

“macela da terra”, “macela do campo”, “chá de lagoa”, “carrapichinho de agulha”, 

“macela miuda” (Brasil); “erva do chivo.” (Colômbia); “marcela blanca”, “marcela 

hembra” (Uruguai); “viravilona” (Venezuela) (RETTA et al., 2012). 

A predominância vegetativa é representada por área antrópica, campo de 

altitude, campo limpo, campo rupestre, restinga e vegetação com afloramentos 

rochosos (DEBLE, 2024). Com relação à hierarquia taxonômica é pertencente 

ao reino Plantae, filo Anthophyta, classe Equisetopsida C. Agardh, subclasse 

Magnoliidae Novák ex Takht., ordem Asterales Link, família Asteraceae Bercht. 

& J. Presl e gênero Achyrocline (Less.) DC (TROPICOS, 2024). 

Outras sinonímias podem ser encontradas para denominação dentro as 

quais podemos citar Achyrocline candicans DC., Achyrocline satureioides var. 

satureioides, Gnaphalium candicans Kunth, Gnaphalium rufum Willd. ex Less, 

Gnaphalium satureioides Lam., Gnaphalium saturejifolium Poepp. ex DC. e 

Gnaphalium saturejoides var. candicans (Kunth) Kuntze (WFO, 2024).  
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A descrição botânica simplificada destaca a morfologia herbácea, caules 

amplamente ramificados, folhas alternadas apresentando tricomas com formato 

lanceolado e uninérvea, inflorescência com numerosos capítulos contendo de 

quatro a oito flores dimorfas pentadentadas no ápice com tricomas glandulares 

de coloração amarelada (MMA, 2011) (Figura 1). A descrição etnobotânica 

macro/microscópica completa pode ser acessada na Farmacopeia Brasileira, 6ª 

edição, volume II (2023). 

 

Figura 1.   Aspectos macroscópicos de Achyrocline satureioides (Lam.) DC 

obtidos do Reflora – Herbário Virtual. 
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Disponível em: https://floradobrasil.jbrj.gov.br/reflora/herbarioVirtual/Consulta 

PublicoHVUC/ConsultaPublicoHVUC.do?idTestemunho=2714874 – Acesso em 

10 de Dezembro de 2023. 

O período de floração e frutificação ocorrem no outono, principalmente 

entre março e abril. As flores são de ampla utilização na medicina tradicional na 

forma de infuso visando efeitos analgésicos, anti-inflamatório, antibacteriano, 

antioxidante, antiespasmódico, diurético, digestivo, calmante e outros (SIMÕES 

et al., 1988). A marcela, além de suas comprovadas atividades farmacológicas, 

faz parte da história e crença da região sul, sendo tradicionalmente colhida na 

Sexta-Feira Santa antes do amanhecer para potencializar seus efeitos, o que a 

levou a ser considerada Planta Medicinal Símbolo do Rio Grande do Sul pela Lei 

n° 11.858/2002. 

 Muito além da religiosidade popular, a marcela possui atividades 

farmacológicas cientificamente comprovadas tanto para suas frações, ou seja, 

um conjunto de moléculas, quanto seus constituintes isolados. Os primeiros 

estudos surgiram em meados de 1980 e, atualmente, é uma das plantas 

medicinais mais estudada na região sul para tratamento de distúrbios digestivos 

(GONZÁLEZ; RITTER; KONRATH, 2023). Outras abordagens incluem uso de A. 

satureioides para melhora do quadro respiratório como adjuvante no tratamento 

de COVID-19 (BASTOS et al., 2023), tratamento de células cancerosas 

(BIANCHI et al., 2020; CARINI; KLAMT; BASSANI, 2014a; DONEDA et al., 2021; 

SOUZA et al., 2018b), pesticida (CAREZZANO et al., 2023), conservante 

(LANGOVÁ et al., 2023), cicatrizante tecidual (ALERICO; POSER, 2015; 

BALESTRIN et al., 2022), anti-inflamatório (DE SOUZA; BASSANI; 

SCHAPOVAL, 2007), adjuvante em disfunções crônicas (FERNÁNDEZ-

FERNÁNDEZ et al., 2021), moduladores enzimáticos (BRAGA et al., 2022), 

neuroproteção (MARTÍNEZ-BUSI et al., 2019), fotoproteção (MORQUIO; 

RIVERA-MEGRET; DAJAS, 2005), entre outras. 

A utilização para tratamento de distúrbios digestivos pode ser corroborada 

por estudos que demonstram a atividade antiúlcera do extrato de Achyrocline 

satureioides (SANTIN et al., 2010), além da ação digestiva (BRAGA, 2022), 

hipoglicemiante (CARNEY et al., 2002), hepatoprotetora (KADARIAN et al., 

2002) e hipocolesterolêmica (ESPIÑA et al., 2012). Um estudo realizado no 

https://floradobrasil.jbrj.gov.br/reflora/herbarioVirtual/Consulta%20PublicoHVUC/ConsultaPublicoHVUC.do?idTestemunho=2714874
https://floradobrasil.jbrj.gov.br/reflora/herbarioVirtual/Consulta%20PublicoHVUC/ConsultaPublicoHVUC.do?idTestemunho=2714874
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Pronto Atendimento Médico de Passo Fundo/RS em pacientes com diagnóstico 

de hipertensão arterial sistêmica, diabetes mellitus ou dislipidemias objetivou 

verificar as principais plantas medicinais utilizadas pela população, identificando 

a marcela como a mais consumida sem orientação pelos profissionais da saúde 

e, entre os entrevistados, 91,2% acreditavam que o uso concomitante de plantas 

medicinais e medicamentos não causa interação ou reações adversas no 

organismo (SILVA; HAHN, 2011). 

Entretanto, outros estudos demonstram que é preciso cuidado na 

utilização desse vegetal. A exemplo, um estudo pré-clínico em ratas grávidas e 

lactentes demonstrou que a suplementação dos extratos de inflorescências pode 

levar à toxicidade in vivo, refletida em uma diminuição do índice de parto e da 

sobrevivência neonatal (MORESCO et al., 2017). Outro fato surpreendente 

sobre o efeito conhecidamente antioxidante e a baixa toxicidade (SALGUEIRO 

et al., 2016), é a discussão sobre potenciais efeitos pró-oxidantes e citotóxicos 

em altas concentrações de flavonoides (POLYDORO et al., 2004). O efeito 

imunomodulador da infusão também demostra dependência da concentração 

para determinar a resposta biológica como verificado em células mononucleares 

do sangue periférico humano e leucócitos polimorfonucleares (COSENTINO et 

al., 2008). 

O perfil fitoquímico publicado no estudo de revisão de Retta e 

colaboradores (2012) inclui a presença de ácidos fenólicos e flavonoides, dentre 

os quais pode-se referir ácido cafeico, callerianina, ácido protocatecuico, 

galangina, éter galangin-3-metílico, quercetina, 3-O-metilquercetina, gnafalina, 

isognafalina, quercetagetina, quercetina-3-metil éter-7-diglucosídeo, 

tamarixetina, tamarixetina-7-glicosídeo, ácido 3-cafeoilquínico, ácido 4-

cafeoilquínico, ácido 5-cafeoilquínico, ácido 3,4-dicafeoilquínico, ácido 3,5-

dicafeoilquínico, ácido 4,5-dicafeoilquínico, luteolina, escoparol, 5,8-dihidroxi-

3,7-dimetoxiflavona, 3-metoxi-quercetina, 3,5,7,8-tetrametoxi-flavona, 5,7,8-

trimetoxiflavona, 7-hidroxi-3-5-8-trimetoxiflavona e achyrobichalcona (CARINI et 

al., 2014), além de cumarinas, polissacarídeos, lactonas sesquiterpênicas, 

poliacetilenetos, óleo essencial contendo α-pineno, β-ocimeno e β-cariofileno, 

pinocarveol, verbenona, 1,8-cineol, germacreno D, cariofileno-1,10-epóxido, α-

copaeno, δ-cadineno e α-humuleno (BIANCHI et al., 2023a; RETTA et al., 2012).  
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Flavonoides 
 

Os flavonoides são constituintes químicos produzidos em diferentes 

quantidades pelas plantas, incluindo angiospermas, gimnospermas e 

pteridófitas, de acordo com a natureza da espécie, seu ciclo de desenvolvimento 

e as condições ambientais (DAVIES et al., 2019). Também pode haver variações 

significativas em um mesmo exemplar considerando a parte da planta, o estresse 

ambiental sofrido e a sazonalidade da colheita (SONI; BRAR; GAUTTAM, 2015).  

Considerados metabólitos secundários, ou seja, moléculas produzidas 

pelas plantas para proteção contra estresse biótico ou abiótico, os flavonoides 

são responsáveis pela cor, aroma, atração de polinizadores, filtros UV, 

sinalização, desintoxicantes e antimicrobianos. Apresentam diversas subclasses 

de acordo com a estrutura molecular dependente dos carbonos do anel C, grau 

de insaturação e oxidação. São representantes dessas subclasses: flavona, 

flavanona, flavonol, flavanol, isoflavona, etc. (PANCHE; DIWAN; CHANDRA, 

2016). As atividades biológicas desempenhadas pelos flavonoides de forma 

exógena conforme a literatura científica (WANG; LI; BI, 2018) estão resumidas 

na Figura 2. 

A estrutura básica de um flavonoide engloba um conjunto de três anéis 

contendo 15 carbonos (C6-C3-C6), sendo o espaçador de 3 carbonos entre os 

dois anéis aromáticos (anéis A e B) forma um heterociclo contendo oxigênio (anel 

C) para a maioria dos representantes da classe. São encontrados na forma de 

agliconas ou ligados a açúcares de modo que as agliconas apresentam menor 

solubilidade em meio aquoso do que as forma glicosiladas o que facilita o 

transporte através das células enquanto as formas mais solúveis são mais bem 

distribuídas e metabolizadas (DIAS; PINTO; SILVA, 2021).  

A composição química dos extratos de A. satureioides está intimamente 

relacionada ao método extrativo e solventes utilizados(BIANCHI et al., 2023b). 

Dentre os principais ativos presentes nos extratos contendo constituintes 

flavonoídicos da marcela destacamos a quercetina (QCT) e luteolina (LUT), 

seguida por 3-O-metilquercetina (3OMQ) (SIMÕES et al., 1988) e 
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achyrobichalcona (ACB) (BIANCHI et al., 2020; CARINI et al., 2014; 

HOLZSCHUH et al., 2010a) que terão suas propriedades discutidas a seguir. 

 

 

Figura 2. Principais atividades biológicas dos flavonoides para saúde humana e          

                          outras aplicabilidades exógenas. 

 

A QCT pertence a subclasse flavonol e apresenta fórmula molecular 

C15H10O7, massa molecular de 302,23 g/mol, ponto de fusão 316,5 °C, 

solubilidade de 60 mg/L a 16 °C em água, sendo solúvel em etanol e muito 

solúvel em metanol (QUERCETIN - DRUGBANK, 2024; PUBCHEM, 2024). É 

descrita como um sólido cristalino amarelado e possui atividades antioxidante, 

antiobesidade, anticancerígena, antiviral, antibacteriana e anti-inflamatória 

(WANG et al., 2016). Por administração intravenosa em pacientes com câncer, 

a QCT apresentou dose segura de 945 mg/m2. Em doses consideradas tóxicas, 

os principais sintomas desenvolvidos foram emese, hipertensão, nefrotoxicidade 
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e redução do potássio sérico. Considerando dados farmacodinâmicos a meia-

vida de distribuição e eliminação, depuração e volume de distribuição foram de, 

respectivamente, 0,7 – 7,8 min, 3,8 – 86 min, 0,23 – 0,84 L/min/m2 e 3,7 L/m2  

(FERRY et al., 1996).  

A LUT da subclasse das flavonas, apresenta fórmula molecular C15H10O6, 

massa molecular de 286,24 g/mol, ponto de fusão em 329,5 °C e solubilidade de 

50,60 mg/L a 37 °C sendo solúvel em metanol e muito solúvel em etanol 

(LUTEOLIN - DRUGBANK, 2024; PUBCHEM, 2024). Possui aspecto de um 

sólido cristalino amarelo e apresenta atividades antioxidante, anti-inflamatória, 

antialérgica, antiamnésica, hepatoprotetora, cardioprotetora, neuroprotetora e 

anticancerígena (PENG; YAN, 2010; SHAKEEL et al., 2018), além de ser um 

promissor adjuvante analgésico (NTALOUKA; TSIRIVAKOU, 2023). Um estudo 

clínico recente, verificou a influência da suplementação oral de 

palmitoiletanolamida (PEA) e LUT combinado a técnica de treinamento olfativo 

para paciente com perda olfativa por COVID-19, resultando em uma melhora do 

quadro quando comparado ao placebo (DI STADIO et al., 2022). 

A 3OMQ (também mencionada como quercetina 3-O-metil éter ou 

isorhamnetina), pertencente a subclasse flavonol, possui fórmula molecular 

C16H12O7, massa molecular de 316,26 g/mol, ponto de fusão entre 307 e 314 °C 

e solúvel em acetona, metanol, dimetilsulfóxido (DMSO), acetato de etila e 

moderadamente solúvel em água soluções hidroalcóolicas (ISORHAMNETIN - 

DRUGBANK, 2024; PUBCHEM, 2024). Sob forma de um sólido cristalino, 

apresenta atividades antiviral, antioxidante, antitumoral, indutora de apoptose, 

protetor cardiovascular e cerebrovascular, anti-inflamatória e na prevenção da 

obesidade (GONG et al., 2020).  

A ACB, apresenta-se como uma bichalcona, de fórmula molecular C32H26O9 

e massa molecular de 554,55 g/mol, foi identificada pela primeira vez por 

Holzschuh e colaboradores (2010) e apresenta dados escassos na literatura 

referentes a suas propriedades físico-químicas, por tratar-se estrutura química 

inédita. Entretanto, comparativamente aos flavonoides, demonstra sofrer maior 

fotodegradação e degradação térmica (HOLZSCHUH et al., 2007, 2010b). Além 

disso, há evidências de sua atividade antiproliferativa sobre linhagens celulares 

de gliomas (C6, U87 e U251), câncer de mama (MDA-MB-23) e melanoma 
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(A375-A7, A375-G10 e A375-PCDNA3) (CARINI; KLAMT; BASSANI, 2014b; 

SOUZA et al., 2018a). 

Entre os flavonoides destacados por este estudo, a QCT é a mais estudada 

em estudos clínicos, incluindo 97 ensaios clínicos observados pelo 

https://clinicaltrials.gov/, enquanto LUT foi alvo de 15 estudos. As demais 

moléculas não possuem estudos clínicos conhecidos. As estruturas dessas 

moléculas estão representadas na Figura 3. 

 

 

    Quercetina (QCT)               Luteolina (LUT)         3-O-metilquercetina (3OMQ) 

 

Aquirobichalcona (ACB) 

Figura 3. Estrutura bidimensional da quercetina (QCT), luteolina (LUT), 3-O-

metilquercetina (3OMQ) e achyrobichalcona (ACB). 

 

A principal demanda por flavonoides advém das indústrias alimentícia, 

farmacêutica e cosmética (ARCT; PYTKOWSKA, 2008; BARRECA et al., 2021; 

KALEEM; AHMAD, 2018; RAHAMAN; MONDAL, 2020), sendo importante 

ressaltar que a extração desses insumos para uso humano exige processos com 

https://clinicaltrials.gov/
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alto grau de pureza e qualidade, por isso, procedimentos extrativos 

ecologicamente corretos com altos rendimento são necessários para ampliar sua 

utilização. Além disso, essas moléculas apresentam baixa solubilidade em meio 

aquoso e uma baixa biodisponibilidade in vivo, dificultando seu emprego. Para 

contornar esse empecilho, estratégias para melhorar essas características são 

necessárias. 

Dentre as principais formas de melhorar a biodisponibilidade e solubilidade 

aquosa dessas moléculas temos estratégias como a transformação estrutural 

que provoca alterações moleculares e as tecnologias farmacêuticas como a 

utilização de nanotecnologia, polímeros, complexos transportadores e formação 

de cocristrais (ZHAO; YANG; XIE, 2019). As ciclodextrinas foram a abordagem 

escolhida pelo estudo para contornar os problemas relacionados a solubilidade 

e visando proteger da degradação as moléculas de interesse durante o processo 

de extração verificando sua influência no rendimento final.   
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Ciclodextrinas 
 

As ciclodextrinas são oligossacarídeos cíclicos unidos por ligação α-(1,4) 

formando um cone truncado com ampla capacidade de gerar complexos de 

inclusão com diferentes moléculas, aumentando assim sua hidrossolubilidade e 

estabilidade. Essas características são oriundas da sua estrutura composta por 

uma cavidade lipofílica com afinidade por substâncias apolares e exterior 

hidrofílico pela presença de hidroxilas que possibilita a inserção em um ambiente 

mais polar (BREWSTER; LOFTSSON, 1996).  

