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RESUMO 

Devido ao alto teor de ácidos graxos saturados o consumo excessivo de produtos cárneos pode 

aumentar o risco do surgimento de doenças crônicas. Desta forma, para conferir características 

mais saudáveis aos produtos cárneos, este estudo teve por objetivo melhorar o seu perfil 

lipídico. Óleos com altos teores de ácidos graxos ômega-3 foram aplicados na forma 

microencapsulada e hidrogelificada como substitutos de gordura animal em hambúrgueres. Na 

primeira parte do estudo foi avaliada a estabilidade oxidativa de óleo de chia enriquecido com 

alecrim por extração assistida por ultrassom (EAU) e por maceração convencional (CME). 

Nesta etapa foi possível observar alta concentração de compostos bioativos presentes nos óleos 

macerados, tanto por EAU quanto por CME. Na sequência, o óleo de chia foi microencapsulado 

e usado para substituir 50 % de gordura em hambúrgueres. Os resultados obtidos através da 

incorporação direta do alecrim no óleo de chia por EAU antes da microencapsulação mostraram 

que esta é uma alternativa viável para reduzir a oxidação lipídica. A redução da oxidação 

lipídica das microcápsulas possibilitou substituir a gordura animal em hambúrgueres por óleos 

ricos em n-3 PUFAs, sem comprometer sua qualidade oxidativa e sensorial. Na segunda etapa 

foram elaborados hambúrgueres (20 % de toucinho) com a substituição de 0, 20, 40, 60, 80 e 

100 % de toucinho por emulsão hidrogelificada (HE) de óleos de chia e de linhaça (50:50). A 

substituição do toucinho suíno por HE não afetou as propriedades tecnológicas dos 

hambúrgueres. O perfil sensorial demonstrou que é possível substituir até 60 % de toucinho por 

HE produzido neste estudo. No entanto, melhorias na estabilidade oxidativa da HE de óleos de 

chia e linhaça se fizeram necessárias. Desta maneira, na terceira etapa, a HE foi enriquecida nas 

concentrações de 6, 8 e 10 % com um extrato aquoso de casca de jabuticaba (ECJ) obtido por 

extração por micro-ondas por hidrodifusão e gravidade (MHG). O HE enriquecido com ECJ foi 

aplicado como substituto de 60 % do teor de gordura de hambúrgueres. A adição de 10 % de 

ECJ na HE foi eficaz em manter uma oxidação lipídica semelhante ao controle até o 60º dia de 

armazenamento. Além disso, a incorporação do JPE no HE reduziu os defeitos sensoriais 

causados pela reformulação lipídica. Buscando melhorias através da incorporação de 

antioxidantes naturais, na quarta etapa deste trabalho, resíduos de extratos de casca de erva-

mate (BMBE) foram testados para aplicação no HE e posterior substituição lipídica nos 

hambúrgueres. A qualidade sensorial dos hambúrgueres não foi afetada pela adição de HE de 

óleo de chia enriquecido com BMBE. Além disso, a adição de BMBE ao HE reduziu 

parcialmente o aumento da oxidação lipídica causado pelo aumento na razão PUFA / SFA. 

Desta maneira, no presente estudo foram desenvolvidas com sucesso novas estratégias e 



soluções tecnológicas consistentes no âmbito industrial para redução da gordura saturada em 

hambúrgueres, resultando em produtos mais saudáveis e de elevada qualidade sensorial.  

 

Palavras-chave: ácidos graxos saturados (SFA); ácidos graxos monoinsaturados 

(MUFA); ácidos graxos poliinsaturados (PUFA); microencapsulação; gelatinização; 

compostos bioativos; produtos cárneos saudáveis; qualidade nutricional; óleos saudáveis. 

  



ABSTRACT 

Due to the high content of saturated fatty acids, the excessive consumption of meat products 

can increase the risk of chronic diseases. Thus, to confer healthier characteristics to meat 

products, this study aimed to improve their lipid profile. Oils with high levels of omega-3 fatty 

acids were applied in microencapsulated and hydrogelified form as animal fat substitutes in 

burgers. In the first part of the study the oxidative stability of rosemary-enriched chia oil was 

evaluated by ultrasound-assisted extraction (UAE) and conventional maceration (CME). In this 

step it was possible to observe a high concentration of bioactive compounds present in the 

macerated oils, both by UAE and CME. Then, the chia oil was microencapsulated and used to 

replace 50% of fat in burgers. The results obtained by directly incorporating rosemary into chia 

oil by UAE prior to microencapsulation showed that this is a viable alternative to reduce lipid 

oxidation. The reduction of lipid oxidation in microcapsules made it possible to replace animal 

fat in burgers with oils rich in n-3 PUFAs, without compromising their oxidative and sensory 

quality. In the second step, burgers (20 % pork back fat) were prepared with the replacement of 

0, 20, 40, 60, 80 and 100 % pork back fat by hydrogelified emulsion (HE) of chia and flaxseed 

oils (50:50). The substitution of pork back fat with HE did not affect the technological 

properties of the burgers. The sensory profile showed that it is possible to replace up to 60 % 

of fat with HE produced in this study. However, improvements in the oxidative stability of HE 

from chia and flaxseed oils were necessary. Thus, in the third step, HE was enriched at 

concentrations of 6, 8 and 10 % with an aqueous jabuticaba peel extract (JPE) obtained by 

microwave extraction by hydrodiffusion and gravity (MHG). The HEenriched with JPE was 

applied to replace 60 % of animal fat content of the burgers. The addition of 10 % JPE in HE 

was effective in maintaining lipid oxidation similar to the control until the 60th day of storage. 

Furthermore, incorporation of JPE into HE reduced sensory defects caused by lipid 

reformulation. Seeking improvements through the incorporation of natural antioxidants, in the 

fourth step of this work, residues of yerba mate bark extracts (BMBE) were tested for 

application in HE and subsequent lipid replacement in burgers. The sensory quality of the 

burgers was not affected by HE addition of chia oil enriched with BMBE. Furthermore, the 

addition of BMBE to HE partially reduced the increase in lipid oxidation caused by the increase 

in PUFA / SFA ratio. Thus, in the present study, new strategies and consistent technological 

solutions were successfully developed at the industrial level for reducing saturated fat in 

burgers, resulting in healthier products with high sensory quality.  

 



Keywords: saturated fatty acid (SFA); monounsaturated fatty acids (MUFA); 

polyunsaturated fatty acid (PUFA); microencapsulation; gelation; bioactive compounds; 

healthier meat products; nutritional quality; healthy oil. 
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1. APRESENTAÇÃO 

 

Esta tese de doutorado segue as normas estabelecidas na Estrutura e Apresentação de 

Monografias, Dissertações e Teses - MDT da UFSM (UFSM, 2015). Os resultados obtidos 

durante os anos de doutoramento são apresentados na forma de seis artigos científicos e um 

capítulo de livro. 

O primeiro capítulo apresentará um artigo de revisão publicado na revista Current 

Opinion in Food Science no ano de 2021 intitulado “Microencapsulation of healthier oils: an 

efficient strategy to improve the lipid profile of meat products” que apresenta informações sobre 

estudos recentes sobre a microencapsulação de óleos mais saudáveis como estratégia para 

melhorar o perfil lipídico de produtos cárneos. 

Da mesma forma, o segundo capítulo intitulado “Replacement of saturated fatty acids 

by healthy oils to improve the nutritional quality of meat products” é um capítulo que será 

publicado no livro intitulado “Food lipids: sources, health implications, and future trends” da 

Editora Elsevier. Este capítulo aborda as estratégias recentes utilizadas para incorporar óleos 

saudáveis em produtos cárneos e o efeito na saúde de diferentes tipos de ácidos graxos e a 

qualidade nutricional dos principais óleos saudáveis usados em formulações de produtos 

cárneos. 

O terceiro capítulo intitulado “Oxidative stability of burgers containing chia oil 

microparticles enriched with rosemary by green-extraction techniques” publicado em 2018 na 

revista Meat Science apresenta um estudo sobre a estabilidade oxidativa de óleos de chia 

enriquecidos com alecrim por extração assistida por ultrassom (UAE) e por maceração 

convencional (CME). O óleo de chia enriquecido com alecrim pelos UAE ou CME foi 

microencapsulado e usado para substituir 50 % de gordura em hambúrgueres.  

Na mesma linha, o quarto capítulo intitulado “Volatile compounds and sensory profile 

of burgers with 50 % fat replacement by microparticles of chia oil enriched with Rosemary” 

trará um artigo publicado na revista Meat Science em 2019 que trata da incorporação direta de 

alecrim no óleo de chia (CO) realizada por extração assistida por ultrassom (UAE) e extração 

por maceração convencional (CME). O CO microencapsulado foi utilizado em hambúrgueres 

e os compostos voláteis e as propriedades sensoriais (Check-All That-Apply e aceitação global) 

foram avaliadas nos dias 1 e 120 de armazenamento sob congelamento. 
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No quinto capítulo da tese será encontrado o artigo intitulado “Hydrogelled emulsion 

from chia and linseed oils: A promising strategy to produce low-fat burgers with a healthier 

lipid profile” publicado na revista Meat Science em 2019 e que traz a substituição de 0, 20, 40, 

60, 80 e 100 % de toucinho por emulsão hidrogelificada (HE) dos óleos de chia e linhaça. 

No sexto capítulo intitulado “Jabuticaba peel extract obtained by microwave 

hydrodiffusion and gravity extraction: A green strategy to improve the oxidative and sensory 

stability of beef burgers produced with healthier oils” publicado em 2020 na revista Meat 

Science foi realizada a inserção do extrato de casca de jabuticaba (JPE) obtido por extração de 

microondas por hidrodifusão e gravidade (MHG) em emulsão hidrogelificada e posterior 

aplicação em hambúrgueres.  

Finalizando os capítulos desta tese, o sétimo capítulo publicado na revista Meat Science 

em 2021 intitula-se “Lipid oxidation and sensory quality of Omega-3 rich buffalo burgers 

enriched with chlorogenic acids from the mate (Ilex paraguariensis) tree harvesting residues”. 

Neste capitulo foi realizada a adição do extrato liofilizado da casca de ramos de erva-mate 

(BMBE) ao óleo de chia sob forma de emulsão hidrogelificada e usado para substituir 50 % de 

toucinho em hambúrgueres. 

Ao final desta tese, encontram-se os itens discussão geral, conclusão geral e 

considerações finais a respeito dos resultados apresentados nos artigos científicos.  
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2. INTRODUÇÃO  

 

O hambúrguer é um produto cárneo amplamente consumido em diversos países. Uma 

prova disto é que um único fast food vende anualmente mais de 100 bilhões de unidades ao 

redor do mundo com uma taxa de 75 hambúrgueres por segundo (SPENCER; FRANK; 

MCINTOSH, 2005). Como principais razões para este alto consumo, se pode citar as suas 

características sensoriais agradáveis, praticidade de consumo e alto teor proteico 

(RAMADHAN; HUDA; AHMAD, 2011). Apesar da legislação brasileira permitir a adição de 

uma infinidade de aditivos e ingredientes, os mais comumente encontrados em hambúrgueres 

brasileiros são condimentos (alho e cebola), proteínas de origem vegetal (principalmente 

proteínas derivadas da soja), aromatizantes, estabilizantes (fosfato e seus derivados), 

antioxidantes (ascorbato e seus derivados) e corantes naturais. 

No entanto, a qualidade nutricional deste produto é questionada por especialistas da área 

da saúde, já que contém uma alta quantidade de gordura animal (até 30%). Além de aumentar 

o valor calórico, esta gordura animal também aumenta a concentração de ácidos graxos 

saturados (SFA) do produto. Assim, o consumo frequente de hambúrgueres pode aumentar a 

incidência de obesidade, doenças cardiovasculares e alguns tipos de câncer (KAEFERSTEIN; 

CLUGSTON, 1995). Além disso, pelo fato de possuir uma maior proporção de n-6 PUFAs do 

que n-3 PUFAs (VALENCAK et al., 2015), a gordura animal também aumenta a relação n-6/n-

3 PUFAs. Este desequilíbrio nos teores de PUFAs pode ocasionar o surgimento de várias 

doenças crônicas (BEECHER, 1999).  

Desta forma, a substituição de uma parte da gordura animal por óleos com altos teores 

de ácidos graxos ômega-3 pode conferir aos produtos cárneos características mais saudáveis, 

pois o consumo deste tipo de ácido pode reduzir os fatores de risco relacionados com o 

surgimento de doenças cardiovasculares (CHAUDHARY et al., 2016). Os óleos de chia e de 

linhaça são interessantes para essa substituição, uma vez que contêm cerca de 60 % de ácido α-

linolênico em seu perfil lipídico (BODOIRA; PENCI; RIBOTTA; MARTÍNEZ, 2017; 

RUBILAR et al.; 2012). Alguns autores investigaram esses óleos, incluindo Gómez-Estaca et 

al. (2019) e Heck et al. (2017), que usaram óleo de chia e linhaça como substituto de gordura 

animal em produtos cárneos cozidos. Os produtos cárneos apresentaram uma alta relação PUFA 

/ SFA e baixa relação n-6/ n-3, demonstrando assim que os óleos de chia e de linhaça podem 

ser uma boa alternativa para melhorar o perfil lipídico. No entanto, apesar dos potenciais 

benefícios para a saúde, alguns problemas tecnológicos e sensoriais foram relatados. 
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Alguns estudos sobre estratégias para aumentar a estabilidade oxidativa e prevenir a 

degradação térmica de óleos ricos em ácidos graxos n-3 já foram realizados. Uma das 

alternativas é utilizar a microencapsulação, que consiste basicamente na produção de 

micropartículas onde o material do núcleo é revestido com um agente microencapsulador 

(CHAMPAGNE; FUSTIER, 2007). Dentre as diversas técnicas de microencapsulação, a 

gelificação iônica externa utilizando alginato como agente microencapsulante permitiu a 

produção de micropartículas resistentes a altas temperaturas e com liberação controlada dos 

compostos ativos no intestino humano (HECK et al, 2017). O uso de óleos microencapsulados 

pode ser uma alternativa viável para o enriquecimento de produtos cárneos com ácidos graxos 

n-3. Outro método que tem mostrado bons resultados no aprisionamento de óleos vegetais é o 

da emulsão hidrogelificada (HE). HEs são sistemas semi-sólidos, nos quais uma fase líquida 

hidrofóbica é imobilizada em um ambiente tridimensional de sólidos lipofílicos (agentes 

gelificantes) (CO; MARANGONI, 2012). Entre as diferentes maneiras de preparar HE, as 

emulsões óleo-em-água (O / W) são as mais estudadas devido à relativa facilidade de preparo 

e baixo custo (SANDOVAL-SALCEDO et al., 2015). Além disso, a carragena usada como 

agente de gelificação é descrita na literatura como um importante agente para melhorar a 

estabilidade e a textura de produtos cárneos com baixo teor de gordura (AYADI; KECHAOU; 

MAKNI; ATTIA, 2009; LURUENA-MARTÍNEZ; VIVAR-QUINTANA; REVILLA, 2004). 

Além de utilizar estratégias para reter os óleos ricos em ácidos graxos n-3, uma 

constante preocupação dos pesquisadores é em relação a estabilidade oxidativa destes óleos no 

interior da matriz cárnea. Uma alternativa seria o uso de antioxidantes naturais e, assim, 

possibilitar a aplicação desses óleos em alimentos com um perfil de ácidos graxos 

nutricionalmente desfavorável (FERNANDES; TRINDADE; LORENZO; DE MELO, 2018; 

MUNEKATA et al.; 2017). Os métodos mais comuns de extração de antioxidantes naturais 

empregam grandes quantidades de solventes tóxicos, como o etanol e o metanol (YARA-

VARÓN; LI; BALCELLS; CANELA- GARAYOA; CHEMAT, 2017). As técnicas de extração 

verde foram desenvolvidas e otimizadas nos últimos anos. Neste contexto, a extração assistida 

por ultrassom (EAU) tem sido utilizada com sucesso para extração de compostos bioativos. As 

vantagens da EAU, quando comparadas aos métodos de extração por solvente, incluem 

economia de tempo e aumento da atividade antioxidante (ZBANCIOC; MANGALAGIU; 

MOLDOVEANU, 2015; ZHOU et al., 2016). A cavitação na superfície do material de origem 

pode levar a descamação superficial, erosão e quebra de partículas, aumentando assim o 

processo de transferência de massa (CHEMAT et al., 2017). A extração em micro-ondas por 

hidrodifusão e gravidade (MHG) é outro método eficaz para extrair compostos bioativos de 
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matrizes vegetais. Neste método a força da gravidade é utilizada para acelerar o processo de 

extração. De uma maneira geral, a extração por MHG consiste em colocar o material vegetal 

em um forno de micro-ondas e o seu aquecimento interno irá provocar o rompimento das células 

onde se encontram os óleos essenciais. Da mesma maneira que o método da EAU, o método de 

extração por MHG é conhecido como ambientalmente amigável, pois reduz a geração de 

resíduos e o consumo de energia e elimina ou reduz o uso de solventes tóxicos (CHEMAT et 

al., 2017).  

Diante do exposto anteriormente, a inserção de óleos ricos em ácidos graxos n-3 na 

forma de microcápsulas ou estruturados como emulsão hidrogelificada pode efetivamente 

mimetizar a funcionalidade da gordura animal em produtos cárneos, com o diferencial de ter 

um perfil lipídico mais saudável (KOUZOUNIS; LAZARIDOU; KATSANIDIS, 2017). No 

entanto, há poucos relatos sobre o efeito que o tratamento térmico provoca no perfil de ácidos 

graxos dos óleos microencapsulados e hidrogelificados. Além disso, os efeitos que os óleos 

microencapsulados e hidrogelificados provocam no perfil sensorial de hambúrgueres são pouco 

explorados na literatura, o que dificulta estratégias para melhorar a qualidade sensorial desse 

tipo de produto. Por outro lado, a incorporação de antioxidantes naturais em óleos ricos em 

ácidos graxos n-3 através das técnicas de extração sem solvente EAU e MHG tem sido pouco 

explorada. Deste modo, a realização deste estudo é um importante passo para preencher lacunas 

e nortear a reformulação lipídica de produtos cárneos cozidos. 
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3. OBJETIVOS 

 

3.1 OBJETIVOS GERAIS 

 

Avaliar a aplicação de óleos ricos em ácidos graxos n-3 na forma microencapsulada e 

hidrogelificada nas propriedades nutricionais, oxidativas, sensoriais e tecnológicas de 

hambúrgueres com reduzido teor de gordura.  

 

3.2. OBJETIVOS ESPECIFICOS 

 

 Avaliar o efeito da substituição de toucinho por microcápsulas de óleo de chia enriquecidas 

com compostos bioativos do alecrim através da extração assistida por ultrassom (EAU) e 

maceração convencional (CME) na qualidade oxidativa de hambúrgueres durante o 

armazenamento.  

 Investigar as mudanças nos compostos voláteis e no perfil sensorial de hambúrgueres 

causados pela substituição de 50 % de toucinho por microcápsulas de óleo de chia 

enriquecido com alecrim por EAU e CME. 

 Avaliar as propriedades físico-químicas, oxidativas, tecnológicas, nutricionais e sensoriais 

de hambúrgueres com substituição parcial e total de toucinho por emulsão hidrogelificada 

(HE) de óleo de chia e de linhaça.  

 Investigar os parâmetros de qualidade, oxidação lipídica e perfil sensorial de hambúrgueres 

com substituição de 60 % de gordura animal por HE enriquecida com extrato de casca de 

jabuticaba obtido por MHG. 

 Avaliar os principais atributos de qualidade tecnológica, oxidativa e sensorial de 

hambúrgueres com substituição de 50 % de toucinho por HE adicionada de extrato 

elaborado com resíduos da colheita de erva-mate.  
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Meat products have high SFAs levels and a high n-6/n-3 ratio,

with negative effects on human health. The replacement of

animal fat by oils rich in n-3 PUFAs is an efficient strategy to

improve the lipid profile of meat products. However, the

technological properties, oxidative stability, and sensory

quality of meat products can be impaired by this lipid

reformulation. Recently, microencapsulation has stood out as a

promising tool to improve the oxidative stability of oils, allowing

their application in meat products. Considering the growing

interest in this topic among the population, this short-review

aims to highlight the recent studies on the microencapsulation

of healthier oils as a strategy to improve the lipid profile of meat

products.
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Introduction
Pork back fat is the main source of fat used in the

manufacture of meat products. The level of addition

depends on the type of meat product, which can reach

up to 50% in extreme cases. The improvement in the

sensory and technological quality of products and

the reduction of production costs are the main reasons

for the wide use of pork back fat in the meat industry.

However, pork back fat has a high content (�20–28%) of

palmitic acid (16:0) and a high n-6 polyunsaturated fatty

acids (PUFAs)/ n-3 PUFAs (n-6/n-3) ratio (�10–17) [1�,2].
Therefore, excessive consumption of meat products with

a high content of pork back fat may increase risk factors

related to the onset of cardiovascular diseases [3–5].

Several studies have been carried out in an attempt to

improve the nutritional quality of meat products by modi-

fying their fatty acid profile through the incorporation of

healthier oils [6–11]. An effective approach is to partially

replace pork back fat with oils rich in n-3 PUFAs [12–17].

The main advantage of this approach is the increase in the

PUFA/saturated fatty acids ratio (PUFA/SFA) and

the reduction of n-6/n-3 ratio [18–22]. However, the

technological and sensory quality of the final product is

dramatically impaired when liquid oils are used in the

formulations. In addition, liquid oils are quickly oxidized

during the processing of meat products, which brings

double damage to the consumers’ health since besides

degrading the n-3 PUFAs, the oxidation can also generate

toxic products [23].

Microencapsulation is a physical barrier to protect bioactive

compounds from the degradation reactions [24]. This

technology can be considered one of the most promising

alternatives to increase oxidative stability and prevent the

thermal degradation of oils rich in n-3 PUFAs. In this

context, healthier oils can be applied to meat products that

have a nutritionally unfavorable fatty acid profile. Oil

microparticles have a functional quality similar to pork

back fat, which is important for maintaining the technolog-

ical properties of the product [25,26]. Although various

microencapsulation techniques have been used worldwide,

the selection of a method that best adapts to the specific

conditions of each food is required. Concerning the cooked

meat products, microparticles should be resistant to high

temperatures, which is not necessary for raw cured meat

products. The microparticles should also resist the pH and

moisture conditions of the product, and must breakdown

when passing through the human gut.