A complexação de moléculas com ciclodextrina pode ser com inclusão total 

da molécula ou parcial, ou seja, incluindo toda ou somente uma parte específica 

da molécula hospede. O processo de formação de um complexo de inclusão é 

termodinamicamente favorecido uma vez que ocorre a substituição da água com 

alta entalpia do interior da cavidade da ciclodextrina por uma molécula de maior 

afinidade (hidrofóbica), apresentando um ∆𝐻 (
𝑘𝐽

𝑚𝑜𝑙
) negativo. Outras forças 

importantes para formação do complexo são interações de Van de Waals, ligação 

de hidrogênio e interações hidrofóbicas (BREWSTER; LOFTSSON, 1996). 

A β-ciclodextrina (βCD), representada na Figura 4, apresenta perfil 

toxicológico seguro para vias de administração oral e cutânea podendo melhorar 

a biodisponibilidade e penetração (LOFTSSON; BREWSTER, 2012). Possui sete 

unidades de glicopiranose, fórmula molecular C42H70O35 e massa molecular 

média de 1134,98 g/mol. Apresenta-se como um pó branco cristalino com ponto 

de fusão entre 290 e 300 °C solubilidade de 1,85% em água pura (25 °C), 

aumentando-a sob aquecimento (β-CYCLODEXTRIN - CHEMODEX; 

PUBCHEM, 2024; ROWE; SHESKEY; OWEN, 2006).  

A obtenção de complexos de inclusão de moléculas com ciclodextrinas 

pode ser realizada por meio de diferentes técnicas de preparo, tais como, 

soluções, suspensões ou malaxagem, dependendo das propriedades da 

molécula a ser incluída na cavidade da ciclodextrina, cinética de equilíbrio e 

formulação desejada (DEL VALLE, 2004). São exemplos de métodos reportados 

spray drying, com a secagem concomitante do complexo obtido, irradiação de 
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micro-ondas e misturas de sólidos como é o caso de kneading e grinding (CID-

SAMAMED et al., 2022). 

 

 

Figura 4. Estruturas representativas da β-ciclodextrina. 

 

O método em solução é o mais utilizado em escala laboratorial, no qual 

uma solução de ciclodextrina é preparada em temperatura ambiente ou com 

aquecimento para o caso de ciclodextrinas pouco solúveis, à qual é adicionado 

excesso de um composto de interesse para complexação. Se o complexo é 

solúvel, deve-se realizar a filtração da solução e o filtrado pode ser seco por 

evaporação, liofilização ou spray drying. Se o complexo obtido é menos solúvel 

e satura a solução, este pode ser recolhido por precipitação, centrifugação ou 

filtração (JIN, 2013). No último caso, o conteúdo deve ser lavado para remoção 

das moléculas que não foram complexadas, podendo-se utilizar água ou outro 

solvente miscível como etanol e então realizar a secagem do material (JIANG et 

al., 2019). 
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A complexação das principais agliconas flavonoídicas, incluindo as 

oriundas da Achyrocline satureioides, com ciclodextrina em diferentes condições 

experimentais tem sido relatada por nosso grupo de pesquisa (BORGHETTI et 

al., 2011; DONEDA et al., 2021; PITTOL et al., 2022; SCHWINGEL et al., 2008). 

Pittol e colaboradores (2022) verificaram a multicomplexação de QCT, LUT e 

3OMQ com (2-hidroxipropil)-β-ciclodextrina (HPβCD) em uma fração enriquecida 

com flavonoides de Achyrocline satureioides, resultando numa correlação linear, 

indicando a formação de complexos com razão estequiométrica de 1:1, 

confirmado por ESI-MS.  

Já o trabalho de Doneda e colaboradores (2021) investigou a incorporação 

de 3OMQ em hidrogel contendo diferentes β-ciclodextrinas, sendo que a 

formulação contendo HPβCD apresentou potencial para testes de tratamento 

tópico de melanoma, assim como o estudo de Schwingel e colaboradores (2008) 

que também verificou a associação entre 3OMQ à βCD. Além da associação 

com outros flavonoides de diferentes matrizes vegetais como genisteína e βCD 

(complexo 1:1) por Xavier e colaboradores (2010) e da daidzeína com diferentes 

tipos de βCD por Borghetti e colaboradores (2011).  

A presente proposta pautou-se na hipótese de que a βCD possa exercer 

um efeito de promoção da solubilidade das agliconas flavonoídicas no meio 

extrativo (SWE) e uma possível proteção da degradação dos analitos pelas altas 

temperaturas empregadas.  
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Extração por água no estado subcrítico  
 

A extração de flavonoides tem sido realizada utilizando diversos métodos, 

incluindo os convencionais, como maceração e a extração de Soxhlet, que 

apresentam diversas desvantagens como o uso de grandes quantidades de 

solventes, longos tempos de extração e alto consumo de energia, e as técnicas 

não convencionais que incluem principalmente extração assistida por ultrassom 

(“UAE”, do termo inglês ultrassound assisted extraction), extração assistida por 

micro-ondas (“MAE”, do termo inglês microwave assisted extraction), extração 

com fluido supercrítico (“SFE”, do termo inglês supercritical fluid extraction), 

extração com líquido pressurizado (“PLE”, do termo inglês pressurized liquid 

extraction), extração assistida por enzima (“EAE”, do termo inglês enzyme 

assisted extraction), dispersão de matriz em fase sólida (“MSPD”, do termo inglês 

matrix solid phase dispersion), campo elétrico pulsado (“PEF”, do termo inglês 

pulsed electric field), solventes eutéticos profundos (“DES”, do termo inglês deep 

eutectic solvents) e, especialmente para este trabalho, extração por água quente 

pressurizada (“PHWE” do termo inglês pressurized hot water extraction), ou por 

água no estado subcrítico (“SWE” do termo inglês subcritical water extraction). 

A PHWE ou SWE utiliza água como agente extrator, sendo considerada 

uma alternativa sustentável e de baixo custo para a obtenção de constituintes 

com variada hidrossolubilidade. As alterações físico-químicas que possibilitam 

tal aplicação são decorrentes das variações na pressão e temperatura que 

permitem a manutenção do estado líquido durante a extração, diminuindo, por 

exemplo, a constante dielétrica, a tensão superficial e a viscosidade (TEO et al., 

2010a).  

Dentre as vantagens para seu uso podemos citar os tempos de extração 

reduzidos, a melhora da molhabilidade da matriz, da difusão do analito, da 

cinética de transferência de massa e da solubilidade de constituintes mais 

apolares, além do uso de solvente atóxico, estável, não reativo, não inflamável, 

inócuo e barato. Já as desvantagens são relacionadas com a redução da 

seletividade, degradação de compostos termolábeis e propensão a reações 

químicas indesejadas que podem gerar compostos tóxicos (CASTRO-PUYANA; 

MARINA; PLAZA, 2017). 



44 

 

Na extração por SWE, a eficiência extrativa depende da solubilidade, da 

transferência de massa e do efeito de matriz que podem ser modificados pelas 

variações no tempo de extração, vazão, adição de modificadores e, 

principalmente, pela temperatura (TEO et al., 2010b). Dentre os agentes 

utilizados para melhorar a extração de flavonoides destacamos os modificadores 

de pH (tais como os ácidos fórmico, acético, cítrico e tartárico) (FAN et al., 2016; 

GUTHRIE et al., 2020; SRINIVAS et al., 2011) e os cossolventes (etanol e o 

glicerol) (HUAMÁN-CASTILLA et al., 2020). 

Esquematicamente, SWE pode operar no modo estático ou dinâmico, ou 

seja, com ou sem renovação contínua do solvente durante a extração. No modo 

estático, a principal vantagem é que o extrato não é diluído, podendo ser 

realizadosss mais ciclos extrativos no mesmo material pela substituição do 

solvente. Entretanto, o maior conteúdo será extraído no primeiro ciclo. 

Basicamente, a instrumentalização é semelhante a extração acelerada por 

solvente (“ASE” do termo inglês Accelerated Solvent Extraction), em que a célula 

extrativa contendo o material vegetal e a água está localizada em uma câmara 

de aquecimento com controle de temperatura e pressão. 

A extração pode ser realizada utilizando-se gases inertes ou mantendo as 

condições atmosféricas normais. No entanto, a última apresenta a desvantagem 

de poder promover processos oxidativos na amostra (GETACHEW; CHUN, 

2017). A relação entre a quantidade sólido:líquido na extração desempenha um 

papel importante, visto que está relacionada com a saturação do meio e, 

portanto, com a eficiência extrativa (GUTHRIE et al., 2020; SONG et al., 2018). 

A extração pode ser avaliada como resultado de etapas sequenciais que 

ocorrem a partir da molhabilidade da matriz vegetal pelo solvente, dessorção 

inicial dos componentes da matriz, difusão desses componentes através da 

matriz, partição para o solvente e difusão da camada extratora estagnada para 

a zona de convecção. As variáveis preponderantes para extração são a 

temperatura e a pressão que modifica as características da água e mantém-na 

no estado líquido, respectivamente. De modo geral altas temperaturas ampliam 

o número e a quantidade de substâncias extraídas, mas excessivamente altas 

podem reduzir a seletividade, gerar degradação do analito e reações químicas 
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indesejadas, aumentar a presença de contaminantes e dificultar a análise 

(PLAZA; TURNER, 2015). 

A eficiência extrativa em diferentes pressões demonstra que a melhor 

condição extrativa não exige extremos (CVETANOVIĆ et al., 2017; KO; KWON; 

CHUNG, 2016), mas é um processo mais lento em baixas pressões podendo 

haver compensação com o aumento do tempo de extração (CVETANOVIĆ et al., 

2018; LIAU et al., 2017). No caso de flavonoides, a temperatura aumenta a 

eficiência extrativa de acordo com suas estruturas químicas, ou seja, as mais 

polares são extraídas em temperaturas menores, enquanto as mais apolares em 

temperaturas maiores (BENJAMIN et al., 2017; CHEIGH et al., 2015). Outro 

parâmetro de suma importância, considerada uma vantagem da SWE, é o tempo 

de extração reduzido em comparação aos métodos convencionais (KIM; LIM, 

2020; TEO et al., 2010b). Muito embora não seja regra geral, o uso de altas 

temperaturas permite reduzir o tempo de extração e em alguns casos, resultar 

na redução da conversão dos compostos em produtos de degradação.  

Conforme discorrido, o foco deste estudo é promover a extração dos 

flavonoides QCT, 3OMQ, LUT e da ACB, oriundos de A. satureioides, por PHWE 

conjuntamente com βCD, comparando os resultados com os métodos extrativos 

Soxhlet e maceração dinâmica, além das análises por RMN, DSC e MS dos 

extratos obtidos.  
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CAPÍTULO II 

Artigo revisão flavonides extraídos por água quente 
pressurizada (PHWE) 

 
O presente capítulo discorrerá sobre uma revisão da literatura científica 

sobre flavonoides extraídos por água no estado subcrítico, bem como o 

detalhamento referente aos principais parâmetros que influenciam na 

recuperação destes compostos. Dentre os tópicos abordados estarão 

sistematizadas as informações sobre o material vegetal, tratamento da amostra, 

tipos de extratores que permitem a utilização de alta temperatura e pressão, 

modificadores que auxiliam na extração de componentes vegetais, tratamento 

de extratos, associação e comparação com outras técnicas extrativas. O texto 

completo está compreendido entre as páginas 57 – 85.
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Abstract 

Subcritical water extraction (SWE) and pressurized hot water extraction (PHWE) 

have emerged as sustainable techniques for extracting plant constituents, 

providing an eco-friendly alternative to traditional organic solvents. Due to its non-

inflammable, non-explosive, non-toxic, and cost-effective nature, water is an 

attractive solvent option for these methods. This review exclusively focuses on 

the extraction of flavonoids using PHWE techniques, aiming to explore, analyze, 

and discuss key parameters that significantly impact extraction efficiency. The 

critical parameters under scrutiny include temperature variations, extraction 

duration, flow rates, agitation, and the influence of various modifiers or additives. 

Additionally, the review underscores essential factors related to plant raw 

materials, such as harvest timing, pretreatment, storage conditions, and post-

extraction processing for analytical purposes. By thoroughly examining scientific 

literature, this review highlights influential factors affecting flavonoid extraction 

efficiency using water in its subcritical state. Furthermore, this review proposes 

strategies to enhance and optimize the extraction process based on the 

comprehensive analysis of available scientific data. 

 

Keywords: flavonoids, phenolic compounds, pressurized hot water extraction, 

subcritical water extraction.  
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Introduction 

Flavonoids, polyphenolic compounds derived from the secondary metabolism of 

plants, play a pivotal role in defining characteristics like color and flavor, as well 

as protecting the plants1. In plants, flavonoids exist as aglycones or are 

conjugated with sugars or organic acids2,3. Extensively documented in the 

literature, flavonoids exhibit diverse biological activities, encompassing anti-

inflammatory, antiviral, antibacterial, anticancer, neuroprotective, 

cardioprotective, antidiabetic, and antioxidant properties1,4. This class of 

compounds has around 9,000 identified molecules across various species, 

offering a wide array of health benefits and serving as a potential resource for 

developing and commercializing within the food5, cosmetic6, pharmaceutical7, 

and nutraceutical8,9 industries. 

These compounds comprise a fundamental structure of fifteen carbon atoms 

forming two aromatic rings (A and B) connected by a 3-carbon spacer (Figure 1). 

Subclasses are categorized based on the C ring position in the benzopyran 

ring2,10. Obtaining flavonoids from various plant species involves a range of 

extractive techniques, which comprises conventional methods such as 

maceration, percolation, hydro-distillation, and Soxhlet extraction, and more 

contemporary approaches like microwave-assisted, ultrasound-assisted, 

pressurized liquid, or supercritical fluid extractions11. Among these, SWE, or 

PHWE, stands out, in which subcritical water is the extracting active agent. This 

method operates below the critical point of water but above its boiling point (100 

°C at 0.1 MPa). In this condition, water has been used as an eco-friendly 

alternative to organic solvents to extract poorly soluble substances in water. 
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Figure 1. Flavonoid basic structure and subclasses. 

 

In the subcritical state, the water exhibits different chemical, physical, and 

physicochemical properties, showcasing reduced polarity, dielectric constant, 

viscosity, and surface tension while enhancing the solvent diffusion coefficient12. 

At temperatures around 250 °C and pressures of 5 MPa, water displays extractive 

characteristics similar to organic solvents like methanol and ethanol at 25 °C, 

enabling the extraction of less polar molecules typically extracted by these 

solvents. However, a significant challenge of SWE lies in the high temperature 

employed, potentially leading to the degradation of chemical constituents. This 

method is best suited for extracting thermostable bioactive constituents; 

therefore, preserving thermolabile constituents remains a challenge despite the 

short time of extraction. PHWE can be applied to bioactive compounds such as 

phenolics, proteins, and polysaccharides.  The combination with other techniques 

has also been described, including natural deep eutectic solvents, ultrasound, 

microwaves, moderate electric fields, pulsed electric fields, and enzyme-assisted 

extraction, among others13.  
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To ascertain the applicability of the method for a specific sample, preliminary tests 

are necessary to define extraction parameters, including temperature, pressure, 

and extraction time. In this review, the SWE method specifically targets 

flavanones, flavanols, flavones, flavonols, and isoflavones. For this goal, the 

review offers a systematic review of the literature to gather information on the 

conditions used for flavonoid extraction from various species or their 

corresponding byproducts, the amount of extracted flavonoids, and the methods 

employed for quantification. Such data can serve as a reference for further 

research utilizing SWE in flavonoid extraction. 

 

Methodology 

The bibliographic search focused on flavonoid extraction utilizing water in 

the subcritical state. This comprehensive review utilized the Web of Science 

database, accessible through CAPES, CAFe – Comunidade Acadêmica 

Confederada, Brazil (https://www-periodicos-capes-gov-

br.ez45.periodicos.capes.gov.br/index.php?) in December 2023. 