Based on the growing interest in the incorporation of n-3

PUFAs in meat products, the main objective of this short

review is to highlight and summarize the recent studies

on the microencapsulation of healthier oils as a strategy to

improve the lipid profile of meat products.
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Microencapsulation techniques used for oils
rich in n-3 PUFAs
Microencapsulation has emerged as a new strategy for the

protection of n-3 PUFAs against lipid oxidation. For the

formation of microparticles, oil droplets embedded in a

homogeneous or heterogeneous matrix are dispersed in a

medium, leading to the formation of a physical barrier

between the oil and the environment, reducing contact

with oxidizing agents [27]. The main techniques used to

produce healthier oil microparticles used in meat products

include spay-drying, freeze-drying, complex coacervation,

and external ionic gelation (extrusion). In this short review,

some considerations about these microencapsulation

techniques will be briefly presented and discussed to

understand the mechanisms and the processes involved.

More details about other techniques (emulsification,

coaxial electrospray system, coacervation, in situ polymeri-

zation, fluidized-bed-coating, and supercritical fluid

technology) also used for themicroencapsulationof marine,

vegetable, and essential oils can be consulted in the review

of Bakry et al. [28].

The encapsulation by spray-drying has been the most

used technique, probably due to the low cost of

processing, as well as the fast and continuous process

[29]. Another advantage of this encapsulation technique

is the small size of the particles produced (<40 mm), with

positive effects on the texture of food products, besides

the production of dry particles that can readily be used in

food [30�]. The spray-drying technique involves the

dispersion of core material (oils or other materials) into

a polymeric solution, forming an emulsion or dispersion,

which is atomized into a medium and dehydration of

particles to produce the microparticles [31]. Studies to

enrich meat products with n-3 PUFAs have evaluated the

fish oil microparticles produced by spray-drying [32].

However, the use of microparticles produced by spray-

drying in cooked meat products is not recommended, as

the wall materials commonly used, such as gum Arabic,

maltodextrin and modified starch, disintegrate when

subjected to temperatures above 50�C. In contrast,

spray-dried microparticles can be successfully used in

raw meat products since this technique is very effective

in protecting bioactive compounds.

The freeze-drying process uses low temperatures and

consists of freezing the samples followed by vacuum dehy-

dration (removal of ice by sublimation), until the formation

of a stable freeze-dried material [33]. This procedure can be

used for oils containing high levels of n-3 PUFAs, thus

preserving their nutritional quality since it can be performed

at low temperatures. Freeze-drying is indicated for the

production of microparticles for use in a variety of food

products, such as bread, instant foods, yogurt, cheese, butter,

and cream. In contrast, the complex coacervation method

uses an oil-in-water emulsion containing a biopolymer

solution. In complex coacervation, there is an interaction

between two oppositely charged polymers (wall material),

with the formation of a complex around droplets or particles

of the active material (filling), leading to the formation

of microparticles [34]. The microparticles produced by

freeze-drying or complex coacervation techniques cannot

be used in cooked meat products, as they can rupture at

temperatures below the cooking point of meat products

(72�C), especially when using gelatin as a coating material.

The microparticles produced by the external ionic gelation

are formed by a suspension of core particles in the coating

liquid, which passes through a two-fluid atomizing nozzle,

resulting in a thin-coated film [35]. Unlike previous

techniques, this technique allows heating without

compromising the structure of the microcapsule and can

be used in cooked meat products. Further details on the

principle of the different microencapsulation techniques

can be found in the reviews reported by Feizollahi et al. [36]

and Pérez-Palacios et al. [37].

Application of healthier oil microparticles in
meat products
Recently, studies have used different techniques to encap-

sulate oils rich in n-3 PUFAs for application in meat

products (Table 1). An interesting approach was proposed

by Domı́nguez et al. [38] who produced frankfurter

sausages with reduced-fat and a healthier fatty acid profile

by replacing 50% of pork back fat with microencapsulated

fish oil by spray-drying and a non-encapsulated mixture of

olive oil and fish oil (1:1). As expected, the lipid reformula-

tion increased monounsaturated fatty acids (MUFAs) and

n-3 PUFAs levels. However, surprisingly, the samples with

microencapsulated fish oil showed higher lipid oxidation

when compared to the samples with the non-encapsulated

mixture of olive oil and fish oil. It is worth noting that the

sausages were pasteurized at 90�C for 30 min, which may

have led to the breakdown of microparticles and the con-

sequent oxidation of fish oil. In a similar study, Lorenzo

et al. [22] evaluatedtheeffect of thepartial replacement (25,

50 and 75%) of pork back fat by fish oil microencapsulated

by spray-drying on physico-chemical properties, lipid

oxidation and fatty acid profile of Spanish salchichón. The

incorporation of microencapsulated fish oil increased the

eicosapentaenoic acid (EPA) and docosahexaenoic acid

(DHA) content and decreased the n-6/n-3 PUFA ratio.

However, the batches where pork back fat was replaced

with microencapsulated fish oil showed higher TBARs

values, reflecting an increase of the lipid oxidation. Keenan

et al. [39] also reported higher lipid oxidation index in beef

burgers with replacement of animal fat by microencapsu-

lated fish oil. In addition, the authors reported a higher

degree of oxidation for burgers containing microencapsu-

lated fish oils compared to their unencapsulated counter-

parts,which was possibly related tooxygen exposureduring

the encapsulation process, temperature of drying process,

susceptibility of fish PUFAs to heat, and the large surface to

oxygen contact. These results demonstrate the difficulty of

Microencapsulation of healthier oils: an efficient strategy to improve the lipid profile of meat products Heck et al. 7
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Table 1

Recent studies on the microencapsulation of healthier oils as a strategy to improve the lipid profile of meat products

Oil Technique of

microencapsulation

Meat

product

Level used Main results Ref.

Fish Spray-drying Frankfurter

sausages

50% fat

replacement
� The lipid reformulation increased MUFAs and n-3 PUFAs levels.

� The microencapsulation process increased the lipid oxidation.

� The microencapsulated oil batch presented the highest TBARS

values and volatile compounds derivate from lipid oxidation.

[38]

Fish Spray-drying Spanish

salchichón

25, 50 and 75%

fat replacement
� Increased EPA and DHA content.

� Decreased the n-6/n-3 PUFAs ratio.

� Higher TBARS values, reflecting an increase of the lipid

oxidation.

[22]

Fish Spray-drying Burger �15% fat

replacement
� TBARS values increased over storage.

� Optimization predicted a burger formulation with 7.8%

substitution in beef-fat with encapsulated fish oil.

� Panelists scored the optimized burger formulation lower than

controls for overall acceptability.

[39]

Fish Spray-drying Chicken

nuggets

50% fat

replacement
� Nuggets with microencapsulated fish oil did not differ from

control ones with respect to any sensory trait.

� Higher levels of lipid and protein oxidation indicators and of

volatile compounds from fatty acid oxidation were found in

microencapsulated fish oil samples.

[32]

Fish Spray-drying Burger 5% Enrichment � After storage and cooking, EPA and DHA were better preserved

in the burgers with microencapsulated fish oil.

� The encapsulated fish oil group showed the best scores with

respect to the control.

[40]

Fish Spray-drying Dry-cured

sausages

2.75% and 5.26

% Enrichment
� Cooked and dry-cured products susceptible to be labeled as

‘source of omega-3 fatty acids’.

� Without influencing physico-chemical characteristics,

oxidative stability, and acceptability.

[41�]

Chia and

linseed

External ionic

gelation

Burger 50% fat

replacement
� Decrease fat content of the burgers by up to 50%.

� Increase of up to 90% in the PUFA/SFA ratio.

� Decrease of up to 18.5 and 14.7% in the atherogenicity and

thrombogenicity indices, respectively.

� Modified burgers presented a healthy n-6/n-3 PUFAs ratio.

� Higher lipid oxidation in burgers containing microencapsulated

chia oil.

� Replacement of 50% pork back fat by linseed oil microparticles

did not affect the sensory quality of the burgers.

[42�]

Tiger nut, chia

and linseed

Spray-drying Deer pâté 50% fat

replacement
� Decrease in fat and cholesterol contents.

� Decreasing the total amount of SFAs and increasing PUFAs

(chia and linseed pâtés) or MUFAs contents (tiger nut pâtés).

� Pâtés prepared with oils that contained high n-3 PUFAs levels

displayed higher TBARS values.

[1�]

Chia enriched

with

rosemary

External ionic

gelation

Burger 50% fat

replacement
� Higher Eh and TBARS values were found in burgers containing

chia oil microparticles without rosemary.

� The burgers produced with chia oil microparticles enriched with

rosemary showed greater oxidative stability than other

treatments, mainly after cooking.

� Groups enriched with rosemary presented an increase in

terpenic volatiles and were characterized by the descriptors

herbal and pleasant aroma and ideal texture.

[44�,45]
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incorporating oils rich in n-3 PUFAs in meat products,

especially those subjected to intense heat treatment.

Pérez-Palacios et al. [32] also used fish oil to improve the

lipid profile of chicken nuggets. The authors compared

the oxidative stability between non-encapsulated and

spray-dried fish oil and reported that the treatments with

the addition of microencapsulated fish oil showed less

lipid and protein oxidation during storage when compared

to treatments with non-encapsulated oil. Similarly, Aqui-

lani et al. [40] studied non-encapsulated and spray-dried

fish oil as a fat substitute in pork burgers. The authors

compared the changes in EPA and DHA levels during the

storage of the burgers under refrigeration and freezing.

The results showed that microencapsulation was effec-

tive to prevent EPA and DHA oxidation in both refriger-

ated and frozen burgers. In addition, higher TBARs

values were found for the samples with non-encapsulated

oil, while the samples with microencapsulated oil showed

values similar to the control (made with pork back fat).

Another interesting approach to fish oil encapsulation has

been proposed by González et al. [41�]. Those authors

encapsulated fish oil by spray-drying using different

coating materials (lecithin + maltodextrin and lecithin +

chitosan + maltodextrin) and applied in cooked and raw

cured meat products. As expected, the addition of the

microparticles increased EPA and DHA levels, enabling

the products to be labeled as a ‘source of n-3 PUFAs’.

However, the most curious result was that microencap-

sulation masked the flavor and aroma of fish oil, and also

protected the oil from oxidative reactions. This approach

solved two of the main problems that hinder the

application of fish oil in meat products and contributed

to further studies on this subject.

However, those authors did not report the thermal stability

of the microparticles, which does not allow concluding

whether n-3 PUFAs remained inside the microparticles

Microencapsulation of healthier oils: an efficient strategy to improve the lipid profile of meat products Heck et al. 9
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(a) Direct incorporation of rosemary into chia oil by ultrasound. (b) Chia oil. (c) Chia oil with rosemary.
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after cooking. In addition, for the health benefit of n-3

PUFAs, it is necessary for microparticles to rupture in the

human intestine. In this context, Heck et al. [42�] were the

pioneers in evaluating the effect of temperature and pH on

the stability of chia and linseed oil microparticles produced

by external ionic gelation. The authors proved that the

microparticles remained intact after being subjected to

72�C, with no disruption at the pH values commonly found

in most meat products (4.5 and 6.0). However, at pH 7.5, the

microparticles ruptured after 180 min, which suggests that

the oils would only be released during passage through the

human intestine. The authors used microparticles as a

substitute for 50% of pork back fat in burgers. Besides

contributing to the fat reduction in burgers, this strategy

increased the PUFA/SFA ratio and decreased the n-6/n-3

ratio and the atherogenicity and thrombogenicity indices.

However, microencapsulation was not able to completely

protect chia oil from lipid oxidation reactions, which

impaired the sensory and nutritional quality. In agreement

with these results, Ramella et al. [1�] studied the addition of

chia and linseed oil microparticles in deer pâté, and also

found greater lipid oxidation, which was observed in the

treatments containing the chia oil microparticles, probably

due to the higher content of n-3 PUFAs in chia oil when

compared to linseed oil [43].

An innovative approach to improve the oxidative stability

of microparticles containing oils rich in n-3 PUFAs was

proposed by Heck et al. [44�,45]. The chia oil was enriched

with bioactive compounds from rosemary through green

extraction techniques before the microencapsulation

process (Figures 1 and 2). Then, the microparticles

with rosemary-enriched chia oil were used in burger

formulations, and the oxidative stability and the sensory

quality were evaluated. Higher TBARS values were found

in burgers containing chia oil microparticles without the

presence of rosemary. In contrast, burgers with the addition

of microparticles containing rosemary-enriched chia oil

showed greater oxidative stability, especially after cooking.

In addition, the incorporation of rosemary antioxidants into

chia oil reduced the sensory defects caused by the lipid

reformulation. Thus, these results demonstrate that the

combination of healthy oils and natural antioxidants is

an effective way to improve the oxidative stability of

microparticles, enabling the production of healthier and

safe meat products [46,47].

Conclusions and future directions
Microencapsulation can be considered an effective tool to

incorporate healthy oils in meat products. However, it

cannot completely protect oils rich in n-3 PUFAs from the

oxidative reactions. Thus, the direct incorporation of

natural antioxidants in these oils before microencapsula-

tion may be a promising alternative to be explored in

future studies. In addition, future research is needed to

investigate the integrity of microparticles when subjected

to the same pH and temperature conditions of meat

processing, which is essential to ensure the breakdown

of microparticles only in the human intestine. Another

challenge is the development of more economically

viable microparticles, as a major obstacle to this technol-

ogy is the high cost of equipment.
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A B S T R A C T

In the first part of this study, the oxidative stability of chia oils enriched with rosemary by ultrasound-assisted
extraction (UAE) and by a conventional maceration extraction (CME) was evaluated. In the second part, chia oil
enriched with rosemary by UAE or CME was microencapsulated and used to replace 50% fat in burgers. The
oxidative and sensory quality of burgers were evaluated during 120 days of storage at −18 °C. Chia oil enriched
with rosemary by UAE presented a higher oxidative stability compared to CME. Higher Eh and TBARS values
were found in burgers containing chia oil microparticles without rosemary. The burgers produced with chia oil
microparticles enriched with rosemary by UAE showed greater oxidative stability than other treatments, mainly
after cooking. Furthermore, the incorporation of rosemary antioxidants to chia oil reduced the sensory defects
caused by the lipid reformulation.

1. Introduction

The partial replacement of animal fat by vegetable oils is one of the
most effective strategies to reduce the saturated fatty acid content of
meat products, which has gained importance due to the consumer's
concern about the harmful effects of saturated fat. The addition of oils
rich in n-3 PUFAs to the formulations may be an effective tool to pro-
duce meat products with a healthier lipid profile since studies have
shown that the consumption of these fatty acids may reduce the risk
factors for cardiovascular disease (Chaudhary et al., 2016). In this
context, chia oil can be considered as a good alternative since it con-
tains about 70% α-linolenic acid (C18:39,12,15) (Ayerza & Coates, 2005).
However, the direct incorporation of oils rich in n-3 PUFAs into meat
products can adversely affect important technological and sensory
parameters (Monteiro, Souza, Costa, Faria, & Vicente, 2017; Xiong
et al., 2016).

Heck et al. (2017) reported that the microencapsulation by the ex-
ternal ionic gelation technique may be effective to incorporate oils rich
in n-3 PUFAs into cooked meat products. These researchers used chia
and linseed oil microparticles as a substitute for animal fat in ham-
burgers. In addition to improving the PUFA/SFA and n-6/n-3 ratios and
reducing the atherogenicity and thrombogenicity rates, this alternative

lipid reformulation did not cause major changes in the sensory attri-
butes of the processed products. However, the microencapsulation
could not completely protect plant oils from the oxidative processes.
This fact was observed mainly for the chia oil microparticles, since chia
oil contains a higher amount of n-3 PUFAs compared to the linseed oil.
Thus, alternatives to improve the oxidative stability of these micro-
particles should be investigated.

Although the addition of synthetic or natural antioxidants is con-
sidered the best alternative to reduce the lipid oxidation in meat pro-
ducts, the use of synthetic antioxidants has aroused criticism from the
scientific community due to their suspected long-term toxicity. There is
a vast number of natural compounds with antioxidant activity, and
rosemary stands out especially for use in cooked meat products (Shah,
Bosco, & Mir, 2014).

Green extraction techniques have been developed and optimized in
recent years. These techniques used for the extraction of bioactive
compounds are known as environmentally friendly because they reduce
waste generation and energy consumption and eliminate or reduce the
use of toxic solvents (Chemat et al., 2017). In this context, ultrasound
(US) has been successfully used in the extraction of bioactive com-
pounds. The advantages of ultrasound-assisted extraction (UAE) when
compared to solvent extraction methods include time-saving and
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increased antioxidant activity (Zbancioc, Mangalagiu, & Moldoveanu,
2015; Zhou et al., 2016). The US acts directly on the plant cell to release
metabolites through the cavitation phenomenon, which increases the
shear force in the environment. The cavitation on the surface of the
source material can lead to surface peeling, erosion and particle
breakdown, thus increasing the mass transfer process (Chemat et al.,
2017).

To date, the incorporation of natural antioxidants into oils rich in n-
3 PUFAs through the UAE, without the use of solvents has been little
explored. Thus, in the first part of this study, the response surface
methodology (RSM) was used to optimize the UAE of rosemary bioac-
tive compounds directly in chia oil. The oxidative stability of chia oil
enriched with rosemary by UAE optimized by RSM and by a conven-
tional maceration extraction (CME) was compared. In a second step,
chia oils incorporated with rosemary bioactive compounds obtained by
both the UAE and CME were microencapsulated and used as a sub-
stitute for animal fat in burgers. The effect of this reformulation on the
oxidative and sensory quality of the burgers was evaluated during
120 days of storage at −18 °C.

2. Materials and methods

2.1. Experiment 1. Direct incorporation of rosemary into chia oil by green-
extraction techniques and production of the rosemary-enriched chia oil
microparticles

2.1.1. Material
Fresh rosemary leaves (Rosmarinus officinalis L.) were harvested in

February 2017 in the city of Santa Maria (Southern Brazil). The leaves
were washed in running water and sanitized by immersion in a sodium
hypochlorite solution (200mg× kg−1) for 10min. The leaves were cut
into small pieces and dried at 50 °C for 24 h in an air circulation oven
(MDH, DeLeo, Brazil). The dried leaves were kept during 24 h at room
temperature protected from light prior to use. The leaves were milled at
the time of use in an analytical mill (MA630/1, Marconi, Brazil) until a
fine powder was obtained. Chia oil was purchased from Giroil S.A.
(Santo Ângelo, Brazil). The fatty acid composition of chia oil was as
follows: 13.8% SFA; 7.1% MUFA (6.89% oleic acid); 79% PUFA;
20.25% n-6 PUFA (linoleic acid: 20.16%); and 58.7% n-3 PUFA (lino-
lenic acid: 58.65%) (Heck et al., 2017).

2.1.2. Ultrasound-assisted extraction
The direct incorporation of the rosemary antioxidants into the chia

oil was carried out in an ultrasonic bath (TI-H-10, Elma, Germany)
operating at 1W/cm2, a frequency of 25 kHz, temperature of
30 ± 1 °C, sweep operating mode, and 100% amplitude. Chia oil
(100 g) was mixed with different proportions of rosemary leaves (5 to
20%). After homogenization, the mixture was subjected to the ultra-
sonic bath for a time ranging from 300 to 900 S. chia oil containing the
natural antioxidants extracted from the rosemary leaves was filtered on
a filter paper and stored in amber flasks at 4 ± 1 °C until use (ap-
proximately 24 h).

2.1.2.1. Surface response methodology. The ultrasound-assisted
extraction parameters were optimized through the Surface Response
Methodology (RSM) using a Central Composite Design (CCD). The
extraction time (x1) and the rosemary concentration (x2) were
considered as the independent variables (Table 1). The experimental
design consisted of 9 factorial experiments with 3 replicates at the
central point. The antioxidant capacity of chia oil determined by the
ORAC (Oxygen Radical Absorbance Capacity) assay was considered as a
dependent variable. The ORAC assay was performed according to the
methodology described by Ou, Hampsch-Woodill, and Prior (2001), in
triplicate, and the results were expressed as μg of Trolox equivalent g−1

chia oil. The results of the CCD and the predicted responses were
analyzed by the software Statistica 10 (Stasoft Inc., Tulsa, USA).

Analysis of variance (ANOVA) was used to determine the significance
of the models, at a level of significance of 95%.

2.1.2.2. Validation of the study. To validate the model, three
experiments were performed. The ORAC assay was performed in chia
oil samples containing 5, 12.5, and 20% rosemary and subjected to UAE
for 600 s. The percentage error between the actual value obtained in the
ORAC assay and the value predicted by the model was calculated as
follows: Error (%)= [Actual values - Predicted values / Predicted
values] x 100. The model can be considered acceptable when present
an error lower than 10% (Bimakr et al., 2013).

2.1.3. Conventional maceration extraction
The conventional maceration extraction consisted of the addition of

12.5 g of dehydrated rosemary leaves to 100 g chia oil. The mixture was
homogenized in an Ultra Turrax homogeneizer (Model T18, IKA, Brazil)
at 10000 rpm for 2min and allowed to stand in the absence of light for
four hours. Thereafter, the mixture was filtered and the flavored oil was
stored in an amber bottle under refrigeration (4 ± 1 °C) during 24 h.

2.1.4. Determination of the antioxidant capacity and induction period of
chia oils enriched or not with rosemary

The antioxidant capacity of the three oils (chia oil without ro-
semary, chia oil enriched with rosemary by UAE and chia oil enriched
with rosemary by CME) was evaluated by the ORAC assay (Ou et al.,
2001). Also, an accelerated oxidation test was performed by measuring
the Rancimat induction period (892, Metrohm, Herisau, Switzerland) at
110 °C and an air flow rate of 20 L/h. All analyses were performed in
triplicate.

2.1.5. Production of the microparticles
The microparticles were produced by the external ionic gelation

technique (Etchepare et al., 2016). For that, chia oil was mixed with a
2% sodium alginate solution. The mixture was homogenized in an Ultra
Turrax homogeneizer (Model T18, IKA, Brazil) at 10000 rpm for 2min.
After complete homogenization, the mixture was atomized in 0.1M
CaCl2 solution using a dual fluid atomizer nozzle (0.1 mm) at a distance
of 12 cm from the solution, under air pressure of 0.125 kg/cm. After
atomization, the microparticles were kept under constant stirring for
30min, and then sieved in a wire mesh sieve (150 μm) and washed with
sterile distilled water. Three types of chia oil were used for the pro-
duction of the microparticles, as follows: microparticles M1 produced
with chia oil without rosemary; microparticles M2 produced with ro-
semary-enriched chia oil using the UAE, and microparticles M3 pro-
duced with rosemary-enriched chia oil using a CME. The microparticles
were stored under refrigeration (4 ± 1 °C) during 12 h. The three types
of microparticles had a microencapsulation efficiency of approximately
87%, which was similar to other studies (Chang, Yarankovich, &
Nickerson, 2016; Heck et al., 2017).

2.2. Experiment 2. Evaluation of the oxidative stability and sensory
acceptance of the burgers with replacement of 50% fat by the rosemary-
enriched chia oil microparticles

2.2.1. Production of burgers
Three independent replicates of each batch were prepared. Beef

Table 1
Levels of the independent variables of the CCD for the direct incorporation of
rosemary antioxidant compounds into chia oil using ultrasound-assisted ex-
traction.