The search employed specific terms "flavonoid*", "pressurized hot water 

extraction", "subcritical water extraction", and "superheated water extraction", 

resulting in 332 scientific references. A meticulous screening process was 

performed, excluding review articles, patents, and studies not directly related to 

flavonoids or water in the subcritical state as solvent. These criteria led to a 

refined selection of 228 studies. 

Following a thorough analysis, 153 articles were further excluded due to 

their lack of direct mention of flavonoid extraction through SWE or the absence 

of individual flavonoid quantification. Finally, 75 studies were meticulously 

examined, and relevant data was tabulated, encompassing crucial information 

such as raw material characteristics, extraction conditions, and flavonoid 

quantification methods (Figure 2). Some articles that did not include quantification 

of flavonoids were used to discuss the results found in the analysis compared to 

other methods.  
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Figure 2. Criteria and flowchart for selecting scientific articles that deal with 

flavonoids and subcritical water extraction. 

 

Results and discussion 

Flavonoids 

The initial study, published in 2004, marked the beginning of growing attention to 

SWE in flavonoid research. This upsurge in interest coincides with a global push 

for more sustainable methodologies where SWE has notably emerged as a 

significant contributor to this pursuit14. The concentration of flavonoids within 

plants is directly affected by various factors, including species characteristics, 

environmental conditions, and plant growth cycle. Notably, distinct differences are 

observed when specimens of the same species are cultivated under different 

stress conditions or collected during various seasons15. A comprehensive 

analysis of the 75 selected articles utilizing SWE for flavonoid extraction 

highlights approximately 54 plant species with a diverse array of identified and 

quantified flavonoids. These studies involved extracting flavonoids from various 

parts of the plant, encompassing roots, stems, leaves, flowers, fruits, pulp, seeds, 

shoots, and/or byproducts from processing.  

Notable investigations focused on analyzing the variation in flavonoid content and 

types within different parts of the same species. For instance, studies on Vitis  
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 vinifera L. scrutinized the fruit skin and seeds, revealing that the seeds contained 

higher quantities of catechin and derivatives, while the fruit skin showcased 

quercetin and kaempferol. Other fruits, such as jackfruit (Artocarpus 

heterophyllus L.), pineapple (Ananas comosus L.), litchi (Litchi chinensis cv. 

bombai), banana (Musa acuminata), and specific mango varieties (Mangifera 

indica L.) such as amrapali, exhibited higher total flavonoid content in their peels. 

Conversely, papaya (Carica papaya L.) and certain other mango varieties like 

misribhog, harivangha, and langra showed elevated flavonoid content in their 

seeds. Further investigations revealed that Aronia melanocarpa and Allium cepa 

had higher quercetin levels in their berries and skins, respectively, while Ficus 

carica exhibited increased total flavonoid content in the fruit skin16–20. 

Similarly to other extraction techniques, SWE has been employed to extract 

flavonoids to obtain qualitative and quantitative profile in plants collected at 

different seasons. For example, Hohnová, Šalplachta, and Karásek (2017)21 

investigated the flavonoid content in branches of Sambucus nigra L. collected 

between September and December during the vegetative period in the 

Hustopeče region, Czech Republic, under optimized extractive conditions (15 

MPa, 100 °C, 5 min, using powdered branches with a 4 mm nominal particle size). 

This study revealed fluctuations in rutin content from 12.5 mg/kg in September to 

108 mg/kg in December, while quercetin content remained relatively stable during 

the analyzed period. However, the flavonoid content may differ among various 

plant species in different seasons. Therefore, determining the optimal harvest 

season and the specific plant parts with the highest flavonoid concentration is 

crucial before extraction15. Other cultivation factors, such as light exposure22, soil 

composition, temperature, and humidity, also influence the secondary metabolite 

content in plants.  

Notably, few selected studies reported the extraction of flavonoids from 

byproducts using SWE16,23–47. Controlling the extraction parameters is a 

remarkable challenge for these raw materials. Establishing ranges of extraction 

conditions adaptable to variations among raw material batches becomes 

essential in pursuing waste substrate reuse for environmental sustainability. 

Furthermore, before initiating the SWE extraction process, raw materials 

commonly undergo pretreatments to enhance performance and prevent potential 
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losses of the target metabolites. These pretreatments often include drying and 

comminution. Drying can stabilizes the raw material against enzymatic reactions 

caused by microorganisms or chemical decomposition, while comminution 

reduces particle size and increases surface area for contact with the extraction 

solvent. The literature discussed various drying methods such as air drying under 

ambient conditions, lyophilization, oven drying with or without hot air circulation, 

shade or sun drying, hood drying, and oven drying at temperatures ranging 

between 25 and 105 °C in periods from 1 to 50 days. For example, Luque De 

Castro et al. (2007)39 extracted flavonoids from grape skins from the wine industry 

following pretreatments, revealing the best extraction results with dried and 

ground husks. In other hand, high moisture content was demonstrated to be 

favorable to polyphenol extraction from some raw materials, such as pomace 

grape48.  

Regarding particle size, comminution increases the contact surface area between 

the sample and the extracting agent, affecting extraction kinetics. However, 

excessive grinding can lead to particle agglomeration, hindering the extraction 

process49. Thus, various studies report the addition of components such as glass 

spheres21,25,39,50, diatomaceous earth33,37,51–60, sand36,44, sea sand26,61,62, quartz 

sand28,30, or employ agitation31,32,34,63–74 to maintain powder homogeneity and 

prevent compaction in the extraction cell. For instance, Song et al. (2018)31 

observed that smaller particle sizes significantly increased the extraction 

efficiency of luteolin and total phenolic content. Myong-Soo et al. (2011) 60 

emphasized the importance of the proportion between onion skins and 

diatomaceous earth. In this study, the authors found the ratio of 1.5:2.5 most 

effective. All these studies highlighted the significance of material homogeneity 

for successful extraction. No reports concerning the sorption and desorption of 

the analytes in these dispersion agents was found among the selected literature. 

Additionally, exploring integrating SWE with pre-extraction techniques for 

optimization holds significant promise. Several supplementary extraction steps 

have been investigated for specific plant species, such as Soxhlet extraction 

(using N-hexane)34,75 and supercritical carbon dioxide extraction76. These 

methods aim to eliminate fats, deactivate enzymes, and/or remove interfering 

components. Among the numerous studies, only three groups incorporated 
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alternative techniques before subcritical water extraction24,75,76. For instance, 

Pulsed Electric Field (PEF) treatment demonstrated effectiveness by inducing 

irreversible pores in plant cell membranes when the electric field intensity 

exceeded 1 kV/cm24. A single study demonstrated a 33% increase in total 

quercetin content compared to the samples not treated with PEF75.  

An additional noteworthy pre-extraction treatment for flavonoid extraction is the 

utilization of Instant Controlled Pressure Drop (DIC). This method entails a rapid 

transition from high pressure to vacuum that efficiently reduces moisture in raw 

materials. The resulting induced pores play a crucial role in enhancing the 

permeation of biocompounds77, applied to flavonoids by Rahnemoon et al. 

(2018)76. Meanwhile, ultrasound pretreatment has demonstrated enhanced 

flavonoid recovery compared to subcritical water extraction alone or ultrasound-

assisted extraction78. Nevertheless, one study showed lower efficiency when 

compared to microwave-assisted extraction29. 

 

Subcritical water extraction 

One remarkable feature distinguishing this extraction technique as a more 

sustainable alternative to conventional methods is its reliance on water as the 

primary extracting agent. Water is widely acknowledged for its non-toxic, stable, 

non-reactive, non-flammable, innocuous, and cost-effective nature, presenting a 

significant advantage over other solvents. Altering temperature and pressure 

induces changes in the physical-chemical properties of water, resulting in 

reduced dielectric constant, surface tension, and viscosity. The technique boasts 

various advantages such as shorter extraction times, improved matrix wettability, 

enhanced analyte diffusion, mass transfer kinetics, and increased solubility of 

constituents, even including some nonpolar compounds. Conversely, a notable 

drawback involves reduced selectivity, potentially leading to the degradation of 

thermolabile compounds and the initiation of undesirable reactions that might 

yield toxic compounds79. 

The efficiency of extraction hinges upon solubility, mass transfer, and the matrix 

effect, which can be improved by optimization of parameters such as extraction 

time, flow rate, the incorporation of modifiers, and temperature. Since water is the 
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primary solvent used, previous treatment is required. Water purification 

procedures such as filtration, distillation, or reverse osmosis are commonly 

employed. Furthermore, removing oxygen from water is crucial when the analytes 

that are extracted are easily oxidizable12,48. 

Besides water, ethanol has been extensively utilized as a solvent or co-solvent, 

with concentrations varying between 10% and 80%. Furthermore, adjusting pH 

using hydrochloric acid, acetic acid, and tartaric acid has been proposed to 

enhance flavonoid extraction. For instance, in the SWE extraction of green kiwi 

fruit (Actinidia deliciosa) peels at their mature phase, various pH levels (2.0, 3.75, 

or 5.5) were tested80. For Chinese licorice (Glycyrrhiza uralensis Fisch.) roots, a 

pH range from 3.0 to 11.0 was examined71. Optimal extraction was reported at 

pH 2.0 for total flavonoid content (TFC) and at pH 8.0 for liquiritin. However, it is 

well-known that flavonoids tend to be unstable at alkaline pH values.  

Srinivas et al (2011)38 explored the influence of the absence or use of different 

acidifiers (pH 2.5) on extraction efficiency, employing formic, acetic, citric, and 

tartaric acids. Although some variations have been reported, the flavonoid 

quantities showed no statistically significant differences. Another study 

discovered that utilizing a citric acid concentration of 13.34% and a hydrolysis 

duration of 7.94 hours resulted in the highest yield of monoglucoside at 15.41 

mg/g. On the other hand, 18.48% citric acid concentration and hydrolysis time of 

9.65 hours produced the highest aglycon yield at 10.00 mg/g47. 

Additionally, glycerol was utilized as a co-solvent in different proportions (15.0%, 

32.5%, and 50.0%) to extract polyphenols from grape pomace using SWE, 

comparing its efficiency with ethanol35. The findings revealed that glycerol 

exhibited a higher solvation energy for polyphenols than ethanol. Optimal 

extraction conditions were achieved with 32.5% glycerol for flavonols and 50.0% 

for flavanols, stilbenes, and phenolic acids. However, the lower polarity of 

flavonoids requires a higher concentration of glycerol. Nevertheless, the lack of 

volatility of glycerol (boiling point of 290 °C) restricts the concentration and drying 

of the extracts. In addition to addressing the aspects of the extracting agent, 

further details about the technique are crucial, encompassing various extraction 

types, equipment, and methodologies. 
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SWE can be performed in dynamic or static modes involving continuous solvent 

renewal or extraction without solvent renewal. In dynamic mode, the primary 

parameter of analysis is the flow rate. Conversely, static mode extraction may 

involve a single extractive cycle or multiple stages, with the latter incorporating 

more than one cycle and solvent renewal. Although the equipment used for both 

modes may vary, some general characteristics can be applied. The 

instrumentation for SWE is similar to Accelerated Solvent Extraction (ASE). It 

involves an extraction cell containing the plant material and water housed within 

a heating chamber, allowing temperature and pressure control. Typically, the 

solvent is injected into the extraction cell using a pump, often preheated to the 

operating temperature, accompanied by a pressure regulator and a container for 

collecting the extract. The collection container may be connected to a cooling 

system. In dynamic mode, special care is necessary for the pipes to prevent 

clogging due to precipitates while maintaining heating until the collection 

point12,25,81. 

Although nitrogen is the most employed to purge oxygen from the solvent and 

sustain pressure during the flavonoid SWE, other gases have been used. 

Getachew and Chun (2017)82 studied the impact of various gases, both with and 

without pretreatment, in SWE from coffee waste. The authors explored variations 

in the temperature, pressure (using nitrogen or carbon dioxide), and different 

reactors. They found that microwave pretreatment with carbon dioxide and SWE 

at 220 °C and 4 MPa achieved the highest total flavonoid yield. Additionally, they 

observed that in the flavonoid extraction under different conditions (180 °C and 2 

MPa or 240 °C and 6 MPa), the type of gas did not influence the recoveries. 

In SWE static mode, agitation is crucial in enhancing mass transfer. Carrying out 

multiple cycles aims for exhaustive drug extraction12. Among 67 experiments 

conducted in SWE static mode, 19 involved agitations, and 7 included more than 

one extractive cycle. Varying the agitation rate on a vibrating platform during the 

extraction of chamomile flowers between 2 and 6 Hz revealed higher total 

phenols and total flavonoids at 2 Hz compared to 6 Hz. Similarly, in the same 

study, altering the conditions led to increased extraction of other compounds, 

such as apigenin, which was more effectively extracted at 3 Hz83. Another study 

aimed to determine the total amounts of narirutin and hesperidin in Citrus unshiu 
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peels by conducting 5 consecutive extractive cycles. The findings revealed that 

99.18% of hesperidin and 99.83% of narirutin were extracted in the first cycle at 

160 °C in 10 min at 10.13 MPa37. 

As previously highlighted, in SWE conducted in dynamic mode, the flow rate 

stands as a pivotal parameter. Across the reviewed studies, variations in this 

parameter fall within the range of 0.3 to 10.0 mL/min. In one study exploring flow 

rates between 1.0 to 2.0 mL/min at 160 °C, comparable results were noted at 1.0 

mL/min for 30 min and 2.0 mL/min for 15 min, with a slightly increased recovery 

of flavonoids observed at the higher flow rate. Nevertheless, Benito-Román et al. 

(2020)25 observed that after a specific duration, the total flavonoid content in 

extracts did not significantly differ between 2.5 and 6.0 mL/min flow rates. This 

observation suggests that flow and extraction time can be adjusted to prevent 

extract dilution and the degradation of labile constituents61. Regarding the solid-

liquid ratio, the studies showcased a range from 1:1.95 to 2:225 for dynamic 

extractions and 1:1 to 1:100 for static extractions. In static mode, the sample : 

solvent ratio is directly related to the solvent saturation, analogous to how flow is 

pertinent in dynamic mode. Two studies analyzed this variable in kiwi peels and 

carrot leaves with an aqueous mixture, revealing that higher solvent amounts 

improved total flavonoid content in kiwi peels (at 2.0%) and the extraction of 

luteolin from carrot leaves (at 1.5%)80,84. 

The sequential extraction steps involve the matrix wettability by the solvent, initial 

desorption of the matrix components, diffusion of the solvent through the matrix, 

partition of herbal constituents between matrix and solvent, and diffusion of the 

solubilized constituents from the stagnant layer placed around the matrix particles 

to the convection zone48. Altering process variables such as temperature, 

pressure, extraction time, flow rate, and the addition of modifiers or additives can 

enhance these extraction conditions12. Temperature and pressure are the main 

variables enabling water in the subcritical state as an extracting agent. While 

pressure minimally influences the water properties, its adjustment is primarily to 

maintain it in a liquid state, with temperature serving as the primary modifier of 

the water characteristics. Elevated temperatures generally enhance extraction 

mechanisms, but excessively high temperatures can diminish selectivity, lead to 
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analyte degradation, and provoke chemical reactions, resulting in increased 

contaminants and analytical errors48. 

Among the studies reviewed, it could be observed that the pressure variation 

ranged between 0.1034 and 22 MPa. Of all the reviews, it could be noted that 

fifteen of them omitted the pressure used. The optimal temperature conditions for 

the extraction of flavonoids reported are within the range of 100 to 300 °C. Figure 

1 shows the temperature versus the pressure and the distribution of the extraction 

temperatures in the analyzed studies. Only four studies examined the influence 

of the pressure variation on the extraction efficiency under subcritical 

conditions.52,85–87. Cvetanović (2018b and 2017a)83,87 conducted two studies 

under isothermal conditions at pressures ranging from 1.0 to 9.0 MPa for extract 

acquisition. The results indicated that the lowest flavonoid recovery occurred at 

1.0 MPa, while the highest was observed at 4.5 MPa, suggesting that extremely 

high pressures are not necessary for optimal extraction. In two other studies, 

pressure variation did not exhibit a significant difference; however, it was noted 

that the extraction process was slower at lower pressures. An increase in 

extraction time compensated for this sluggishness at pressures of 15.0 and 22.0 

MPa86,88.  
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Figure 3. Temperature and pressure employed in the SWE flavonoid extraction 

following the analyzed studies (n=75) (a) and number of published studies 

regarding temperature (b). 