−1.41 −1 0 1 +1.41

x1: Extraction time (seg) 300 447 600 753 900
x2: Rosemary concentration (%) 5 9.19 12.5 16.81 20
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(rectus femoris), pork back fat, and spices (salt and garlic) were pur-
chased in a local market. The pork back fat and beef were ground se-
parately using a 3mm disc (Model PJ22, Jamar Ltda, São Paulo, Brazil).
Then, beef was mixed with salt for extraction of the myofibrillar pro-
teins. After this step, the remaining ingredients were added and mixed.
Burgers (100 g), 11 cm in diameter and 2.5 cm thick were produced,
and immediately frozen and stored at −18 °C during 120 days.

The Control sample was made with 78.4% beef, 20% pork back fat,
1.5% salt, and 0.1% garlic. For the treatment HCO, 50% fat of the
Control sample was replaced by the unencapsulated chia oil
(2.5 g× 100 g−1) and water (7.5 g×100 g−1). For the treatments
HM1, HM2, and HM3, 50% back fat was replaced by the microparticles
M1, M2, and M3, respectively.

After 1, 30, 60, 90 and 120 days of storage, the frozen samples were
thawed at 4 °C in a refrigerator for 12 h. After, the samples were cooked
in an electric grill (Multi Grill, Britânia, Brazil) preheated to 150 °C,
until reaching an internal temperature of 72 °C in the geometric center
of each burger, which was measured by a spit thermometer (HM-600,
Highmed, Brazil).

2.2.2. Determination of pH and redox potential (Eh)
The pH and the redox potential (Eh) were determined in triplicate in

the raw and cooked hamburgers after 1, 30, 60, 90, and 120 days of
storage. For that, 5 g sample was homogenized with 50mL of distilled
water and the pH and Eh were measured using a digital pH meter (DM-
23-DC, Digimed, Brazil) equipped with pH penetration electrode and
redox platinum electrode, respectively.

2.2.3. Color measurements
The color of raw and cooked hamburgers was measured after 1, 30,

60, 90, and 120 days of storage. A Minolta CR-400 colorimeter (Minolta
Sensing Inc. Konica, Japan) was used with spectral reflectance included
as calibration mode, illuminant D65, and an observation angle of 10°,
operating in the CIELAB system. Color variables were measured at six
points on each side of three samples per treatment. The L* (lightness),
a* (intensity of the red color), b* (intensity of the yellow color) values
were determined.

2.2.4. Determination of proximate composition and thiobarbituric acid
reactive substances (TBARS)

The proximate composition (moisture, protein and fat) was de-
termined in triplicate in raw and cooked burgers after 1 day of storage
(AOAC, 2005). The determination of TBARS was performed in triplicate
in raw and cooked burgers according to Bruna, Ordonez, Fernández,
Herranz, and Hoz (2001), using trichloroacetic acid instead of per-
chloric acid as solvent. The results were expressed in milligrams of
malonaldehyde per kg of the sample. The analyses were performed after
1, 30, 60, 90, and 120 days of storage.

2.2.5. Consumer study
This study was approved by the Research Ethics Committee of the

Federal University of Santa Maria (RS, Brazil) (CAAE:
57433316.8.0000.5346). The samples were coded with three digits,
and served to the assessors in a monadic order, following a balanced
design (Ares, Barreiro, Deliza, Giménez, & Gámbaro, 2010). The sen-
sory evaluation was performed in individual booths with fluorescent
lighting. The cooked burgers were cut into 4 cm×4 cm×2.5 cm, in-
dividually wrapped in foil, and kept at 60 °C in an oven. Water at room
temperature and cracker biscuits were provided to consumers for palate
cleansing. The analysis was performed on the first day of storage and
after 120 days of storage. One hundred burger consumers (64% female,
36% male at day 1; and 56% female, 44% male at day 120), aged 18–55
participated in the tests. A sensory acceptance test was performed using
a structured hedonic scale of nine points, ranging from “disliked very
much” to “liked very much” (Stone, Bleibaum, & Thomas, 2012). The
attributes color, aroma, flavor, texture, and overall acceptance were

evaluated (Meilgaard, Carr, & Civille, 2006).

2.2.6. Statistical analysis
A randomized complete block design was used and the experiment

was repeated three times. Data were analyzed using a general linear
model considering the treatments as a fixed effect and the replicates as
a random effect. Significant differences were analyzed by the Tukey's
test at the 5% level of significance. Data were analyzed using the SPSS
statistical program (SPSS, Chicago, IL, USA).

3. Results and discussion

3.1. Experiment 1. Direct incorporation of rosemary into chia oil by green-
extraction techniques

3.1.1. Optimization of the experimental conditions for the direct
incorporation of rosemary in chia oil using UAE and validation of the study

The antioxidant capacity of chia oil enriched with different ro-
semary concentrations using the UAE ranged from 53.31 to 261.96 μg
Trolox/g (Table 2). These data were used to obtain the response sur-
face, correlating the parameters concentration and the extraction time
(Fig. 1). The analysis of variance (R2=0.9147) showed that the linear
and the quadratic term of the extraction time, and the quadratic term of
the rosemary concentration were significant (P < .001) for the ex-
traction of the antioxidant compounds from rosemary leaves. The ap-
plication of RSM (Fig. 1) suggested that the combination of approxi-
mately 600 to 700 s of extraction time and 10 to 14% concentration of
rosemary leaves provided greater antioxidant capacity to chia oil. Thus,
the conditions of the central point (12.5% of rosemary leaves and 600 s
of extraction time) were chosen to enrich the chia oil used in the pro-
duction of microparticles.

The validation of the study was performed with the purpose of
verifying the accuracy of the models, and the percentage error allowed
comparing the experimental and predicted values. The percentage error
of the present study ranged from 0.34 to 1.14% (data not shown). Thus,
it can be stated that the model was adequate to identify the optimal US
time and rosemary concentration, since according to Bimakr et al.
(2013)< 10% error is considered acceptable.

3.1.2. Determination of the antioxidant activity and induction period of
chia oils enriched or not with rosemary

The results of the antioxidant activity determined by the ORAC
assay and the oxidative stability measured through the induction period
of chia oils enriched or not with rosemary are presented in Table 3. As
expected, chia oils enriched with rosemary by UAE or CME presented a
higher oxidative stability than chia oil without rosemary. The UAE
process was more effective in incorporating the rosemary antioxidant
compounds in chia oil when compared to the CME. In agreement with

Table 2
Coded and real levels of the extraction time (x1) and rosemary concentration
(x2) and ORAC values for different levels of experimental design.

Run Extraction time (s)
(x1)

Rosemary concentration
(x2)

ORAC (μg Trolox/g)

1 (−1) 447 (−1) 9.19 106.78
2 (1) 753 (−1) 9.19 223.51
3 (−1) 447 (1) 16.81 97.97
4 (1) 753 (1) 16.81 171.65
5 (−1.41) 300 (0) 12.5 53.31
6 (+1.41) 900 (0) 12.5 114.21
7 (0) 600 (−1.41) 5 113.84
8 (0) 600 (+1.41) 20 123.57
9 (0) 600 (0) 12.5 231.52
10 (0) 600 (0) 12.5 261.96
11 (0) 600 (0) 12.5 205.12
12 (0) 600 (0) 12.5 234.28
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the results of the antioxidant activity, UAE increased the induction
period (P < .001), conferring a greater oxidative stability to chia oil,
probably due to the cavitation bubbles from the changes in temperature
and pressure. The implosion of these bubbles can lead to a rupture of
the cell walls of the plant, favoring the release of bioactive compounds
(Dolatowski & Stasiak, 2012; Tiwari, 2015).

3.2. Experiment 2. Evaluation of the oxidative stability and sensory
acceptance of burgers with replacement of 50% fat by the rosemary-enriched
chia oil microparticles

3.2.1. Determination of pH and Eh
The lipid reformulation significantly affected the pH values

(Table 4). The addition of the microparticles increased (P < .001) the
pH of the raw and cooked burgers when compared to the Control at the
beginning of storage (day 1), probably due to the alkaline pH of the
sodium alginate solution used in the production of the microparticles.
However, the addition of non-encapsulated chia oil (HCO) caused a
significant (P < .001) decrease in pH of the raw and cooked burgers at
day 1, probably due to the use of unrefined chia oil. An increase in pH
after 30 days of storage can be observed in the raw and cooked burgers,
except in HM1 and HM2 cooked burgers, due to the release of alkaline
compounds from the protein degradation reactions (Lu, Zhang, Liu,
Wang, & Ding, 2011). After 60 days of storage, a decrease in pH values
was observed for all treatments, except for HM1 cooked burgers, which
remained practically stable until the end of storage (day 120). However,
it is noteworthy that despite the changes caused by the lipid re-
formulation and storage, the pH values were considered adequate for
this type of meat product (Comi, Tirloni, Andyanto, Manzano, &
Iacumin, 2015; Kryževičūtė, Jaime, Diez, Rovira, & Venskutonis, 2017).

The redox potential (Eh) is an effective parameter to evaluate the
oxidative stability of meat products (Latoch & Stasiak, 2015). It can be

defined as the substrate's ability to gain or lose electrons, that is, its
oxidation or reduction capacity, respectively. Thus, the higher the Eh,
the more oxidized the substrate. The lipid reformulation proposed in
this study led to important changes in Eh (Table 4). In the raw burgers,
the treatment HCO presented lower Eh values (P < .001) when com-
pared to the control at days 1, 30, and 120 of storage, which suggests a
lower oxidation. Similar behavior was observed for the treatment
containing chia oil microparticles without the antioxidants (HM1).
However, an opposite behavior was observed after cooking, since the
treatments HCO and HM1 presented higher Eh values (P < .001) than
the Control during the whole period of storage. This result demonstrates
that the addition of oils rich in n-3 high PUFAs in cooked meat products
may be a barrier since heating accelerates the oxidation of these fatty
acids (Malheiro et al., 2009). On the other hand, the raw burgers of the
treatments HM2 and HM3 had lower Eh values (P < .001) during
storage when compared to the Control. In the cooked burgers, the
treatments HM2 and HM3 presented lower Eh values (P < .001) when
compared to the control at days 1, 30, and 120 of storage. These results
suggest that the direct incorporation of rosemary extract into chia oil
using UAE or CME was effective to reduce the oxidative reactions.

3.2.2. Instrumental color
The results of the L*, a* and b* values of the raw and cooked bur-

gers are presented in Table 5. The addition of chia oil microparticles
(HM1, HM2 and HM3) did not affect the L* values during the storage of
the raw burgers when comparing to the Control. In addition, the raw
burgers of the treatments HM2 and HM3 did not present significant
differences (P > .05) in relation to the Control in the a* values during
the storage. However, lower a* values were found in the raw burgers of
the treatment HM1 in relation to the control after 60, 90 and 120 days
of storage. In addition, the raw burgers of the treatment HCO presented
in relation to the control a lower a* values in the end of storage (day
120). This result suggests that chia oil in both the encapsulated and
non-encapsulated form accelerated the oxidative processes. Regarding
the b* values of the raw burgers, higher values were observed after 1
and 30 days of storage for the treatments HM1, HM2, and HM3 when
compared to the Control, probably due to the yellowish color of the
microparticles. HM2 and HM3 also presented a higher b* values than
Control after 120 and 60 days of storage, respectively. A significant
decrease of the b* values of the raw burgers was observed in all
treatments after 120 days compared to beginning of storage (day 1).
This behavior was also reported by Martínez et al. (2012) and Valencia,
Ansorena, and Astiasarán (2006) in meat products with the addition of
fish oil.