 

The wide variation in extractive efficiency influenced by temperature is primarily 

expounded by flavonoid structures and solvent changes. Generally, more polar 

substances are extracted at lower temperatures, while less polar substances are 

extracted at higher temperatures. Various factors, such as the polarity of side 

chains, the presence of sugars, and double bonds influence the selectivity of the 

process. For example, glycosides, like flavonoids with polar side chains, are 

extracted at lower temperatures than aglycones. Additionally, the presence of a 

double bond contributes to further stabilization due to increased molecular 

conjugation, enabling extraction at higher temperatures. This stabilization is 

crucial for SWE of flavonoids. Molecules with high melting points (>270 °C) and 

low molecular weights (<320 g/mol) are, very often, optimally extracted at higher 

temperatures57,89. 

Another significant advantage of SWE is the reduced extraction time compared 

to conventional methods12,90. Shortened extraction times at elevated 

temperatures can decrease compound conversion into degradation products. 

The extractive times ranged from 1 to 180 min (one study applied SWE for 4, 8 

and 12 h) in the studies analyzed. Four kinetic studies25,61,88,91 were conducted 

on the extraction of flavonoids using subcritical water, analyzing the variations 

occurring in the extracts at pre-established intervals over time. The findings 

revealed a swift extraction phase in the initial 20 min and a subsequent period 

characterized by decreased efficiency. The interplay between extraction time, 

temperature, and flow rate or solid-liquid ratio is crucial to optimize the extraction 

process. Benito-Román et al. (2020)25 conducted a comprehensive analysis 

spanning 180 min in nine intervals at 150 °C, and 5.0 MPa with flow rates varying 

between 2.5 and 6.0 mL/min. Their study revealed that the primary extraction of 

flavonoids from onion skin residues mainly occurred within the initial 30 to 60 min, 

regardless of the flow rate applied. 
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Extract Analysis 

Following the extraction process, an essential step involves conducting a stability 

analysis of the constituents of interest. Moreover, post-treatments, such as 

cooling, centrifugation, filtration, drying, and storage, are often necessary. 

Reports suggest that cooling the extracts can yield precipitates containing 

compounds of interest after SWE. Re-dissolving these precipitates using ethanol, 

due to its similar polarity to water at high temperatures, has been proposed as an 

alternative for their recovery25. Additionally, other solvents, such as methanol and 

DMSO, have been mentioned for this purpose. The qualitative and quantitative 

analysis of flavonoids in the extracts has predominantly been performed using 

high/ultra-performance liquid chromatography coupled with different detectors 

like UV/VIS, refractometry index, and mass spectrometry. However, colorimetric 

methods have also been applied to quantify the total flavonoids content (TFC) or 

other classes, such as anthocyanins, without identifying them individually92. 

Table 1 provides a summary of the flavonoids extracted from various species 

using SWE, detailing the main conditions employed according to the analyzed 

studies. It is worth noting that the extractive conditions providing the highest total 

flavonoid content might differ when aiming for specific flavonoids. An example 

highlighting this divergence is seen in the study by Zeković et al. (2017)93 which 

compared the content of total flavoinoids and individual flavonoids (rutin, 

quercetin, luteolin, naringenin, kaempferol, and apigenin) using SWE and other 

extraction methods. Although SWE yielded the highest total flavonoid content 

(125 °C, 3.5 MPa, 30 min of extraction), when the individual flavonoids were 

analyzed, microwave-assisted extraction followed by ultrasound-assisted 

extraction produced better recoveries. This trend was also reported by Liau et al. 

(2017)69 and Mašković et al. (2018)64. 

Authors have also compared the efficiency of SWE for flavonoids with other 

extraction techniques, including conventional methods like maceration and 

Soxhlet, various solvents (ethanol, acetone, methanol, and heated water), and 

more modern approaches such as enzyme-assisted extraction, ultrasound, and 

microwave. The general trend across these studies indicates that subcritical 

water extraction demonstrates equal or greater efficiency in flavonoid obtention 

compared to other techniques16,23,25,31,32,37,39–41,44,45,49,50,53,56,57,60,63,65,67,72,90,94–100. 
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However, it is essential to note that these results might be biased if optimization 

is focused solely on subcritical water extraction rather than comparative 

techniques. Cvetanović et al. (2015)68 compared various techniques, and despite 

showing lower yields, the total flavonoid content obtained by subcritical water 

extraction did not present a statistically significant difference. This comprehensive 

examination of extract analysis, including stability checks and the diverse 

methods employed for flavonoid quantification, presents the potential of SWE and 

the need for thorough analysis when considering specific flavonoids for 

extraction. 

 

Table 1: Conditions employed in flavonoid extraction using supercritical water extraction 

(SWE) in the selected reports. 

Flavonoid 
Temperature 

(°C) 
Pressure 

(MPa) 
Time (min) Observations Authors 

Apigenin 100 – 190 0.1034 – 20 15 – 30 Static; 2 cycles 

18,46,53,59,64,65,

67,74,83,87,93,95–

97,101 

Apigenin-6-C-hexoside-8-
C-hexoside 

100 – 120  0.807 15 
Dynamic 3 – 4 mL/min; 
Ethanol 53 – 65% (v/v) 

102 

Apigenin-7-O-
apioglucoside 

100 3 30 Static 87 

Apigenin 7,4’-diglucoside 130 – 160 10.34 10 Static; 3 cycles 52 

Apigenin-7-galactoside 130 – 160 10.34 10 Static; 3 cycles 52 

Apigenin-7-O-glucoside 100 – 200 0.1034 – 4  20 – 30  Static 36,64,67,87,93,96 

Apigenina-7-glucuronide 110 – 130 10.34 5 – 10 
Static; 2 cycles; 

Ethanol 10% (v/v) 
33,49 

Apiin 115 4.5 30 Static 83 

Avicularin 112 10.34 3 Static 35 

Baicalin 110 NT 20 Static 72 

Baicalein 160 NT 20 Static 72 

Catechin 100 – 220 1.013 – 20 3 – 105 

Static and dynamic 7 
g/min; 

Glycerol 32,5 – 50,0% 
(v/v); 

Ethanol 20 – 60,5% (v/v) 

16,21,27,28,30,32,

41,42,57,63,70,74,

87,93,96,98,103 

Catechin gallate 150 10 5 Static 57 

Cynaroside 115 4.5 30 Static 83 

Chrysin 100 – 220  4.5 - 7 30 – 105 
Static and dynamic 

7g/min; 
Ethanol 60.5% (v/v) 

87,93 

Daidzein 110 – 141  3,75 – 5  5 – 138  Static; 2 cycles 29,104,105 

Daidzin 110 – 141  3,75 – 5  5 – 138  Static; 2 cycles 29,104,105 

Diosmetin 220 7 105 Dynamic g/min 93 

Dihydrokaempferol 150  22 – 24  35 Dynamic 1mL/min 88 

Epicatechin 100 – 220 1.013 – 20 3 – 105 
Static and dynamic 4.0 

mL/min; 7 g/min; 3 cycles 

16,21,27,28,30,32,

41,46,50,52,57,74,

93,98,101 
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Glycerol 32,5 – 50,0% 
(v/v); 

Ethanol 20 – 60,5% (v/v); 

Epicatechin gallate 130 – 160 
1.013 – 
10.34 

5 – 15 
Static; 3 cycles; 

Ethanol 20% (v/v) 
16,27,52,57 

Epigallocatechin 150 – 160 1.013 – 10  5 – 30 

Static; 
Glycerol 32.5 – 50.0% 

(v/v); 
Ethanol 20.0 – 32.5% 

(v/v) 

16,28,30 

Epigallocatechin gallate 150 10 5 Static 57 

Eriotricin 160 10.34 5 Static 45 

Gallocatechin gallate 130 10 15 Static 57 

Galangin 100 3 30 Static 87 

Genistein 110 – 140 3.75 – 4.52  5 – 138  Static 29,105 

Genistin 110 – 140 3.75 – 4.52  5 – 138  Static 29,105 

Hesperidin 120 – 170 1.45 – 14 
5 – 240 

 

Static and dynmic 1.2 – 
10.0 mL/min; 5 cycles; 

PEF; citric acid 4% (v/v); 

24,26,37,44,45,47,

54,56,59,61,81,94,

106 

Hesperitin 120 – 190 10 10 – 480 
Static;  

citric acid 18.48% (v/v) 
47,59 

Hesperitin-7-O-glucoside 120 NT 720 Static; citric acid 4% 47 

Hyperoside 112 – 180 3 – 10.34 10 – 30 Static 35,83,107 

Isoquercetrin 112 – 180 10.34 3 – 60 
Static; 

Ethanol 65% (v/v) 
23,35 

Isorhamnetin 100 – 220  5 – 13 15 – 105  

Static and dynamic 1.2 – 
2.5 mL/min; 7.0 g/min; 5 

cycles; 
Ethanol 50.0 – 60.5% and 

HCl 0.8% (v/v) 

25,39,43,60,93 

Isorhamnetin-O-
deoxyhexoside-hexoside 

100 – 120  0.807 15 
Dynamic 3 – 4 mL/min; 
Ethanol 53 – 65% (v/v) 

102 

Isorhamnetin-3-O-
glucoside 

180  60 
Static; 

Ethanol 65% (v/v) 
23 

Isorhamnetin-3-O-
rutinoside 

110 – 160 10.34 5 – 10 
Static; 3 cycles; 

Ethanol 10% (v/v); 
33,52 

Isorhamnetin-O-hexoside-
O-rhamnoside 

100 – 120  0.807 15 
Dynamic 3 – 4 mL/min; 
Ethanol 53 – 65% (v/v); 

102 

Isorientin 140 10 10 Dynamic 4.0 mL/min 50 

Isosiylbinin 120 0.4013 30 Static 73 

Kaempferol 100 – 220 1.013 – 20 5 – 60 

Static and dynamic 0,3 – 
4,0 mL/min; 5 cycles; 
Glycerol 32.5 – 50.0% 

(v/v); 
Ethanol 20 – 65% (v/v) 

and HCl 0.8% (v/v); 

16,18,23,25,28,30,

32,39,41–

43,50,51,55,60,64–

67,74,83,87,93,95,

97,100,108 

Kaempferol hexoside 121 0.1034 20 Static 96 

Kaempferol 3-β-D-
glucopyranoside 

180  60 
Static; 

Ethanol 65% (v/v) 
23 

Kaempferol-3-O-glucoside 115 – 160 4 – 20 10 – 60  Static; 3 cycles 32,42,52,74,83 

Kaempferol-3-O-glucosyl-
rhamnosyl-
glucoside/galactoside 

130 – 160 10.34 10 Static; 3 cycles 52 

Kaempferol-3-O-[2-O-β-d-
glucopyranosy-l-6-O-α-l-
rhamnopyranosyl] −β-d-
glucopyranoside 

140 4.14 10 Static 69 
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Kaempferol-3-O-[2-O-β-d-
xylopyranosyl-6-O-α-L-
rhamnopyranosyl] −β-d-
glucopyranoside 

140 4.14 10 Static 69 

Kaempferol-pentoside 130 – 160 10.34 10 Static; 3 cycles 52 

Kaempferol-3-O-
rhamnoside 

130 – 160 
4.14 – 
10.34 

10 Static; 3 cycles 52,69 

Kaempferol-
rhamnosylhexoside 

130 – 160 10.34 10 Static; 3 cycles 52 

Kaempferol-3-O-
rhamnosyl-rhamnosyl-
glucoside 

130 – 160 10.34 10 Static; 3 cycles 52 

Kaempferol-3-O-
robinobioside 

100 6 5 Static 109 

Kaempferol-3-O-
rutinoside 

100 – 160 4 – 20 5 – 60  Static; 3 cycles 32,42,52,74,109 

Kaempferol-
xylosilglucoside 

130 – 160 10,34 10 Static; 3 cycles 52 

Luteolin 100 – 220 3 – 10.34 10 – 105 
Static and dynamic 

7g/min; 3 cycles 
Ethanol 60.5% (v/v) 

18,31,52,53,59,64,

65,67,83,87,93,95,

101 

Luteolin-O-
deoxyhexoside-hexoside 

100 – 120  0.807 15 
Dynamic 3 – 4 mL/min; 
Ethanol 53 – 65% (v/v) 

102 

Luteolin-7-O-glucoside 100 – 200 3 – 10.34 5 – 30 
Static; 2 cycles; 

Ethanol 10% (v/v) 
33,36,67,87 

Luteolin-7-O-glucoronide 130 – 160 10.34 10 Static; 3 cycles 52 

Luteolin-O-hexoside 100 – 120  0.807 15 
Dynamic 3 – 4 mL/min; 
Ethanol 53 – 65% (v/v) 

102 

Myricetin 100 – 150 5 – 20  10 – 60 
Static and dynamic 1.0 – 
4.0 mL/min; Ethanol 50% 
(v/v) and HCl 0.8% (v/v) 

25,32,39,42,43,50,

74 

Myricetin-3-glucoside 120 8.0 – 10.3 1 – 30  

Static and dynamic 1.2 
mL/min; Ethanol 50 – 

80% (v/v) and HCl 0.8% 
(v/v); pH 2.5 

38,39 

Myricetin rhamnoside 121 0.1034 20 Static 96 

Naringenin 100 – 170 3.5 – 24.0 
15 – 40  

(8 h)  

Static and Dynamic 1.00 – 
2.25 mL/min; citric acid 

18.48% (v/v) 

18,26,32,41,47,54,

55,65,67,74,83,87,

88,93 

Naringenin hexoside 144.5 NT 21 Static 46 

Naringenin-7-O-glucoside 120 NT (12 h) Static; citric acid 4% (v/v) 47 

Naringenin-7-O-β-d-
xylopyranosyl(1 → 6)- β-
d-glucopyranoside 

140 4.14 10 Static 69 

Naringenin-7-O-[β-d-
glucopyranosyl(1 → 3)-α-
l-rhamnopyranosyl(1 → 
2)]- β-d-glucopyranoside 

140 4.14 10 Static 69 

Naringenin-7-O-[β-d-
xylopy- ranosyl(1 → 6)][β-
d-glucopyranosyl(1 → 3)-
-l-rhamnopyranosyl(1 → 
2)]-α-d-glucopy-ranoside 

140 4.14 10 Static 69 

Naringin 100 – 170 0.1034 – 24  10 – 40  
Static and dynamic 

1mL/min 

32,41,54,59,83,87,

88,96 

Narirutin 120 – 190 5 – 14 
5 – 50  
(4 h) 

Static and dynamic 1,2 – 
10.0 mL/min; 5 cycles 

PEF; citric acid 4% (v/v) 

24,26,37,44,45,47,

54,59,61,81,94,106 

Nobiletin 160 5 15 Dynamic 2.25 mL/min 26 
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Puerarin 141 5 58 Static; 2 cycles 104 

Quercetin 100 – 300 1.013 – 20 5 – 60 

Static and dynamic 
0.3 – 4.0 mL/min; 7 g/min; 

5 cycles; 
Glycerol 32.5 – 50.0% 

(v/v); 
Ethanol 20 – 65% (v/v) 

and HCl 0.8% (v/v); PEF 

16,18,19,21,23,25,

28,30,32,35,39–

43,50,51,55,58,60,

63,64,67,74,75,93,

95,103,108,110 

Quercetin 3,4'-diglucoside 120 – 250   5 5 – 21 Static; 3 cycles 19,40,46 

Quercetin 3-O-galactoside 100 – 150  3 – 20 15 – 60 Static 42,74,87,100 

Quercetin glucoside 121 – 200  0.1034 – 5  15 – 20 Static 19,96 

Quercetin 3-glucoside-7-
glucosyl-(1→4)-
rhamnoside 

130 – 160 10.34 10 Static; 3 cycles 52 

Querceton-3-O-glucoside 120 – 160 5 – 10.34 5 – 30  

Static and dynamic 1.2 
mL/min; 3 cycles; Ethanol 
50% (v/v) and HCl 0.8% 

(v/v); PEF 

39,40,52,75 

Quercetin-3-glucuronide 120 8.0 – 10.3 1 – 30  

Static and dynamic 1.2 
mL/min; Ethanol 50 – 

80%; (v/v) and HCl 0.8% 
(v/v); pH 2.5 

38,39 

Quercetin-3-
glucuronide/galactoside 

120 10.3 1 
Static; Ethanol 80% (v/v); 

pH 2.5 
38 

Quercetin-3-O-
glucopyranoside 

150 4 – 5  40 – 60 Static 32,42 

Quercetin-3-O-
rhamnoside 

130 – 160 10.34 10 Static; 3 cycles 52 

Quercetin-3-O-
rhamnoside-7-O-
rhamnoside 

130 – 160 10.34 10 Static; 3 cycles 52 

Quercetin-3-rutinoside 120 10.30 1 
Static; Ethanol 80% (v/v); 

pH 2.5 
38 

Quercetin-4-glucoside 120 – 165 5 – 13 5 – 45 
Static and dynamic 2.5 

mL/min; 5 cycles 
25,40,60 

Quercetin-pentoside 130 – 160 10.34 10 Static; 3 cycles 52 

Quercetin-pentosyl-
hexoside 

130 – 160 10.34 10 Static; 3 cycles 52 

Quercetin-3-O-rutinoside 100 – 160 
9.807 – 
10.34 

10 – 15  
Static and dynamic 3 – 4 

mL/min; 3 cycles; 
Ethanol 53 – 65% (v/v) 