The cooked burgers HM1 and HM3 presented higher L* values

Fig. 1. 3D and 2D graphics for the effects of rosemary concentration and extraction time on the antioxidant capacity of chia oil enriched with different rosemary
concentrations using the ultrasound-assisted extraction.

Table 3
ORAC and Rancimat values of chia oils enriched or not with rosemary by ul-
trasound-assisted extraction (UAE) and conventional maceration extraction
(CME).

Treatments Chia Chia UAE Chia CME SEM Sig

ORAC (μg Trolox/g) 131.90c 228.86a 204.13b 23.96 ⁎

Induction time (hours) 0.08c 6.29a 4.81b 0.33 ⁎⁎

SEM- Standard error of the mean.
Treatments: Chia: chia oil without rosemary; Chia UAE: chia oil enriched with
rosemary by UAE; Chia CME: chia oil enriched with rosemary by CME.

⁎⁎ P < .001.
⁎ P < .01.
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(P < .001) than Control at the beginning of storage (day 1). However,
after 60, 90 and 120 days of storage, there was an increase (P < .001)
in L* values in HM1, HM2, and HM3, suggesting a lower moisture re-
tention in these formulations (Fernandes et al., 2014). In general, no
significant differences were observed in the a* values for the treatments
containing the microparticles (HM1, HM2, and HM3) when compared
to the control. A lower a* value (P < .001) was observed in the HM2

compared to the control just in the 30th day of storage. In addition, a
slight increase in b* values was found in the treatment HM1 in relation
to control after 30, 90 and 120 days of storage. The treatments HCO and
HM2 also showed a slight increase in b* values when compared to the
control in the day 90 and 1 of storage, respectively. The cooking
masked the changes in color caused by the lipid reformulation of the
raw burgers. So, it can be concluded that the lipid reformulation did not

Table 4
pH e Eh (mV) values during storage of burgers.

Days Raw SEM Sig Cooked SEM Sig

Control HCO HM1 HM2 HM3 Control HCO HM1 HM2 HM3

pH 1 5.77cB 5.75dB 5.80bBC 5.79bB 5.83aB 0.003 ⁎⁎⁎ 5.96cB 5.93dD 6.03aA 5.99bBC 6.04aC 0.003 ⁎⁎⁎

30 6.01dA 6.04cA 6.14bA 5.95eA 6.27aA 0.003 ⁎⁎⁎ 6.06bA 6.05bA 5.98dAB 6.02cB 6.15aA 0.004 ⁎⁎⁎

60 5.60dD 5.70cC 5.74bC 5.73bC 5.78aC 0.004 ⁎⁎⁎ 5.94eC 5.99bB 5.97cAB 6.07aA 5.95dD 0.002 ⁎⁎⁎

90 5.66cC 5.67cD 5.76bC 5.73cC 5.84aB 0.005 ⁎⁎⁎ 5.95aC 5.96aC 5.96aB 5.97aC 5.95aD 0.012 n.s.
120 5.67eC 5.69dCD 5.83aB 5.74bC 5.72cD 0.002 ⁎⁎⁎ 5.97dB 5.99cB 5.93eB 6.01bBC 6.07aB 0.002 ⁎⁎⁎

SEM 0.007 0.008 0.022 0.008 0.017 – – 0.004 0.005 0.022 0.013 0.010 – –
Sig ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ – – ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ – –

Eh (mV) 1 45.22aE 40.77bE 34.44cD 34.44cE 33.22cD 0.75 ⁎⁎⁎ 49.55bD 56.33aCD 58.44aBC 34.33cD 27.22dD 1.54 ⁎⁎⁎

30 75.44aD 57.11cD 71.77bC 57.77cD 57.22cB 1.21 ⁎⁎⁎ 56.77cC 66.88aB 61.11bB 46.22dC 39.88eC 1.01 ⁎⁎⁎

60 79.00aC 77.77aC 76.77aC 73.77bC 71.55bC 1.00 ⁎⁎⁎ 48.22bD 52.22aCD 53.22aBC 49.33bBC 47.77bB 0.97 ⁎⁎⁎

90 94.22aB 91.77aB 92.66aB 82.33bB 74.11cC 1.75 ⁎⁎⁎ 49.22cC 56.66bC 66.55aB 48.00cB 47.77cB 0.97 ⁎⁎⁎

120 152.33aA 138.11bA 137.77bA 137.55bA 134.44bA 2.10 ⁎⁎⁎ 89.66bA 96.66aA 93.00aA 82.88cA 85.22cA 1.64 ⁎⁎⁎

SEM 2.91 2.69 2.37 2.37 2.15 – – 2.14 2.24 2.35 2.36 2.17 – –
Sig ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ – – ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ – –

SEM- Standard error of the mean. Mean values within the same line followed by the same lowercase letters did not show any significant difference (P > .05) by
Tukey test. Mean values within the same column followed by the same upper case did not show any significant difference (P > .05) by Tukey test. Batches: Control:
20% pork back fat; HCO: 50% substitution of pork back fat by chia oil; HM1: 50% substitution of pork back fat by microparticles produced with chia oil without
rosemary; HM2: 50% substitution of pork back fat by microparticles produced with rosemary-enriched chia oil using the ultrasound-assisted extraction; HM3: 50%
substitution of pork back fat by microparticles produced with rosemary-enriched chia oil using a conventional maceration extraction.
Sig.: significance; n.s. (not significant).

⁎⁎⁎ P < .001.

Table 5
Color values during storage of burgers.

Raw Cooked

Days Control HCO HM1 HM2 HM3 SEM Sig Control HCO HM1 HM2 HM3 SEM Sig

L⁎ 1 46.92aA 47.12aA 48.05aA 49.01aA 47.50aA 1.31 n.s. 45.50bcA 45.08cAB 47.94aA 47.43abA 48.11aA 0.71 ⁎⁎⁎

30 48.99aA 44.41bA 47.71abA 48.44aA 46.97abA 1.33 ⁎⁎⁎ 44.49bA 42.46cC 43.99bcB 47.20aA 45.38bB 0.62 ⁎⁎⁎

60 45.74abA 45.04bA 46.21abA 48.80aA 45.86abA 1.14 ⁎⁎⁎ 44.20bA 47.10aA 46.11aAB 46.52aA 47.37aAB 0.54 ⁎⁎⁎

90 47.33aA 44.14aA 47.13aA 47.53aA 46.41aA 1.47 n.s. 42.63bA 42.92bBC 47.79aA 47.72aA 46.68aAB 0.99 ⁎⁎⁎

120 43.61aA 45.35aA 45.94aA 47.04aA 47.56aA 1.65 n.s. 43.53cA 45.00bcAB 46.14abAB 48.14aA 47.05abAB 0.82 ⁎⁎⁎

SEM 2.19 1.10 1.06 1.25 1.43 – – 1.18 0.87 0.88 0.58 0.77 – –
Sig n.s. n.s. n.s. n.s. n.s. – – n.s. ⁎⁎ ⁎⁎⁎ n.s. ⁎⁎⁎ – –

a* 1 22.58aA 23.62aA 23.76aA 23.91aA 23.43aA 0.67 n.s. 10.29abA 10.27abC 10.56aB 10.41aA 9.76bC 0.20 ⁎⁎⁎

30 19.52abD 18.26bB 16.59bB 20.48aB 18.07bBC 0.68 ⁎⁎⁎ 11.32abA 10.85abcBC 11.41aAB 10.50cA 10.79bcB 0.20 ⁎⁎⁎

60 18.68abB 17.37bcB 16.38cB 18.06bC 19.64aB 0.55 ⁎⁎⁎ 10.93abA 11.26abAB 11.30aA 10.74bA 10.87abAB 0.18 ⁎⁎

90 16.40aBC 17.04aB 13.93bC 17.34aC 17.21aC 0.70 ⁎⁎⁎ 10.29aA 10.82aBC 10.72aAB 10.75aA 10.79aB 0.40 n.s.
120 15.41aC 13.12bcC 11.13cD 16.35aC 14.39abD 0.75 ⁎⁎⁎ 11.18bcA 11.85aA 11.24abcAB 10.65cA 11.53abA 0.23 ⁎⁎⁎

SEM 0.96 0.68 0.74 0.72 0.69 – – 0.38 0.26 0.27 0.23 0.24 – –
Sig ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ – – n.s. ⁎⁎⁎ ⁎⁎ n.s. ⁎⁎⁎ – –

b* 1 16.77bA 17.96abA 18.72aA 19.22aA 18.50aA 0.48 ⁎⁎⁎ 15.82bA 16.21bA 16.67bA 18.20aA 16.41bA 0.38 ⁎⁎⁎

30 13.41cBC 15.51bB 16.13bB 17.62aB 16.23bBC 0.47 ⁎⁎⁎ 15.72bA 15.68bA 17.11aA 16.84abB 16.08abA 0.41 ⁎⁎⁎

60 15.18bAB 15.05bB 14.97bBC 15.94abC 17.18aAB 0.52 ⁎⁎ 15.14aAB 15.63aA 16.07aA 16.02aB 15.49aA 0.34 n.s.
90 14.77aBC 15.12aB 15.59aB 15.68aC 16.20aBC 0.60 n.s. 14.13bB 16.60aA 16.07aA 15.84abB 15.60abA 0.63 ⁎⁎⁎

120 13.11bC 13.07bC 13.63bcC 15.79aC 14.88abC 0.60 ⁎⁎⁎ 15.45bAB 16.21abA 16.95aA 16.02abB 16.34abA 0.36 ⁎⁎⁎

SEM 0.66 0.60 0.59 0.56 0.57 – – 0.54 0.43 0.49 0.44 0.44 – –
Sig ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ – – ⁎ n.s. n.s. ⁎⁎⁎ n.s. – –

SEM- Standard error of the mean. Mean values within the same line followed by the same lowercase letters did not show any significant difference (P > .05) by
Tukey test. Mean values within the same column followed by the same upper case did not show any significant difference (P > .05) by Tukey test. Batches: Control:
20% pork back fat; HCO: 50% substitution of pork back fat by chia oil; HM1: 50% substitution of pork back fat by microparticles produced with chia oil without
rosemary; HM2: 50% substitution of pork back fat by microparticles produced with rosemary-enriched chia oil using the ultrasound-assisted extraction; HM3: 50%
substitution of pork back fat by microparticles produced with rosemary-enriched chia oil using a conventional maceration extraction.
Sig.: significance; n.s. (not significant).

⁎⁎⁎ P < .001.
⁎⁎ P < .01.
⁎ P < .05.
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cause great modifications in the color of cooked burgers. 3.2.3 Prox-
imate composition and determination of TBARS.

The proximate composition (moisture, protein and fat) and TBARS
values of the raw and cooked burgers are shown in Table 6. The protein
content was not affected (P > .05) by lipid reformulation in the raw
and cooked burgers. As expected, the lipid reformulation increased
moisture (P < .001) and reduced the lipid content (P < .001) of raw
burgers. The reformulated burgers presented a reduction of approxi-
mately 53% in the fat content in relation to the Control before cooking.
After cooking, a reduction in the moisture content was observed in all
treatments, leading to an increase in the protein content. The Control
and HCO treatment presented after cooking a reduction of about
17.34% and 20.4%, respectively, of the fat content. This result is ex-
pected, as the increase of temperature promote the coalescence of the
fat globules and subsequent release of the product (Tabarestani &
Tehrani, 2014). Probably, a reduction of fat content after cooking did
not occur in the treatments HM1, HM2 and HM3 due to the high
thermal stability of the microparticles as reported by Heck et al. (2017).

Heck et al. (2017) reported that chia oil microparticles produced by
the external ionic gelation technique increased the TBARS values in
burgers. This fact was also confirmed in this study since the treatment
HM1 had higher TBARS values than the Control before and after
cooking. These changes during storage can be related to the production
of the microparticles, because the oxygen incorporated during the
atomization stage can accelerate the lipid oxidation reactions (Pignitter

et al., 2014).
The addition of non-encapsulated chia oil (HCO) increased the

TBARS values of the raw burgers in relation to the control after 60 and
90 days of storage. This result was evidenced mainly after cooking,
since an increase of 37, 44, and 155% TBARS was observed for the
treatment HCO when compared to the control after 30, 60, and 90 days
of storage, respectively. In agreement with these results, some re-
searchers found higher TBARS values after the incorporation of n-3
PUFAs rich oils in meat products (Delgado-Pando, Cofrades, Ruiz-
Capillas, Triki, & Jiménez-Colmenero, 2012; Domínguez, Pateiro,
Munekata, Campagnol, & Lorenzo, 2016; Josquin, Linssen, & Houben,
2012; Lorenzo, Munekata, Pateiro, Campagnol, & Domínguez, 2016).

The direct incorporation of the rosemary antioxidants into chia oil
by both UAE and CME was effective to reduce the lipid oxidation during
the microencapsulation process. The treatments HM2 and HM3 pre-
sented similar TBARS values (P > .05) to the Control before cooking at
days 1, 60, 90 and 120 of storage. However, the cooked burgers of the
treatment HM3 presented higher (P < .001) TBARS values than con-
trol after 1, 30, 60 and 120 days of storage. On the other hand, the
cooked burgers of the treatment HM2 showed lower (P < .001) TBARS
values than control after 30 and 60 days of storage. In addition, no
significant differences in TBARS values were observed in the cooked
burgers of the treatment HM2 and the control at 1, 90 and 120 days of
storage.

Table 6
Proximate composition (moisture, protein and fat) and TBARS values during storage of burgers.

Days Raw SEM Sig Cooked SEM Sig

Control HCO HM1 HM2 HM3 Control HCO HM1 HM2 HM3

Moisture (%) 1 62.6b 66.9a 67.5ª 67.53ª 69.35ª 0.95 ⁎⁎⁎ 55.21b 52.81b 59.14ª 58.16ª 58.55ª 0.96 ⁎⁎⁎

Protein (%) 1 18.53a 18.69a 19.33ª 19.6a 18.83ª 0.3 n.s. 24.87ª 24.45ª 25.26ª 25.38ª 24.99ª 0.66 n.s.
Fat (%) 1 18.22a 8.43b 8.52b 8.55b 8.46b 0.16 ⁎⁎⁎ 15.06ª 6.71c 9.08b 9.18b 9.19b 0.16 ⁎⁎⁎

TBARs
(mg MDA/kg sample)

1 0.151bD 0.20bC 0.302aC 0.174bC 0.188bD 0.019 ⁎⁎⁎ 0.404cdB 0.452cD 1.128aB 0.395dC 0.585bD 0.016 ⁎⁎⁎

30 0.451bB 0.438bB 0.659aB 0.231dC 0.347cC 0.015 ⁎⁎⁎ 0.438dB 0.599bC 0.870aC 0.260eD 0.530cE 0.022 ⁎⁎⁎

60 0.344bcC 0.636aA 0.714aB 0.244cC 0.352bC 0.034 ⁎⁎⁎ 0.445dB 0.641cC 1.141aB 0.378eC 0.720bC 0.016 ⁎⁎⁎

90 0.406cB 0.594aA 0.561abBC 0.435cB 0.488bcB 0.033 ⁎⁎⁎ 0.630cA 1.609aA 1.242bB 0.856cA 0.844cB 0.073 ⁎⁎⁎

120 0.525bA 0.653bA 1.211aA 0.579bA 0.711bA 0.089 ⁎⁎⁎ 0.569dA 0.999cB 1.596aA 0.639dB 1.293bA 0.04338 ⁎⁎⁎

SEM 0.019 0.028 0.091 0.030 0.031 – – 0.021 0.025 0.080 0.018 0.016 – ⁎⁎⁎

Sig ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ – – ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ –

SEM- Standard error of the mean. Mean values within the same line followed by the same lowercase letters did not show any significant difference (P > .05) by
Tukey test. Mean values within the same column followed by the same upper case did not show any significant difference (P > .05) by Tukey test. Batches: Control:
20% pork back fat; HCO: 50% substitution of pork back fat by chia oil; HM1: 50% substitution of pork back fat by microparticles produced with chia oil without
rosemary; HM2: 50% substitution of pork back fat by microparticles produced with rosemary-enriched chia oil using the ultrasound-assisted extraction; HM3: 50%
substitution of pork back fat by microparticles produced with rosemary-enriched chia oil using a conventional maceration extraction.
Sig.: significance; n.s. (not significant).

⁎⁎⁎ P < .001.

Table 7
Consumer sensory evaluation during storage of burgers.

Day 1 SEM Sig Day 120 SEM Sig

Control HCO HM1 HM2 HM3 Control HCO HM1 HM2 HM3

Color 6.74a 6.83a 6.31a 6.67a 6.72a 0.27 n.s. 6.48a 7.06a 6.80a 6.59a 6.94a 0.26 n.s.
Aroma 6.57a 6.62a 6.05b 6.66a 6.61a 0.27 ⁎⁎ 6.06c 6.28c 6.57bc 6.91ab 7.20a 0.27 ⁎⁎⁎

Flavor 6.78a 6.97a 6.02b 6.59a 6.42a 0.30 ⁎ 6.21b 6.81ab 6.65ab 6.60ab 6.94a 0.27 n.s.
Texture 6.55a 6.71a 6.06a 6.46a 6.47a 0.28 n.s. 6.43a 6.70a 6.72a 6.43a 7.16a 0.28 n.s.
Overall accaptance 6.67ab 6.89a 6.17b 6.7ab 6.49ab 0.28 ⁎⁎ 6.26b 6.55ab 6.47ab 7.01a 7.03a 0.26 ⁎

SEM- Standard error of the mean. Mean values within the same line followed by the same lowercase letters did not show any significant difference (P > .05) by
Tukey test. Batches: Control: 20% pork back fat; HCO: 50% substitution of pork back fat by chia oil; HM1: 50% substitution of pork back fat by microparticles
produced with chia oil without rosemary; HM2: 50% substitution of pork back fat by microparticles produced with rosemary-enriched chia oil using the ultrasound-
assisted extraction; HM3: 50% substitution of pork back fat by microparticles produced with rosemary-enriched chia oil using a conventional maceration extraction.
Sig.: significance; n.s. (not significant).

⁎⁎⁎ P < .001.
⁎⁎ P < .01.
⁎ P < .05.
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3.2.3. Consumer study
The results of the consumer study are presented in Table 7. As re-

ported by Heck et al. (2017) the substitution of pork back fat by the
chia oil microparticles reduced the sensory quality of the burgers. Si-
milar findings were obtained in this study, since the treatment HM1
presented significantly lower scores for the attributes aroma and flavor
after 1 day of storage, when compared to the Control. The lower sensory
acceptance can be correlated with the high TBARS (1128mg MDA/kg
sample) values in HM1 at day 1. In addition, the presence of CaCl2 in
the microparticles may also have affected these results, since studies
have shown that this salt impairs the sensory quality of meat products
(Dos Santos et al., 2015; Horita, Morgano, Celeghini, & Pollonio, 2011).
The direct incorporation of rosemary in chia oil was effective to solve
the sensory problems caused by the microencapsulation process, since
all sensory scores for the treatments HM2 and HM3 were similar to the
Control at day 1. In addition, HM2 and HM3 presented higher scores
than Control for the attributes aroma and overall acceptance at the end
of storage (day 120). The incorporation of non-encapsulated chia oil
(HCO) did not impair the sensory quality of the burgers after 1 and
120 days of storage in relation to Control. However, after 120 days of
storage, a lower acceptance of the attribute aroma was found in HCO
when compared to the treatments HM2 and HM3.

4. Conclusion

Chia oil enriched with rosemary by UAE presented higher oxidative
stability than chia oil enriched with rosemary by CME. The replacement
of 50% pork back fat by chia oil microparticles produced by the ex-
ternal ion gelation technique decreased the oxidative stability during
the storage of the burgers. The direct incorporation of rosemary in chia
oil by UAE before the microencapsulation proved to be a viable alter-
native to solve this problem. Thus, the present results showed that it is
possible to replace the animal fat in burgers by oils rich in n-3 PUFAs,
without compromising their oxidative and sensory quality.
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A B S T R A C T

Direct incorporation of rosemary leaves into chia oil (CO) was performed by ultrasound-assisted extraction
(UAE) and conventional maceration extraction (CME). CO was microencapsulated and used in burgers, as fol-
lows: control (20% pork back fat (PBF)); HCO (10% PBF+7.5% water +2.5% unencapsulated CO); HM1 (10%
PBF+10% CO microparticles); HM2 (10% PBF+10% CO microparticles enriched by UAE) and HM3 (10%
PBF+10% CO microparticles enriched by CME). The volatile compounds and the sensory properties (Check-All-
That-Apply and overall acceptability) of burgers were evaluated at days 1 and 120 of frozen storage. The control,
HCO, and HM1 groups were characterized for volatile compounds produced by lipid and protein oxidation, and
sensory descriptors related to lipid oxidation. HM2 and HM3 groups presented an increase in terpenic volatiles
and were characterized by the descriptors herbal and pleasant aroma and ideal texture. In addition, liking scores
were positively correlated to the descriptors that characterized the HM2 and HM3 groups.

1. Introduction

Burgers are meat products widely consumed in developed countries.
However, these products generally contain a high animal fat content
(20 to 30%) (Colmenero, 2000), which can positively affect the sensory
characteristics, such as appearance, texture, aroma and flavor of the
product, and contribute to the improvement of important technological
attributes, including yield and reduction of cooking shrinkage
(Tokusoglu & Ünal, 2003). In addition, the use of fat is also important in
reducing production costs, enabling the production of economically
viable meat products (Jayathilakan, Sultana, Radhakrishna, & Bawa,
2012).

However, it is widely known that intake of animal fat, which is high
in saturated fatty acids, increases the risk factors related to the onset of
cardiovascular diseases (Blekkenhorst et al., 2015). Thus, there is a
growing concern of the meat industry to nutritionally improve the lipid
profile of meat products, and in this context, the replacement of animal
fat by oils rich in n-3 PUFAs may be a very effective alternative
(Dominguez, Pateiro, Agregán, & Lorenzo, 2017; Lorenzo, Munekata,
Pateiro, Campagnol, & Dominguez, 2016). Some studies have already
evaluated the substitution of animal fat by oils rich in n-3 PUFAs in

burgers such as linseed (Singh, Chatli, Biswas, & Sahoo, 2014) and
canola (Afshari, Hosseini, Khaneghah, & Khaksar, 2017; Selani et al.,
2016). Despite the potential health benefits, negative effects were ob-
served with respect to the reduction of oxidative stability, and the
technological and sensory quality of the products.

In an attempt to solve such problems, we studied the substitution of
50% pork back fat by microencapsulated chia oil in burgers (Heck et al.,
2017). The lipid reformulation improved important technological at-
tributes, such as cooking loss and fat retention, as well as improving the
PUFA /SFA and n-6/n-3 ratio and the atherogenicity and thrombo-
genicity indices. However, the oxidative stability and the sensory
quality was not improved, probably due to the formation of volatile
compounds from the degradation of n-3 PUFAs, as these fatty acids are
highly sensitive to lipid oxidation reactions (Elmore, Campo, Enser, &
Mottram, 2002; Kosowska, Majcher, & Fortuna, 2017).