52,102 

Quercetin-trisaccharide 130 – 160 10.34 10 Static; 3 cycles 52 

Quercitrin 112 10.34 10 Static 35 

Pinocembrin 150 4 40 Static 32 

Phloridizin 123 20 30 Static 74 

Reinutrin 112 10.34 3 Static 35 

Rutin 100 – 180 0.1034 – 20 5 – 60 
Static and dynamic 3.0 

mL/min; 5 cycles; 
Ethanol 65% (v/v) 

18,21,23,32,41,46,

60,64,65,67,74,83,

87,91,93,96,101,10

6,109 

Scutellarin 130 NT 5 Static 49 

Scutellarein 170 NT 5 Static 49 

Silychristin 120 0.4013 30 Static 73 

Silybinin 120 0.4013 30 Static 73 

Silydianin 120 0.4013 30 Static 73 

Sinensetin 160 5 15 – 30 
Dynamic 2,0 – 2.25 

mL/min; 
26,61,95 
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2 cycles 

Spiraeoside 180 NT 60 
Static; 

Ethanol 65% (v/v) 
23 

Tangeretin 160 5 15 – 30 
Dynamic 2.00 – 2.25 

mL/min; 
26,61 

Taxifolin 150 22 – 24 35 Dynamic 1 mL/min; 88 

Taxifolin hexoside 144,5  21 Static 46 

Tiliroside 135 – 180 4 – 20 30 – 60 
Static; 

Ethanol 65% (v/v) 
23,32,42,74 

Wogonin 160 NT 20 Static 72 

Wogonoside 110 NT 20 Static 72 

NT = not reported  

 

Stability and Analytical Parameters 

Ensuring the stability of constituents is a paramount consideration in SWE. 

Overexposure to high temperatures exceeding 250 °C for more than 30 min 

initiates generalized degradation of flavonoid molecules57,89. To monitor 

degradation, analyses of Maillard reaction products, notably 

hydroxymethylfurfural (HMF), are crucial since HMF is a toxic compound whose 

formation should be prevented110. The focus is on extracting high flavonoid 

amounts and minimizing byproduct formation, particularly toxic compounds such 

as melanoidins106. Elevated temperatures above 120 °C initiate degradation 

reactions, with increased criticality beyond 180 °C due to prolonged extraction 

times40. On the other hand, there are reports that byproducts formed by the 

Maillard reaction might eventually contribute to the antioxidant activity of the 

extracts111. However, further research is needed to elucidate the extent of this 

contribution and the specific mechanisms involved. 

A successful analysis must validate the chosen analytical method and adhere to 

standard operating procedures, thereby standardizing the study protocol. The 

optimization of extractive parameters can be achieved through experimental 

designs and mathematical models, identifying variables influencing the process 

and then fulfilling the conditions for improvement. Notably, several studies 

demonstrated a high correlation rate between predicted and actual results, 

emphasizing the significance of response surface methodology (RSM), like the 

Box-Behnken design (BBD), in refining the extraction of flavonoids via the specific 

method under consideration. 



76 

 

Identifying the limiting step of the extractive process can be beneficial. For 

instance, if extraction kinetic is determined by desorption and diffusion within the 

sample matrix pores, increasing flow does not enhance the extraction rate48. 

Models focusing on thermodynamic partitioning, mass transfer, and desorption 

kinetics can aid in understanding the variables influencing the process91. 

Additionally, there is an experimental challenge in measuring the solubility of 

active compounds under subcritical conditions. Therefore, the Hansen solubility 

parameter is an intriguing tool for prediction48. 

 

Final Considerations 

Subcritical water extraction is an efficient technique for extracting flavonoids from 

diverse plant matrices. It is recognized for its cost-effectiveness, speed, and 

sustainability in waste management, simplifying treatment compared to many 

conventional extraction methods. However, achieving optimal flavonoid yields 

requires optimization of several parameters, including characteristics of the plant 

raw material, extraction conditions, and subsequent extract processing. Specific 

parameters, such as temperature, are crucial for subcritical water extraction, 

influencing both the selectivity of flavonoid extraction and its stability. The 

variation in experimental setups among the extraction conditions employed in the 

analyzed studies, such as diverse raw materials and types of equipment, 

represented a limitation for directly comparing their results in this review. 

Predicting flavonoid extraction efficiency across different species using 

subcritical water extraction remains challenging due to this experimental 

variability. Hence, preliminary bench tests are recommended to define the 

specific parameters for the extractive method. In summary, subcritical water 

extraction offers significant advantages in extracting flavonoids from plant 

materials and/or industrial waste characterized by its cleanliness, cost-

effectiveness, and environmental sustainability. However, the method 

optimization is crucial to maximize flavonoid extraction while preventing 

degradation. 
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CAPÍTULO III 

Artigo Box-Behnken e perfil analítico dos extratos 

 
O presente capítulo apresentará o artigo gerado a partir dos dados 

experimentais da associação entre β-ciclodextrina e a extração por água no 

estado subcrítico de inflorescências de Achyrocline satureioides. Dentre os 

experimentos realizados para averiguar a utilização inovadora dessa técnica, a 

metodologia de superfície de resposta do tipo Box-Behnken Design (BBD) foi 

utilizada para otimização do método. A quantificação dos flavonoides 

(quercetina, luteolina, 3-O-metilquercetina e achyrobichalcona) foi realizada por 

cromatografia líquida de alta eficiência (CLAE), possibilitando a comparação com 

outras metodologias (Soxhlet e maceração dinâmica) nas quais realizou-se 

análises estatísticas para determinar a diferença significativa entre os resultados. 

Além disso, outras análises como calorimetria exploratória diferencial (DSC), 

ressonância magnética nuclear (RMN) e espectrometria de massas (MS) foram 

utilizadas para caracterização da amostra obtida. O texto completo está 

compreendido entre as páginas 89 – 108 
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Subcritical water extraction/β-cyclodextrin (SWE/β-CD): a new green and 

efficient method for flavonoid extraction from Achyrocline satureioides. 

 

ABSTRACT 

Subcritical water extraction (SWE) effectively extracts biologically active plant 

constituents using high temperature and pressure. The present study 

investigates the impact of incorporating β-cyclodextrin (β-CD) into SWE media 

(SWE/β-CD) through the extraction of the flavonoid-aglycones from Achyrocline 

satureioides: quercetin (QCT), luteolin (LUT), 3-O-methylquercetin (3OMQ), and 

achyrobichalcone (ACB). A three-level Box-Behnken design (BBD) was applied 

to optimize the method by varying the temperatures (100, 150, or 200 °C), 

extraction time after reaching the temperature (0, 15, or 30 minutes), and β-CD 

concentration (0, 1.5, or 3%, w/v). The extraction was performed using a static 

SWE system at 40 bar pressure and plant:solvent ratio of 1:100. The BBD 

identified the optimal extraction conditions as 3% (w/v) β-CD concentration at 

100°C / 30 minutes for QCT and 3OMQ, and 200°C / 0 minutes for LUT and ACB. 

Under these conditions, SWE/β-CD yielded higher flavonoid amounts (mg 

flavonoid/g plant)  QCT (8.63 mg/g), LUT (3.34 mg/g), 3OMQ (8.39 mg/g), and 

ACB (4.07 mg/g). Notably, compared to Soxhlet extraction (QCT, 6.82 mg/g; LUT, 

1.49 mg/g; 3OMQ, 11.01 mg/g; and ACB, 0.55 mg/g) and dynamic maceration in 

ethanol 61%(QCT, 4.88 mg/g; LUT, 1.24 mg/g; 3OMQ, 6.69 mg/g; and ACB, 1.42  

mg/g), SWE/β-CD exhibited superior performance, except for 3OMQ. In 

summary, SWE/β-CD outperformed the other two methods regarding QCT, LUT, 

and ACB extraction, establishing itself as a time-efficient and environmentally 

friendly approach for extracting thermolabile and low water-soluble bioactive 

compounds from plants. This study is the first successful demonstration of the 

efficacy of SWE/β-CD for flavonoids being helpful for other analytes. 
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INTRODUCTION 

Flavonoids are natural molecules with a basic skeleton containing 15 carbons 

in two aromatic rings attached to a spacer of three carbons. The compounds of 

this class show a huge structural variability mainly due to the different ligands to 

benzopyran (SAMANTA; DAS; DAS, 2011). Their obtention is provided by natural 

resources, mainly plants, where these secondary metabolites play a role in plant 

protection, color and flavor (PANCHE; DIWAN; CHANDRA, 2016). 

Achyrocline satureioides, known as marcela or macela, stand out among plant 

species synthesizing flavonoids. Representative of the Asteraceae family, it 

grows in South America and is used in popular medicine to treat several diseases 

due to its beneficial effects as antispasmodic, anti-inflammatory, analgesic, 

antirheumatic, antiseptic, antifungal, antiviral, antibacterial, and sedative 

(BARATA et al., 2013). Anticancer in vitro studies have been reported in the last 

ten years where quercetin (QCT), luteolin (LUT), and 3-O-methylquercetin 

(3OMQ) have been referred to as playing a critical role (CARINI; KLAMT; 

BASSANI, 2014; SOUZA et al., 2018a). 

Obtention of flavonoids has been performed using different extractive 

techniques, from more conventional (maceration, percolation, hydro-distillation, 

and Soxhlet) to more modern (ultrasound-assisted extraction, microwave-

assisted extraction, pressurized liquid extraction, subcritical and supercritical 

extraction) (KALEEM; AHMAD, 2018). Pressurized hot water extraction (PHWE) 

or subcritical water extraction (SWE) are sustainable and advantageous 

techniques due to their quickness and the absence of organic solvents. 

Both PHWE and SWE are techniques that use water as the extractor agent in 

high pressure and temperature. However, SWE refers to the conditions between 

the boiling point (100 °C at 0.1 MPa) and the critical point (374 °C at 22.1 MPa). 

These conditions keep water fluid, but its chemical, physical, and physical-

chemical properties change; the polarity, dielectric constant, viscosity, and 

superficial tension decrease, and the diffusion coefficient increases (CHENG et 

al., 2021). At 250 °C temperature and 5 MPa pressure, water shows 

characteristics similar to organic solvents such as methanol or ethanol at 25 °C, 

enabling the extraction of molecules with low polarity (CHENG et al., 2021). 
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The primary drawback of the method lies in the utilization of high 

temperatures, which can induce undesirable reactions and degradation of 

analytes, as noted by Mlyuka et al. (2018). Although short extraction times can 

prevent the degradation of certain heat-labile bioactive constituents, finding 

effective strategies to overcome this limitation remains a challenge. 

Here, cyclodextrins are proposed for the first time to solubilize and/or stabilize 

the flavonoid-aglycones during the SWE process. Cyclodextrins are cyclic 

molecules formed by α-1,4-glycosidic bonds between glucopyranose groups that 

can form inclusion complexes with hydrophobic molecules, increasing their 

stability and/or solubility. An advantage of β-CD comparatively to other 

cyclodextrins is its low cost and oral route safety, making it industrially viable for 

phytopharmaceutical and food products (LIU et al., 2020). 

Optimization requires mathematical and statistic tools such as response 

surface methodology (RSM). In this case, the modeling depends on several 

variables to measure the impact on the extraction process of the compound of 

interest. The Box-Behnken Design (BBD) in three levels has been proposed for 

fitting response surfaces that require a small number of runs to improve the 

experimental answer (MONTGOMERY, 2019). 

The present study was designed to evaluate the effect of β-CD on the SWE 

extraction of the flavonoid-aglycones QCT, LUT, 3OMQ and achyrobichalcone 

(ACB) from the Achyrocline satureioides inflorescences. BBD was applied to 

achieve the optimal extracting conditions. The flavonoid amount obtained in the 

optimal SWE/β-CD condition was compared with that obtained using two different 

extraction methods, Soxhlet (N-hexane, ethyl acetate and methanol) and 

dynamic maceration in ethanol 61% (v/v).  
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MATERIALS AND METHODS 

Chemicals 

Standards of QCT (purity >95%) was purchased from Sigma Aldrich (San 

Luis, Missouri, EUA). LUT (purity >98%), 3OMQ (purity >97%), and ACB (purity 

>98%) was purchase from ISOBIO (Porto Alegre, RS, Brazil) (SOUZA et al., 

2018b). All reagents used for HPLC were chromatographic grade, ultrapure water 

was obtained from Milli-Q system and β-cyclodextrin (β-CD) was purchased from 

Roquette Brazil (Itapevi, SP, Brazil). 

 

Plant material 

Two samples of Achyrocline satureioides inflorescences provided by 

Centro Pluridisciplinar de Pesquisas Químicas, Biológicas e Agrícolas (CPQBA) 

of Universidade Estadual de Campinas (UNICAMP) were collected in the 

florescence period, May and June; the first one in 2017 and the second one in 

2023. They were registered in the Registro Nacional de Cultivares (number 

22975) and at the Ministério da Agricultura, Pecuária e Abastecimento (number 

21 806.000050/2016-67). Voucher specimens of the plant material (number 308) 

were deposited at the CPQBA/UNICAMP and registered in the Sistema Nacional 

de Gestão do Patrimônio Genético e do Conhecimento Tradicional Associado, 

Brazil (SysGen) by the number A8CA9A8. The inflorescences were selected, 

dried, and comminuted in a knife mill for extraction.   

 

Liquid chromatography analysis 

The analysis was carried out in an High-Performance Liquid 

Chromatograph (HPLC) equipment Shimadzu LC-10A system (Kyoto, Japan) 

equipped with a model LC-20AT pump. Separation was performed using an 

Agilent ZORBAX Eclipse XDB phenyl column (4.6 mm x 150 mm, i.d. 3.5 μm) 

coupled to a RP – 18 guard column (4 mm x 3 mm i.d.) and detection using a 

photodiode array (PDA) detector. Briefly, for QCT, LUT and 3OMQ, the mobile 

phase was a mixture of acetonitrile/methanol/acidic water (with ortophosphoric 

acid 0.16 M) at the proportion of 10/44/46 (v/v/v)  in isocratic mode, at flow rate 
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of 0.8 mL/min, column oven temperature of 30 ºC, and detection wavelength of 

362 nm (BIDONE et al., 2014a). For ACB analysis, the mobile phase consisted 

of a mixture of acetonitrile/acidic water (with ortophosphoric acid 0.16 M) at the 

proportion of 37/63, v/v,  isocratic mode at flow rate of 1.2 mL/min, column oven 

at 33 °C, and detection wavelength of 367 nm (CARINI et al., 2013a). For 

quantification of flavonoids, the dry extracts were dissolved in methanol (1 

mg/mL). All the flavonoids were identified and quantified by comparison with the 

corresponding standards or reference substances. Concentrations were 

expressed in mg of constituent per gram of dry plant (mg/g). All samples were 

analyzed in triplicate. 

 

Subcritical Water Extraction of flavonoids from Achyrocline satureioides 

SWE was performed using 0.4 g of grounded raw material and 40 mL of 

ultrapure water (Milli-q, Millipore/Merck). They were placed into 50 mL glass 

vessel. The β-cyclodextrin was tested in different amounts (0.0, 1.5, and 3.0%, 

w/v). After the mixture, the extraction was carried out in a Parr Serie 4570 HP/HT 

reactor (Moline, Illinois, USA) (maximum pressure of 345 bar, and maximum 

temperature of 500 °C) controlled by Parr 4848 reactor controller (Moline, Illinois, 

USA). The static extraction system was purged and pressurized with carbon 

dioxide (CO2) until 40 bar. Experimental conditions were temperature of 100 °C, 

150 °C or 200 °C and time after reaching the target temperature of 0 min, 15 min 

or 30 min. In all experiments, the time until reaching the target temperature was 

67 ± 15 min. The mixture was filtered and the supernatant was freeze-dried to 

obtain the crude dry extracts. Raw material and crude dry extracts samples were 

analyzed regarding the flavonoid content by pre-validated HPLC methodologies 

as well as the samples from the the Box-Behnken experimental design section 

(BIDONE et al., 2014b; CARINI et al., 2013b). 

 

Comparison among extraction methods 

A Soxhlet (SOX) extraction was performed with A. satureioides 

inflorescences using a plant to solvent ratio of 1:100 and was successively 
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extracted for 4 h in triplicate with N-hexane, ethyl acetate or methanol into a 

Soxhlet apparatus, following the method reported Bianchi et al. (2020). The 

organic solvent was concentrated in a rotary evaporator, and the crude extract 

was dried at 40 °C until it was of constant weight (dry extract). Dynamic 

maceration (DM) was performed following as optimized conditions reported by 

Pittol et al. (2020). Briefly, using a plant to solvent ratio of 1:100, ethanol 61% 

(v/v) for 51 h at 37 °C, the solvent was evaporated. The aqueous extract was 

subsequently freeze-dried to obtain a dry extract. The flavonoid content in the 

corresponding dry extracts was analyzed by HPLC and compared to that 

obtained in SWE dry extract.  

 

Box-Behnken experimental design  

BBD with three factors (temperature in °C – X1; time after reaching the 

temperature in minutes – X2; and β-cyclodextrin concentration % (g/100mL) – 

X3) and at three levels (-1, 0, +1) in two blocs, including four center points to 

estimate the pure error; the experimental design totalized 30 extractions 

performed in randomized order. To determine the operational conditions of the 

maximum yield, the results were expressed in mg of the individual flavonoids per 

g of dry extract and by the sum of them (QCT, LUT, 3OMQ, and ACB). Minitab 

Statistical Software was used to design the regression analysis and optimization. 

The coefficient of determination (R2), the adjusted coefficient of determination 

(R2 adj.), the coefficient of variation, and the F-value were used to evaluate the 

fitness of the predicted model, which were compared with experimental values at 

the optimized conditions. The ANOVA and least square methods were applied to 

determine linear, quadratic, and interactive coefficients. 

 

Statistical analysis 

The results were analyzed by the analysis of variance (ANOVA) followed 

by Tukey’s test for significance of p-value ≤ 0.05. 
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RESULTS AND DISCUSSION 

 

Box-Behnken experimental design and optimization 

The BBD is a multivariate optimization technique rooted in response 

surface methodology. It was selected to optimize the extraction process for the 

total amount of flavonoids (QCT, LUT, and 3OMQ) and ACB from A. satureioides. 

This approach was chosen for its ability to assess all designated parameters 

collectively and individually. BBD is a mathematical and statistical technique 

based on a second-order design with a three-level factorial arrangement, 

commonly utilized to enhance and optimize extraction methods. Moreover, this 

experimental design serves as an efficient model for avoiding time wastage in 

experiments, as it requires only a small number of runs to confidently evaluate 

several factors at varying levels and their interactions. 

In this study, the extraction conditions of four compounds from A. 

satureioides, QCT, LUT, 3OMQ, and ACB were evaluated. A randomized three-

level experiment comprising a total of 15 assays conducted in replicate (as 

detailed in Table 1) was performed. The experiment was carried out in a static 

reactor that had been pre-filled with plant material, solvent, and β-CD. 

Subsequently, the system was sealed, purged, and pressurized with CO2. The 

reactor was then heated from room temperature to the specified temperature, 

which was maintained for the designated time. The data presented in the table 

elucidate the variables (temperature, time, β-cyclodextrin concentration) that 

influence the quantity of flavonoids extracted from the plant, as well as the optimal 

levels at which these variables should be adjusted to enhance extraction 

efficiency.  
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Table 1. Box Behnken Design: parameters used in flavonoid SWE extraction (A. 

satureioides sample collected in 2017). 

Assay 
Temperature 

(°C) 

Time after 
reaching the 
temperature 

(min)* 

%β-CD 
(w/v) 

Flavonoid (mg per g of plant)  

QCT LUT 3OMQ ACB ∑FLAV 

1 200 0.0 1.5 5.689 2.240 5.701 2.460 16.090 

2 150 15 1.5 4.647 1.916 5,436 2.108 14.107 

3 100 15 3.0 7.012 2.853 8,188 3.783 21.838 

4 100 30 1.5 5.477 2.179 6,548 2.386 16.591 

5 150 15 1.5 4.741 2.005 6,030 2.046 14.822 

6 150 15 1.5 4.201 1.677 5,120 1.783 12.781 

7 200 15 0.0 1.607 0.620 2,533 0.560 5.320 

8 200 30 1.5 2.444 1.459 2,697 1.949 8.548 

9 100 0 1.5 4.749 1.948 6,387 2.335 15.420 

10 150 0 0.0 3.493 0.825 5,606 0.443 10.366 

11 200 15 3.0 5.306 2,950 5,442 4.102 17.800 

12 150 30 0.0 2.909 0.799 4,471 0.474 8.654 

13 150 0 3.0 7.179 3.241 7,719 3.937 22.077 

14 150 30 3.0 6.210 3.015 6,714 3.632 19.570 

15 100 15 0.0 2.735 0.712 5,365 0.486 9.297 

16 150 30 0.0 4.126 1.105 5,799 0.578 11.608 

17 150 15 1.5 5.553 2.125 6,680 2.127 16.486 

18 200 15 3.0 6.089 3.148 5,813 4.031 19.081 

19 100 15 0.0 3.349 0.891 6,615 0.583 11.438 

20 200 0 1.5 5.453 2.311 6,459 2.561 16.784 

21 150 0 3.0 6.689 2.908 7,415 3.607 20.619 

22 150 15 1.5 4.775 1.825 5,667 1.886 14.153 

23 200 15 0.0 3.553 1.009 5,100 0.731 10.393 

24 150 0 0.0 6.232 1.522 9,818 0.814 18.387 

25 200 30 1.5 3.616 1.748 3,941 2.093 11.399 

26 150 15 1.5 5.484 2.162 6,575 2.200 16.422 

27 100 30 1.5 4.657 1.864 5,562 2.328 14.410 

28 150 30 3.0 5.303 2.679 5,799 3.290 17.070 

29 100 0 1.5 3.783 1.565 4,252 2.130 11.731 

30 100 15 3.0 7.390 2.905 8,857 3.554 22.706 
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*Time after reaching the temperature (min) is the time of maintaining the temperature settled by 
the experiment after heating the equipment. 

 

In the context of BBD, the variable that provides a measure of how well 

the statistic model fits the experimental data is the coefficient of determination 

(R2). High values close to 1, indicate that the model is able to explain most of the 

variability in the observed response. For QCT, LUT, 3OMQ, ACB, and the sum of 

four flavonoids (∑FLAV), R2 were 0.8136, 0.9494, 0.6704, 0.9844 and 0.8389, 

respectively. These results indicate that ACB and LUT had their behavior very 

well adjusted to a second-order polynomial model. This tendency can also be 

observed in the following coefficients. The adjusted coefficient determination (R2 

adj.) were, respectively, 0.7154, 0.9228, 0.4969, 0.9762 and 0.7541. While the 

predicted coefficient determination (R2 pred.) were, respectively, 0.4828, 0.8667, 

0.806, 0.9600 and 0.5559. The R2 pred. value showed that the model for ACB 

and LUT present good responses between predicted and experimental data. QCT 

and 3OMQ do not followed this statistic model. These results demonstrate that 

the SWE extraction condition is not the same for the four compounds (QCT, LUT, 

3OMQ and ACB) present in the A. satureioides extract.  

The ANOVA regression model was applied to the sample collected in 2017, 

focusing on the influence that the factors (temperature, time after reach the 

temperature, and % β-CD) have on the extract content (QCT, LUT, 3OMQ, and 

ACB) involved in the extraction process (Table 2). Furthermore, no evidence of 

inadequacy was observed by lack-of-fit, suggesting that the chosen regression 

model adequately fits the experimental data. The analysis reveals significant 

effects on analites content mainly by linear coefficients. On table 3 it is possible 

to determine which variables influence the response and whether the influence is 

positive or negative according to the regression coefficients, representing the 

impact of experimental factors on the extraction. 

According to the linear coefficients, the only factor affecting the extraction 

of all the flavonoids was the concentration of β-cyclodextrin. The superior 

concentration tested (3.0%, w/v) promoted an increase on extraction yield of 

QCT, LUT and ACB (p<0.05), but not for 3OMQ (p=0.135). The ACB was also 

influenced by quadratic coefficient X1
2, showing that an increase in temperature 
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allows a greater recovery of this flavonoid. For QCT it was observed an interaction 

between temperature and time resulting in a decrease on extraction yield when 

those variables are increased. In general, the ∑FLAV was influenced positively 

by the increase in concentration of β-cyclodextrin. 

 An optimization experiment was carried out based on experimental results 

to predict the best conditions to extract the different compounds of interest. 

Considering ∑FLAV, the ideal conditions were temperature of 100 °C, extraction 

time after reaching the subcritical point, of 30 min and β-cyclodextrin 

concentration of 3.0% (w/v). Nonetheless, this effect can be explained by the 

superior concentration of QCT and 3OMQ that separately present the same 

optimizing condition of ∑FLAV. For LUT and ACB the best optimized conditions 

were the temperature of 200 °C, extraction time after reaching the subcritical point 

of 0 minutes, and β-cyclodextrin concentration of 3.0% (w/v). In this case, the 

high temperature was compensated by the short time of extraction. 
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Table 2. ANOVA of regression model for QCT, LUT, 3OMQ, ACB and ∑FLAV in 2017 sample. 

Source df 
Sum of Squares Mean Square p-value 

QCT LUT 3OMQ ACB ∑FLAV QCT LUT 3OMQ ACB ∑FLAV QCT LUT 3OMQ ACB ∑FLAV 

Regression 10 8.5172 2.84979 8.0339 6.73011 80.3758 0.85172 0.28498 0.803393 0.67301 8.0376 0.000* 0.000* 0.005* 0.000* 0.000* 

Block 1 0.2898 0.00771 0.5407 0.00014 1.8210 0.28977 0.00771 0.540665 0.00014 1.8210 0.109 0.338 0.123 0.875 0.151 

Linear 3 3.9849 1.87231 1.3040 4.59187 39.4993 1.32831 0.62410 0.434666 1.53062 13.1664 0.000* 0.000* 0.135 0.000* 0.000* 

Square 3 0.4335 0.00831 1.4263 0.05398 3.0643 0.14451 0.00277 0.475429 0.01799 1.0214 0.272 0.792 0.111 0.047* 0.317 

Interaction 3 1.0078 0.06664 1.1646 0.03220 5.9089 0.33593 0.02221 0.388204 0.01073 1.9696 0.044* 0.069 0.169 0.162 0.097 

Residual error 19 1.9518 0.15187 3.9507 0.10671 15.4378 0.10272 0.00799 0.207933 0.00562 0.8125      

Lack-of-fit 15 1.8486 0.12187 3.7513 0.08617 14.3583 0.12324 0.00857 0.250087 0.00574 0.9572 0.071 0.382 0.065 0.508 0.115 

Pure error 4 0.1032 0.02326 0.1994 0.02053 1.0794 0.02579 0.00581 0.049855 0.00513 0.2699      

Total 29 10.4689 3.00166 11.9847 6.83681 95.8136           

                 

df: degrees of freedom; *Significant p<0.05.
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Table 3. Regression coefficients for QCT, LUT, 3OMQ and ACB for SWE extraction of Achyrocline satureioides sample collected in 

2017. 

Source Regression Coefficient f-value p-value 

QCT LUT 3OMQ ACB ∑FLAV QCT LUT 3OMQ ACB ∑FLAV QCT LUT 3OMQ ACB ∑FLAV 

Constant 2.091 0.8116 2.530 0.8403 6.273 16.90 23.51 14.37 29.04 18.02 0.000* 0.000* 0.000* 0.000* 0.000* 

X1 0.0148 0.0543 -0.199 0.0446 -0.085 0.15 1.98 1.43 1.94 -0.31 0.881 0.062 0.170 0.067 0.760 

X2 -0.1214 -0.0281 -0.135 -0.0277 -0.311 -1.70 -1.36 -1.33 -1.66 -1.55 0.105 0.189 0.199 0.113 0.137 

X3 0,5877 0.4138 0.219 0.6535 1.874 5.99 15.11 1.57 28.48 6.79 0.000* 0.000*  0.133 0.000* 0.000* 

X1
2 -0.201 -0.0281 -0.270 0.0848 -0.414 -1.71 -0.85 -1.61 3.08 -1.25 0.104 0.404 0.124 0.006* 0.227 

X2
2 0.0073 0.00292 -0.0067 0.00424 0.0078 0.25 0.36 -0.16 0.62 0.09 0.806 0.726 0.874 0.546 0.926 

X3
2 0.115 0.0108 0.324 0.0102 0.459 0.97 0.33 1.93 0.37 1.38 0.344 0.747 0.069 0.714 0.182 

X1 X2 -0.1646 -0.0456 -0.1719 -0.0291 -0.411 -2.90 -2.88 -2.13 -2.20 -2.58 0.009* 0.010* 0.046* 0.041* 0.018* 

X1 X3 -0.132 -0.0048 -0.103 0.0142 -0.216 -1.16 0.15 -0.64 0.54 -0.68 0.260 0.880 0.529 0.597 0.506 

X2 X3 0.009 -0.0001 0.0646 -0.0104 0.063 0.16 -0.01 0.80 -0.79 0.40 0.875 0.993 0.433 0.441 0.697 

                

X1 – temperature in °C; X2 – time after reaching the Subcritical point (min); X3 – β-cyclodextrin concentration % (w,v). *Significant p<0.05 
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The comparison between experimental and predicted yields of QCT, LUT, 

3OMQ, and ACB, obtained from two different optimized extraction conditions 

using samples of A. satureioides collected in 2017 is showed in Table 4. The 

responses considering the total analyte (mg) obtained from the dry extract include 

satisfactory predicted capacity providing valuable insights into the effectiveness 

of the optimized extraction conditions in obtaining desired yields, aiding in the 

development of efficient extraction protocols for enriquecid botanical extracts. 

Combining each response variable processed, the composite desirability (D) can 

show the best condition to optimize all response variables simultaneously. LUT 

and ACB obtained the best scenario (D = 1.000).  

The predictive capacity (%) evaluate the response predicted by the model 

and compare it with experimental results perfomed in the optimized conditions. 

The predictive capacity (%) for QCT, LUT, 3OMQ, ACB, and ∑FLAV were 121.04 

± 8.1127, 100.15 ± 3.0564, 102.94 ± 1.1565, 95.32 ± 4.6110 and 107.41 ± 2.1427. 

The maximum yield obtained in optimized conditions for each group was higher 

than previous results, except for ACB. It is worth mentioning that ACB is present 

in low concentrations in the plant and could have been completely extracted in 

the first extraction. Considering the complexity of the matrix and the challenge of 

bypassing uncontrollable variables of the extraction process, the mathematical 

model provides a good response for LUT and ACB.  

The mathematical model met the goal of increasing extraction yield for the 

flavonoids tested, even for the not very well-fitted responses obtained for QCT, 

3OMQ, and ∑FLAV. QCT and 3OMQ are the most abundant flavonoid-aglycones 

in the matrix and directly influence the response of ∑FLAV. In the same way, as 

the two other flavonoids (LUT and ACB), β-cyclodextrin increases QCT, 3OMQ, 

and ∑FLAV extraction. This increase can be related to increased flavonoid 

solubility (reducing the solvent saturation), a protective effect against degradation 

agents, or both. Studies are being conducted in our laboratory to enlighten this 

phenomenon. 
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Table 4. Comparison among experimental and predicted yields of QCT, LUT, 3OMQ, ACB and ∑FLAV determined in two different 

optimized extraction conditions (samples of Achyrocline satureioides collected in 2017). 

Optimized 

condition 

Extraction variables 
D Response 

Yield  (mg of analyte obtained in total dry extract) 

X1 (°C) X2 (min) X3 (%, w/v) Experimentala Predictedb Predictive capacity (%)a 

QCT, 3OMQ 

and ∑FLAV 
100 30 3 

0.959042 QCT 3.548 ± 0.237844 2.932 121.04 ± 8.1127 

- LUT 1.226 ± 0.019567 - - 

0.793836 3OMQ 3.448 ± 0.038737 3.350 102.94 ± 1.1565 

- ACB 1.500 ± 0.077402 - - 

0.947743 ∑FLAV 9.723 ± 0.21224 9.053 107.41 ± 2.1427 

LUT and 

ACB 
200 0 3 

- QCT 3.118 ± 0.145215 - - 

1.000 LUT 1.345 ± 0.041044 1.343 100.15 ± 3.0564 

- 3OMQ 2.958 ± 0.01013 - - 

1.000 ACB 1.639 ± 0.079268 1.719 95.32 ± 4.6110 

- ∑FLAV 9.059 ± 0.23268 - - 

        

X1 – temperature in °C; X2 – time after reach point in min (min); X3 – β-cyclodextrin proportion in % (w/v). *Significant p<0.05; D: Composite desirability; aMean 

± standard deviation; bPredicted values from mathematical models generated.
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Comparison  of the extraction methods 

The optimized SWE/β-CD methods were applied in two different samples 

of A. satureioides, collected in 2017 and 2023. The results were compared to two 

other methods of A. satureioides flavonoid extraction, previously reported by our 

research group, Sohxlet extraction (BIANCHI et al., 2020) and dynamic 

maceration (PITTOL et al., 2019). The results of flavonoid extraction (mg per g of 

plant) are shown in Table 5 and graphically represented in Figure 1. In Table 5, 

averages that do not share the same uppercase letter are significantly different, 

and recoveries are demonstrated in alphabetic order according to better 

recoveries, considering only the comparison for the same flavonoid. 

The analysis of variance (ANOVA) showed a difference between the 

groups (p ≤ 0.05). To identify these difference, the Tukey’s test was applied with 

a significance of p ≤ 0.05. The best recoveries that did not show a significant 

difference for QCT were 2c (2023 SWE 200 °C with 3.0% β-CD, 9.844 mg/g), 2a 

(2023 SWE 100 °C with 3.0% β-CD, 8.890 mg/g), 1a (2017 SWE 100 °C and 

3.0% β-CD, 8.634 mg/g), 2f (2023 Soxhlet, 7.861 mg/g) and 1c (2017 SWE 200 

°C with 3.0% β-CD, 7.740 mg/g); for LUT were 2c (2023 SWE 200 °C with 3.0% 

β-CD, 4.234 mg/g) and 2a (2023 SWE 100 °C with 3.0% β-CD, 3.674 mg/g); for 

3OMQ were 2f (2023 Soxhlet, 13.03 mg/g), 2c (2023 PHWE 200 °C with 3.0% β-

CD, 11.88 mg/g), 2a (2023 PHWE 100 °C with 3.0% β-CD, 11.261 mg/g), 1f (2017 

Soxhlet, 11.0131 mg/g) and 2e (2023 dynamic maceration, 10.321 mg/g); and for 

ACB were 2a (2023 PHWE 100 °C with 3.0% β-CD, 4.919 mg/g) and 2c (2023 

PHWE 200 °C with 3.0% β-CD, 4.5140 mg/g). 

These data demonstrate a correlation between the results showed in BBD, 

which β-CD increased SWE flavonoid extraction. The extraction QCT, LUT, 3-

OMQ and ACB was increased significantly for both samples, when compared with 

SWE the absence of β-CD. This difference is higher for 3OMQ. An interesting  

information from this study is that, in contrast to LUT and ACB, for QCT and 3-

OMQ a variation in temperature (100 to 200°C) determined low differences in  

SWE flavonoid extraction. However, in the optimized SWE/ β-CD extraction 

conditions, the plant collected in 2023 showed higher flavonoid concentration 

than that collected in 2017. 
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The results demonstrate, therefore that β-CD associated to SWE have an 

exceptional capacity to extract the flavonoid-aglycone from Achyrocline 

satureioides, including those in low concentration, such as LUT and ACB. The 

comparison between different extraction methods (SWE/β-CD, Soxhlet and 

dynamic maceration) demonstrated that the differences in extraction efficiency 

are not the same for all aglycones. For QCT, LUT and ACB, SWE/β-CD extraction 

showed superior efficiency compared to Soxhlet extraction and dynamic 

maceration. For 3-OMQ, Soxhlet was more efficient. 
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Table 5. Comparative results of different extraction conditions in 2 samples of A. satureioides collected in 2017 and 2023. 

Sample 
Extraction 

method 
Code Experimental condition 

Flavonoid in mg per g of plant material (arithmetic average ± standard deviation) 

QCT LUT 3OMQ ACB 

A
c
h

y
ro

c
li
n

e
 s

a
tu

re
io

id
e
s

 

1 

(2017) 

SWE 

1a 100 °C, 3% β-CD, 30 min 8.634 ± 0.5787AB 2.984 ± 0.04761C 8.390 ± 0.0942BCD 3.650 ± 0.1883C 

1b 100 °C, 0% β-CD, 30 min 3.026 ± 0.0093DE 0.890 ± 0.0953FG 3.886 ± 0.011723E 0.6479 ± 0.0264D 

1c 200 °C, 3% β-CD, 0 min 7.740 ± 0.3605AB 3.339 ± 0.1019BC 7.343 ± 0.0252CDE 4.068 ± 0.1968BC 

1d 200 °C, 0% β-CD, 0 min 2.509 ± 0.02707E 0.580 ± 0.00559G 4.372 ± 0.08124E 0.456 ± 0.00136E 

DM 1e EtOH 61% (v/v), 37 °C, 51h 4.880 ± 0.2863CD 1.240 ±0.06679EF 6.692 ±0.4188DE 1.421 ±0.08650D 

SOX 1f 
Ethyl acetate, 4h and 

methanol, 4h 
6.824 ± 0.0915BC 1.487 ± 0.00545DE 11.013 ± 0.0348ABC 0.548 ±0.01275E 

2 

(2023) 

SWE 

2a 100 °C, 3% β-CD, 30 min 8.890 ± 0.9389AB 3.674 ± 0.3362AB 11.261 ± 1.502AB 4.919 ± 0.5998A 

2b 100 °C, 0% β-CD, 30 min 2.722 ± 0.4128DE 1.633 ± 0.3612DE 8.390 ± 1.418BCD 1.314 ± 0.2079D 

2c 200 °C, 3% β-CD, 0 min 9.844 ± 1.488A 4.234 ± 0.2422A 11.880 ± 2.70AB 4.514 ± 0.0989AB 

2d 200 °C, 0% β-CD, 0 min 6.748 ± 1.093BC 1.881 ± 0.2441D 9.125 ± 1.2642BCD 1.017 ± 0.0740DE 

DM 2e EtOH 61% (v/v), 37 °C, 51h 7.263 ± 1.151B 2.022 ± 0.1562D 10.321 ± 0.971ABCD 1.391 ± 0.5026D 

SOX 2f 
Ethyl acetate, 4h and 

methanol, 4h 
7.861 ± 0.809AB 2.866 ± 0.243C 13.030 ± 1.89A 0.540 ± 0.0712E 

Experimental condition: plant:solvent ratio 1% (w/v), in triplicate. PHWE: 40 bar with carbon dioxide (CO2). EtOH: Ethanol. Averages that do not share the same 

uppercase letter considering the same flavonoid are significantly different by Tukey test (p < 0.05). The best recoveries are demonstrated in alphabetic order. 
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Figure 1. Results obtained by different extraction conditions of QCT, LUT, 3OMQ and ACB (mg/g of plant material) in triplicate. 

Codes for each extraction condition – 1a: 2017 PHWE 100 °C, 3.0% β-CD, 30 min; 1b: 2017 PHWE 100 °C, 0% β-CD, 30 min; 2a: 2023 PHWE 100 °C, 

3.0% β-CD, 30 min; 2b: 2023 PHWE 100 °C, 0% β-CD, 30 min; 1c: 2017 PHWE 200 °C, 3.0% β-CD, 0 min; 1d: 2017 PHWE 200 °C, 0% β-CD, 0 min; 2c: 

2023 PHWE 200 °C, 3.0% β-CD, 0 min; 2d: 2023 PHWE 200 °C, 0% β-CD, 0 min; 1e: 2017 DM EtOH 61% (v/v), 37 °C, 51 h; 2e: 2023 DM EtOH 61% (v/v), 

37 °C, 51 h; 1f: 2017 SOX Ethyl acetate 4h and Methanol 4h; 2f: 2023 SOX Ethyl acetate 4h and Methanol 4h. Averages that do not share the same 

uppercase letter considering the same flavonoid are significantly different by Tukey test (p < 0.05). The best recoveries are demonstrated in alphabetic order.  
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CONCLUSION 

The work proposes a new and efficient method for extracting bioactive 

molecules from plants by combining extraction with water in the sub-critical state 

(SWE) with β-cyclodextrin (β-CD). The SWE/β-CD method, applied to the 

extraction of flavonoid aglycones from Achyrocline satureioides, revealed 

superiority in extracting quercetin, luteolin and achyrobichalcone, compared to 

extraction in Sohxlet and dynamic maceration. The remarkable efficiency and 

advantages of the SWE/β-CD method open up numerous perspectives for its 

application to other plant constituents with low water solubility, especially heat-

labile ones. Studies are running in our laboratory to determine how SWE/β-CD 

improved the flavonoid aglycones amount, increasing their water solubility, 

stabilizing them, or both. 
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DISCUSSÃO GERAL 

 

A obtenção de compostos bioativos envolve uma variedade de técnicas 

extrativas, incluindo os métodos modernos mais sustentáveis como SWE. Essa 

técnica extrativa utiliza água como solvente para a extração de compostos 

bioativos, sendo considerada econômica e ambientalmente viável para 

moléculas moderadamente hidrossolúveis como flavonoides. Embora apresente 

vantagens como o tempo reduzido de extração e alta eficiência, seu emprego é 

limitado para compostos termolábeis pela aplicação de altas temperaturas. 

 Flavonoides compreendem uma classe de metabólitos secundários de 

origem vegetal amplamente utilizados para fins medicinais, cosméticos e 

alimentícios (DEL VALLE, 2004). As agliconas livres, devido a suas 

características estruturais são pouco solúveis em água e solúveis em solventes 

orgânicos moderadamente apolares. A utilização de SWE/PHWE tem sido 

amplamente investigada para esta classse de constituintes bioativos visando 

uma abordagem extrativa mais sustentável, como pode ser observado no artigo 

de revisão que constitui o capítulo II desta dissertação.  

 Por outro lado, ciclodextrinas (CD) são oligossacarídeos cíclicos 

provenientes da degradação enzimática do amido. São amplamente utilizadas 

pela sua capacidade de formar de complexos com diversas substâncias 

hidrofóbicas (JIN, 2013). A formação de complexos de inclusão depende de 

diversas características físico-químicas do hospedeiro (CD) e da molécula 

hóspede incluindo seu tamanho e configuração quimica espacial, que 

determinam a sua entrada total ou parcial na cavidade. Outras formas de 

interação também podem ser estabelecidas entre as ciclodextrinas e os 

constituintes, tais como o estabelecimento de complexos de não-inclusão ou 

formação de agregados que podem influenciar a sua estabilidade e solubilidade. 

Achyrocline satureioides é uma espécie de ocorrência na América do Sul, 

e utilizada como planta medicinal frequentemente na região sul do Brasil. Suas 

características químicas, farmacológicas e de desenvolvimento tecnológico 

estão sumarizadas em dois artigos de revisão (BIANCHI et al., 2023; RETTA et 

al., 2012). Entre os constituintes ativos encontrados em suas inflorescências 
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encontram-se as agliconas flavonoídicas quercetina (QCT), luteolina (LUT), 3-O-

metilquercetina (3OMQ) e achyrobichalcona (ACB), que apresentam baixa 

hidrossolubilidade (HOLZSCHUH et al., 2010; SIMÕES et al., 1988). Entre os 

métodos de extração relatados para sua extração, destacam-se por sua 

eficiência, a extração em Soxhlet que utiliza solventes orgânicos como 

diclorometano, acetato de etila e metanol (BIANCHI et al., 2020) e a maceração 

dinâmica que utiliza uma solução hidroetanólica 61% de etanol (v/v) (PITTOL et 

al., 2019). O primeiro tem a desvantagem de utilizar solventes orgânicos tóxicos 

para o ser humano e poluente para o meio ambiente, além de fazer uso de calor, 

fator determinante da degradação das agliconas (HOLZSCHUH et al., 2007). O 

segundo método, apesar de utilizar solvente eco-friendly, tem a desvantagem de 

que sua eliminação pode representar riscos de explosão, nas escalas piloto e 

industrial, quando o objetivo é a produção de extratos secos. 

Neste contexto, o presente trabalho tem como objetivo explorar as 

vantagens da extração com água no estado sub-crítico e propor meios de reduzir 

suas limitações. A experiência prévia do grupo na obtenção de complexos das 

agliconas flavonoidicas de Achyrocline satureioides com ciclodextrinas e o 

aumento da solubilidade resultante, mesmo quando estas encontram-se 

simultaneamente numa fração (PITTOL et al., 2022) serviu de inspiração para a 

elaboração da hipótese de trabalho. 

A hipótese central do trabalho foi, portanto, que a adição de βCD em meio 

extrativo por SWE seria capaz de influenciar positivamente a extração das 

agliconas flavonoidicas de Achyrocline satureioides em água no estado 

subcrítico, assim como protegê-las da degradação témica. Esta abordagem, 

inédita na literatura apresenta grande potencial de aplicação para outros 

constiuintes bioativos, especialmente os termolábeis. 

 A dissertação está organizada em três capítulos. O primeiro capítulo 

aborda aspectos que subsidiam a compreensão do trabalho. Aspectos relativos 

à espécie Achyrocline satureioides como denominação científica e regional, 

características químicas, morfológicas, ambientais, culturais e farmacológicas. 

Dentre os constituintes flavonoídicos presentes na espécie destacam-se as 

agliconas QCT, LUT, 3OMQ e ACB. A partir das informações apresentadas é 
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possível verificar que todas estas possuem ponto de fusão acima de 300 °C o 

que poderia ser indicativo de estabilidade térmica. No entanto, esse não é o 

único indicador de estabilidade térmica. A estrutura química e tipo de ligação são 

preponderantes nesse quesito, como bem observado por HOLZSCHUH et al. 

(2007) em estudo de estabilidade térmica de extratos da planta.  

Com relação a β-CD, seu ponto de fusão também é elevado e próximo a 

300 °C. Os diferentes métodos de complexação entre a β-CD e as agliconas 

flavonoídicas da espécie foram abordados em estudo de nosso grupo de 

pesquisa, que observou a viabilidade de complexação simultânea destas em 

extratos de A. satureioides (PITTOL et al., 2022). O último tópico do capítulo I 

refere-se à PHWE/SWE, ressaltando os principais aspectos relacionados às 

características inerentes da técnica como aplicação de elevadas temperatura e 

pressão para manutenção da água na sua forma líquida, agindo como agente 

extrator. No final do capítulo, considerando os possíveis efeitos indesejados pela 

utilização de temperaturas elevadas, é proposto, pela primeira vez, a adição de 

β-CD no meio extrativo para contorná-los e promover a extração e proteger as 

agliconas da degradação. 

O segundo capítulo está apresentado na forma de um artigo de revisão, 

que será submetido para publicação, que trata da extração de flavonoides por 

PHWE/SWE. Aborda os principais fatores que impactam o desenvolvimento e 

aplicação da técnica, detalhadamente. Observa-se que, para a extração de um 

mesmo flavonoide, os parâmetros de extração são determinantes, sendo que a 

partir da modulação nas variáveis é possível encontrar condições extrativas 

ideais.  A temperatura é o parâmetro considerado primordial para a extração de 

compostos e, de modo geral, substâncias mais apolares tendem a ser mais bem 

extraída em elevadas temperaturas enquanto as mais polares em baixas. Além 

da temperatura, outros fatores concorrem para definir a melhor condição de 

extração sendo geralmente relacionados a aspectos da própria amostra, tempo 

de extração, pressão, tipo de extrator utilizado, entre outros.  

A maior parte dos estudos faz uso de metodologias estatísticas, 

principalmente análises de superfície de resposta (RSM) em desenhos 

experimentais do tipo Box-Behnken Design (BBD) para determinar se os 
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resultados obtidos são explicados pelo modelo desenvolvido e qual as melhores 

combinações as variáveis considerando a resposta requerida. A partir do 

somatório de informações orientados pela revisão, obteve-se as principais 

variações de temperatura, pressão e tempo de extração, bem como 

conhecimentos relacionados à amostra quando aplicadas à PHWE/SWE. Dessa 

forma, foi possível indicar as variáveis temperatura e tempo de extração como 

fundamentais para a extração dos compostos de interesse, assim como as faixas 

máximas e mínimas de trabalho que foram empregadas nos experimentos 

posteriormente.  

O terceiro e último capítulo contém os resultados dos experimentos de 

extração das agliconas flavonoídicas de Achyrocline satureioides utilizando 

SWE. A SWE foi realizada em reator de alta temperatura e pressão no modo 

estático com parâmetros definidos em 40 bar, relação droga:solvente 1:100. Para 

estabelecer a melhor condição de extração foi aplicado o desenho experimental 

tipo Box Behenken Design (BBD), variando a temperatura (100, 150 e 200 °C), 

tempo após atingir a temperatura (0, 15 e 30 minutos) e concentração de β-CD 

(0,0, 1,5 e 3,0%, m/v). A variação da concentração de β-CD para os experimentos 

foi escolhida considerando que a solubilidade a 25 °C é em torno de 1,85% (m/v), 

ou seja, há resultados referentes aos pontos de não saturação e de saturação 

do sistema em temperatura ambiente.  

Os resultados de BBD demonstraram que o modelo se ajustou de forma 

diversa para os analitos minoritários (LUT e ACB) e majoritários (QCT e 3OMQ), 

sendo os últimos os que menos ajustaram-se ao modelo. A quantificação dos 

flavonoides-agliconas foi realizada por meio de cromatografia líquida de alta 

eficiência (CLAE). O parâmetro que foi preponderante na extração de todos as 

agliconas flavonoídicas foi a concentração de β-CD que aumentou a eficiência 

extrativa na maior concentração testada (3%, m/v). A partir disso, houve a 

otimização experimental que definiu a melhor extração de QCT e 3OMQ a 100 

°C e 30 minutos após o alcance do ponto subcrítico, enquanto LUT e ACB a 200 

°C e 0 minutos, ambos com 3% (m/v) de β-CD. Em suma, a capacidade preditiva 

(%) do modelo foi melhor para os analitos minoritários, havendo grande 

semelhança experimental com os valores preditos. Para os analitos majoritário, 
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o modelo não foi capaz de prever com grande precisão, no entanto, ambos 

tiveram recuperações superiores às preditas. 

Para configurar a aplicação das duas melhores condições definidas para 

os componentes minoritários e majoritários, respectivamente, duas amostras de 

A. satureioides (coletadas em 2017 e 2023) foram avaliadas. Além disto, estes 

resultados de extração por SWE foram comparados com a extração por dois 

outros métodos, extração em Soxhlet e maceração dinâmica. O resultado da 

comparação confirmou que a presença de β-CD em concentração de 3% (m/v) 

promoveu uma extração significativa para todos os analitos pelo método de 

SWE, mas proporcionalmente menor para 3OMQ. Esse fato pode estar ligado 

ao fato de que sua complexação com β-CD é limitada pela hidroxila do C3 

(SCHWINGEL et al., 2019).  A extração das agliconas flavonoídicas por SWE em 

presença de 3% (m/v) de β-CD apresentou eficiência superior na extração de 

todas as agliconas comparativamente ao método de maceração dinâmica e 

Sohxlet, exceto para a 3-OMQ em que este último logrou melhor eficiência. 

Na tentativa de elucidar o fenômeno de aumento da eficiencia de extração 

dos flavonoides com a adição de β-CD no meio de SWE, estudos preliminares 

utilizando ressonância magnética nuclear (RMN), calorimetria diferencial 

exploratória (DSC) e espectroscopia de massas de ionização por eletrospray 

(ESI-Q-TOF) estão sendo realizados. Entretanto o meio complexo do extrato e a 

alta concentração de β-CD, DSC e RMN tem sido as maiores limitações para 

obter resultados conclusivos. Além disto, foram realizadas análises de tamanho 

de partícula, índice de polidispersão e potencial zeta, mas os resultados ainda 

não são conclusivos. Esses resultados preliminares estão apresentados no 

Anexo I da dissertação. 

Em seu conjunto, os resultados do trabalho demonstraram que a hipótese 

central formulada nesta dissertação foi comprovada. A associação de SWE com 

β-CD propiciou um aumento significativo no teor de todos os flavonoides-

agliconas de Achyrocline satureioides, QCT, 3OMQ, LUT e ACB na solução 

extrativa, comparativamente à SWE em ausência β-CD. Este efeito está 

possivelmente relacionado ao aumento da solubilidade destas agliconas, pela 

sua complexação com ciclodextrinas (PITTOL et al., 2022) e/ou prevenção de 
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sua termodegradação, relatada para algumas dessas agliconas em estudo de 

estabilidade de extratos da espécie por Holzschuh et al. (2007). Estudos estão 

em curso para explicar como ocorre esse efeito altamente positivo da 

ciclodextrina sobre a efIciência extrativa do método SWE/β-CD para os analitos 

estudados.  

A comparação do método SWE/β-CD com dois outros métodos extrativos 

evidenciou a sua superioridade em eficiência de extração de QCT, LUT e ACB.  

A aplicação dos métodos a duas amostras da espécie do mesmo cultivar e 

diferente ano de coleta (2017 e 2023), revelaram que a coletada mais 

recentemente apresentou teores superiores de flavonoides, mas que houve 

proporcionalidade entre os métodos nos dois anos avaliados.  Considerando as 

vantagens trazidas por SWE/PHWE como o uso de água como solvente e 

tempos reduzidos de extração, sua associação com β-CD propiciou um aumento 

significativo na extração de QCT, LUT e ACB oriundos da A. satureioides, 

possivelmente pelo aumento de sua solubilidade e prevenção de sua 

degradação.  
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CONCLUSÕES 

 

• A associação entre extração com água no estado subcrítico e β-

ciclodextrina (SWE/β-CD) resultou em extração mais eficiente das 

agliconas flavonoídicas quercetina (QCT), luteolina (LUT) e 3-O-

metilquercetina (3OMQ), além da achyrobichalcona (ACB) a partir de 

inflorescências de Achyrocline satureioides, quando comparado à 

extração SWE, em ausência de β-CD, corroborando a hipótese central 

formulada na dissertação. 

• O desenho experimental Box Behenken Design indicou que a influência 

positiva da β-CD sobre a extração das agliconas flavonoídicas foi maior 

quando usada na concentração mais elevada de 3% (m/v). 

• A otimização do método de extração por BBD revelou que as melhores 

condições de extração para as diferentes agliconas não são idênticas, 

exceto pela presença de 3% (m/v) de β-CD. Para QCT e 3OMQ as 

condições de SWE 100 °C, 30 minutos foi a melhor enquanto para LUT e 

ACB foi SWE a 200 °C, 0 minutos. O tempo para alcançar a temperatura 

de 100°C ou 200°C foi de 67 ± 15 minutos. 

• A comparação entre SWE/ β-CD e os métodos de extração por Soxhlet e 

maceração dinâmica demonstrou que as diferenças na eficiência de 

extração não são as mesmas para todas as agliconas. Para LUT e ACB 

a extração SWE/β-CD apresentou eficiência superior àquelas 

apresentadas pelos outros dois métodos. Na condição otimizada para os 

analitos QCT e 3-OMQ a extração SWE/β-CD foi mais eficiente para a 

QCT comparativamente aos dois outros métodos, mas menos eficiente 

para a extração de 3-OMQ que a extração em Soxhlet. 

• As amostras da espécie coletadas em 2017 e 2023, do mesmo cultivar e 

local de cultivo, apresentaram diferenças no que se refere ao teor dos 

analitos, mas o perfil de extração foi proporcional nos diversos métodos 

extrativos.  

• O teor de flavonoides extraídos nas condições otimizadas de SWE/BCD 

demonstrou ser estatisticamente idêntica para a mesma amostra e 

analito. 

• A comparação entre SWE/β-CD, extração em Soxhlet e maceração 
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dinâmica demonstrou que o método SWE/β-CD  foi o mais eficiente para 

todas as agliconas, exceto para a 3-OMQ em que a extração em Soxhlet 

logrou maior eficiência.  

• Em suma, a dissertação propõe um novo método extrativo eco-friendly 

associando extração com água no estado subcrítico com β-ciclodextrina 

(SWE/β-CD) aplicado à extração de agliconas flavonoídicas de 

Achyrocline satureioides. Sua remarcada eficiência e vantagens abre 

perspectivas para sua aplicação a outros analitos de baixa 

hidrossolubilidade, em especial os termolábeis.
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ANEXO I – MATERIAL SUPLEMENTAR 

 

 

 

Figure 1: Calibration curves of QCT, LUT, 3OMQ and ACB by HPLC.  
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For characterizing the final SWE/β-CD product, differential scanning 

calorimetry (DSC), nuclear magnetic resonance (H1NMR), and Droplet Size, 

polydispersity index, and zeta potential were performed. Electrospray ionization-

mass spectroscopy (ESI-MS) will be completed as soon as possible. 

 

Thermal analysis 

Differential Scanning Calorimetry (DSC) analysis was performed in a DSC-

60 calorimeter (Shimadzu Co., Kyoto, Japan). The samples were accurately 

weighted (1 to 2 mg) and sealed in a crimped aluminum pan, compared with an 

empty reference. The analysis was conducted under a dynamic nitrogen 

atmosphere of 50 mL.min-1 with a heating rate of 10 °C.min-1, starting the heat 

scanning from 25 to 300 °C. The data were analyzed using TA Analysis Software. 

 

Nuclear magnetic resonance spectroscopy  

NMR analyses were recorded using Bruker 400 MHz equipment (DRX400-

AVANCE) operating at room temperature. One-dimension 1H and 2D-Roesy 

spectra were acquired with a spectral width of 8012.8 and 4000.0 Hz, pulse 

sequences of zg30/noesygppr1d and roesyetgp, acquisition time of 2.044 and 

0.256 s, with a scan number (sn) of 32 and 16, respectively. The samples (SWE 

extract/β-CD) were prepared with deuterium oxide (D2O). Data were processed 

using MestReNova® 15.0 software (Mestrelab Research©, Santiago de 

Compostela, GA, Spain). 

 

Electrospray ionization-mass spectrocopy 

The analyses of electrospray ionization-mass spectroscopy were 

performed in a micrOTOF-Q III (Bruker Daltonics, Bremen, Germany) equipped 

with an ESI interface operating in positive ion mode previously calibrated with 

sodium formate (10mM) solution. SWE 2023 with β-CD samples were dissolved 

in ultrapure water before direct injection. The analysis was performed with the aid 

of an infusion pump with syringe. The analytical conditions of ESI-Q-TOF were 
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drying gas (nitrogen) at 200 °C and and flow rate of 4 L.min-1, with a nebulizing 

gas (nitrogen) pressure of 0.4 bar. The detection mass ranges from 20 to 1000 

m/z was acquired with a spectra rate of 1.00 Hz. The results were performed and 

analyzed using Data Analysis 4.3 software (Bruker Daltonics, Bremen, Germany). 

 

Droplet Size, polydispersity index, and zeta potential 

 The zeta potential and particle size/distribution measurements were 

performed on a Zetasizer model Nanoseries ZN90 (Malvern Instruments, 

Westborought, MA, USA). The samples were immeaditely dissolved before 

analysis in ultrapure water ate 25 °C in a 1:100 (w/v) ratio, followed by ultrasonic 

bath for 15 min (RODRIGUES et al., 2019). All measurements were in triplicate. 

 

Analitycal characterization  

 

Thermal analysis  

The differential scanning calorimetry (DSC) curves were represented in 

Figure 2. It is pronounced that the thermal profile of isolated compound QCT (I) 

LUT (II), 3OMQ (III), ACB (IV) and flavonoids extracted with β-CD (2023 PHWE 

100°C, 3% β-CD, 30 min – V; 2023 PHWE 200°C, 3% β-CD, 0 min – VI) shows 

a different profile, with considerable similarity to β-CD isolated (VII). This fact can 

be explained by the high amount of β-CD present in the associated form. 

Analyzing the curves, endothermic events were pronounced around 80 – 120°C 

for I, IV, V, VI and VII corresponding to its dehydration. QCT present an intense 

peak related to its dihydrate form. The second peaks corresponding to the melting 

point in each curve occur around 250°C (IV), 280°C (III), 300°C (V, VI), 315 – 

325°C (I, II). Exothermic events were observed above 300°C, with maximum 

approximately in 330°C (V, VII), 350°C (I, II, III, VI) corresponding to 

decomposition process. For ACB more studies about its thermal events are 

required to understand the decompose phenomenon. These results are in 

consonance with previously studies for QCT (MOREIRA DA COSTA et al, 2001), 
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LUT (ZAFAR et al., 2023), 3OMQ (PITTOL et al., 2022) and β-CD (SPECOGNA 

et al., 2015). 

 

Figure 2. The differential scanning calorimetry (DSC) curves of (I) quercetin, (II) 

luteolin, (III) 3-O-methylquercetin, (IV) achyrobichalcone, (V) 2023 PHWE 100°C 

with 3% β-cyclodextrin, (VI) 2023 PHWE 200 °C with 3.0% β-cyclodextrin, and 

(VII) β-cyclodextrin. 

 

Nuclear magnetic resonance spectroscopy  

 The nuclear magnetic resonance (NMR) spectra (1H, Cosy and Roesy) 

obtained for PHWE 2023 samples with 3.0% β-CD at 100 and 200 °C were 

basically the same. One-dimension 1H shows a high intensity peak in 4.71ppm 

referent to solvent (D2O) and the predominant profile in spectrum is referent to β-

CD (H-1, 4.97 – 4.98ppm), (H-3, 3.84 – 3.89ppm), (H-6, 3.78pmm), (H-5, 

3.75pmm), and (H-2, 3.53 – 3.57ppm), and (H-4, 3.51 – 3.47pmm) (SCHNEIDER 

et al., 1998). Considering the peaks profile from β-CD isolated it is pronounced 

that there is a chemical shift to left on the spectrum (ZHUMAKOVA et al., 2022). 
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Other peaks with a lower intensity can be visualized but not precisely represent 

some isolated flavonoid of interest since there are not signals higher than 5.31 

ppm and the basic flavonoid structure provide signals higher than 6.00 ppm 

principally from the aromatic rings (PITTOL et al., 2022).  

In short, 2D experiment COSY is primarily used to determine spin 

connectivities between directly bound protons in a molecule, while ROESY is 

used to investigate the spatial interactions between nearby protons in the three-

dimensional space of the molecule, regardless of whether it is directly bound. 2D-

Cosy shows that β-CD present a coupling of H-2 with H-3 and H1 as expected. 

2D-Roesy was performed to elucidate the possibles interaction between 

compounds but only β-CD were visualized showing an interaction of H-4 with H-

2 and H-1, as expected as well. The concentration of samples was tested in 40 

mg/mL was not effective for the investigation between flavonoids and β-CD 

interactions. 

 

Electrospray ionization-mass spectrocopy 

(On going) 

 

Droplet Size, polydispersity index, and zeta potential 

 The self-organization of cyclodextrins can improve solubility of 

hydrophobic molecules (RODRIGUES et al., 2019). Considering that, zeta 

potential and particle size/distribution measurements were performed to verify the 

possibility of aggregation formation. The characterization of samples showed a 

droplet size (Z) higher for PHWE than for β-CD itself. PHWE at 100 °C 

demonstrate a tendency to form structures higher than nanometric scale (Z> 

1000 d.nm) with high polydispersity index (PDI), and low zeta potential (ZP). This 

round can indicate the formation of aggregates with high variety of sizes and less 

stability than β-CD alone. 

 

 



124 

 

 

 

Table 1. Mean values of droplet size (Z, d.nm), polydispersity index (PDI, and 

zeta potential (ZP, mV). 

Sample Z (d.nm) PDI ZP (mV) 

β-CD 236.73 ± 23.20 0.478 ± 0.047 -40.07 ± 2.27 

2023 PHWE 100 °C, 3% β-CD, 30 min 1041.00 ± 9.33 0.719 ± 0.067 -7.60 ± 27.11 

2023 PHWE 200 °C, 3% β-CD, 0 min 389.83 ± 12.58 0.460 ± 0.032 -17.00 ± 0.36 
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Figure 3: NMR of 2023 PHWE 3% β-CD (a One dimension 1H; b COSY; c ROESY). 

 

aOne-dimension 1H 
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b2D- COSY 
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c2D-ROESY 