The use of natural antioxidants is an alternative to increase the
oxidative stability of oils rich in n-3 PUFAs and thus, enable their ap-
plication in foods with a nutritionally unfavorable fatty acid profile
(Fernandes, Trindade, Lorenzo, & de Melo, 2018; Munekata et al.,
2017). The most common extraction methods of natural antioxidants
currently employ large amounts of toxic solvents, as ethanol and
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methanol (Yara-Varón, Li, Balcells, Canela-Garayoa, & Chemat, 2017).
Ultrasonic assisted extraction (UAE) has been used as an alternative to
directly incorporate the antioxidant compounds from plant materials
into vegetable oils without using toxic solvents (Chen et al., 2018;
Goula, Ververi, Adamopoulou, & Kaderides, 2017). This extraction
method causes a rupture of the cell wall due to the acoustic cavitation
effect, achieving a high yield of bioactive compounds in a short time
(Roselló-Soto et al., 2015). Conventional maceration extraction (CME)
is another effective method for incorporating bioactive compounds di-
rectly into vegetable oils. However, it is more time consuming when
compared to the ultrasonic-assisted extraction (Veillet, Tomao, &
Chemat, 2010; Assami, Chemat, Meklati, and Chemat (2016).

In our previous study, we optimized the direct incorporation of
rosemary leaves into chia oil by ultrasound-assisted extraction (UAE)
and compared with a conventional maceration extraction (CME). In
addition, we produced microparticles of chia oil enriched with ro-
semary by these green-extraction techniques and use as pork back fat
substitute in burgers. This approach was useful to improve the oxidative
stability during the frozen storage of burgers, however, important
quality attributes were not addressed (Heck et al., 2018). Regardless of
nutritional and oxidative quality, the sensory quality will always be the
main determinant for the consumer acceptance for food products.
Considering that there are well-known challenges regarding the addi-
tion of rosemary on the herbal flavor of the finished product, it is ne-
cessary to determine the impact of this lipid reformulation on the vo-
latile compounds and the sensory profile. For this reason, the goal of
this study was to evaluate the volatile compounds and the sensory
profile of burgers with 50% pork back fat replacement by micro-
particles of chia oil enriched with rosemary by UAE and CME.

2. Material and methods

2.1. Direct incorporation of rosemary leaves into chia oil by ultrasound-
assisted extraction and conventional maceration extraction

Fresh rosemary leaves (Rosmarinus officinalis L.) were purchased in
the local market and dried at 50 °C for 24 h in an air circulation oven
(MDH, DeLeo, Brazil). The dried leaves were milled in an analytical mill
(MA630/1, Marconi, Brazil) until a fine powder was obtained. The fi-
nely ground rosemary leaves were incorporated directly into chia oil
(Giroil S.A., Santo Ângelo, Brazil) by ultrasound-assisted extraction
(UAE) and conventional maceration extraction (CME). The fatty acid
composition of chia oil was as follows: 13.8% SFA; 7.1% MUFA (6.89%
oleic acid); 79% PUFA; 20.25% n-6 PUFA (linoleic acid: 0.09%); and
58.7% n-3 PUFA (linolenic acid: 58.65%).

The UAE was carried out in an ultrasonic bath (TI-H-10, Elma,
Germany) operating at a nominal power of 1000W, at frequency of
25 kHz, sweep operating mode, and 100% amplitude. The water tem-
perature of the ultrasonic bath was maintained at 30 °C during appli-
cation of the ultrasound. The ultrasonic bath had an acoustic power of
230W (Koda, Kimura, Kondo, & Mitome, 2003) and a volumetric power
of 28W/L (Feng, Barbosa-Cánovas, & Weiss, 2011). Chia oil (100 g) and
the ground rosemary leaves (12.5 g) were sonicated for 10min. The
parameters of UAE were optimized in a previous study (Heck et al.,
2018).

The CME was performed with the same amount of rosemary leaves
(12.5 g) and chia oil (100 g) used in the UAE. The rosemary leaves and
the chia oil were placed in an amber flask and homogenized. The
mixture remained at rest for four hours without the incidence of light.
For both extraction methods (UAE and CME), the mixture was filtered
with a filter paper (Whatman # 40) and the rosemary-enriched chia oil
was stored in amber flasks under refrigeration (4 ± 1 °C) for 24 h.

2.2. Production of the microparticles of chia oil enriched or not with
rosemary

The microparticles were produced by the external ionic gelation
process, as described by Etchepare et al. (2016). For this process, chia
oil was mixed with a 2% sodium alginate solution. The mixture was
atomized in 0.1M CaCl2 solution using a dual fluid atomizer nozzle
(0.1 mm) at a distance of 12 cm from the solution, under air pressure of
0.125 kg/cm. After atomization, the microparticles were kept under
constant stirring for 30min, and then strained through a wire mesh
sieve (150 μm) and washed with sterile distilled water. Three types of
microparticles were produced, as follows: M1 (chia oil microparticles
without the addition of rosemary); M2 (microparticles produced with
rosemary-enriched chia oil by UAE); and M3 (microparticles produced
with rosemary-enriched chia oil by CME). The microparticles had a
lipid content of 25 ± 1.2% and an encapsulation efficiency of ap-
proximately 87%.

2.3. Burger manufacture

Three independent replicates of each batch were prepared. The
control sample was made with 78.4% beef (rectus femoris), 20% pork
back fat, 1.5% salt, and 0.1% garlic powder. The modified treatments
were made with the same amount of beef, salt and garlic added in the
the control. For the treatment HCO, 50% pork back fat of the control
sample was replaced by the unencapsulated chia oil (2.5 g/100 g) and
water (7.5 g/100 g). For the treatments HM1, HM2, and HM3, 50%
pork back fat was replaced by the microparticles M1, M2, and M3,
respectively. The pork back fat and beef were ground (Model PJ22,
Jamar Ltda., São Paulo, Brazil) separately using a 3mm disc. Then, beef
was mixed (model MJ 35, Jamar Ltda., São Paulo, Brazil) with salt for
extraction of the myofibrillar proteins, and the remaining ingredients
were added and mixed. Burgers (100 g), 11 cm in diameter and 2.5 cm
thick, were produced using a conventional burger-maker (HP 112,
Picelli, São Paulo, Brazil). The burgers were individually placed in bags
(20×14 cm) of high-density polyethylene films (50 μm thickness, with
oxygen transmission rate 1434 cm3/ m2.day and water vapor trans-
mission rate 0.6 g/ m2.day). Bags were sealed using a Selovac 200B
(Selovac, São Paulo, Brazil) packaging machine and the burgers were
stored at −18 °C for 120 days. The control and modified raw burgers
had a fat content of approximately 18.2% and 8.5%, respectively (Heck
et al., 2018).

Prior to analyses (day 1 and 120), the burgers were thawed at 4 °C
for 12 h in a domestic refrigerator. The samples were cooked on an
electric grill (Multi Grill, Britânia, Brazil) preheated to 150 °C, until
reaching an internal temperature of 72 °C in the geometric center of
each burger, which was measured by a spit thermometer (HM-600,
Highmed, Brazil).

2.4. Determination of volatile compounds

The volatile compounds were determined in triplicate in the raw
and cooked burgers at the beginning (day 1) and at the end of storage
(day 120). The sample (5 g) was placed in a 20mL vial sealed with a
PTFE facing silicone septum. Solid-phase microextraction (HS-SPME)
was used for the extraction of volatile compounds. Isolation of the
volatile compounds was performed with a fiber CarPDMS fiber
(Carboxen-polydimethylsiloxane) (75 μm, 10mm, Supelco, Bellefonte,
PA, USA), and the separation and identification was performed in a gas
chromatograph coupled to a mass spectrometer (GC/MS; SHIMADZU,
QP-2010 Plus, Tokyo, Japan). For that, 1 μL sample was injected in the
splitless mode using a ZP-WAX Plus (Chrompack, USA) column of
60m×0.25mm internal diameter and 0.25 μm stationary phase
thickness. Helium was used as carrier gas, under a constant flow rate of
1.0 mL/min. The initial column temperature was 35 °C, which was
maintained for 3min and then increased to 80 °C at a rate of 2 °C/min.
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Then, the temperature increased from 5 °C/min to 230 °C, maintaining
for 5min. The identification of the volatile compounds was performed
in a mass spectrometer operating in electron ionization mode (+70 eV)
using a scan of 35–350m/z and detector voltage of 0,96 kV. The iden-
tification was done according to Wagner and Franco (2012), by com-
paring the mass spectra with those obtained in the National Institute of
Standards & Technology (NIST 05). The alkanes (C6-C24) were analyzed
under the same chromatographic conditions, and the homologous series
were used to calculate the linear retention index values, which was
compared with that obtained in the literature (Acree & Heinrich, 2016;
El-Sayed, 2016).

2.5. Sensory analysis

The CATA sensory test was applied to characterize the sensory
profile of the reformulated burgers. This study was approved by the
Research Ethics Committee of the Federal University of Santa Maria
(RS, Brazil) (CAAE: 57433316.8.0000.5346). The sensory evaluation
was performed in individual booths under fluorescent lights, with an
intensity of approximately 350 lx. The samples were coded with randon
three digits numbers, and evaluated in a monadic order, following a
balanced design (Ares, Barreiro, Deliza, Giménez, & Gámbaro, 2010).
The burgers were cooked as described in section 2.3. After, the cooked
burgers were cut in pieces of approximately 4×4×2.5 cm and were
individually wrapped in foil and served to consumers at 60 °C. The
CATA sensory test was performed at the beginning (day 1) and at the
end (day 120) of the storage. One hundred regular burger consumers,
aged 18–55, participated in the study (64% female and 36% male at day
1, and 56% female and 44% male at day 120). The samples were
characterized by the descriptors ideal color and oily appearance; aroma
was characterized for greasy, rancid, acid, herbal, and pleasant. The

flavor attribute was characterized by the descriptors rancid, pleasant,
and unpleasant, and finally, texture was characterized using the de-
scriptors ideal, rubbery, and juicy. These sensory descriptors were
based on studies about low-fat meat products and its meaning was
explained to each consumer before the test (Alves et al., 2016; Heck
et al., 2017). At the end of the CATA test, the consumers were asked to
give a score for overall acceptability of the products from 1 to 9.

2.6. Statistical analysis

The whole experiment was repeated three times. Data from the
volatile compounds were evaluated by analysis of variance (ANOVA)
using a general linear model considering the treatments as a fixed effect
and the replicates as a random effect (n=3). The Tukey's test was used
at the 5% level of significance to compare the means between the
treatments. Data were analyzed using the SPSS statistical program
(SPSS Inc., Chicago, IL, USA). Principal Component Analysis (PCA) was
used to evaluate the contribution of the volatile compounds during
storage, using the statistical program Pirouette 3:11 (Infometrix,
Washington, USA).

Correspondence Analysis based on chi-square distances was used to
analyze the CATA question (Vidal, Tárrega, Antúnez, Ares, & Jaeger,
2015), calculated on the matrix with the frequency of each word for
each sample. Principal Coordinates Analysis was calculated on the
correlation matrix including CATA descriptors (tetrachoric correlation)
and liking scores (biserial correlation). Correspondence Analysis and
Principal Coordinates Analysis were calculated using the statistical
program XLSTAT 2018.1 (Addinsoft, Paris, France).

Fig. 1. Total aldehydes and ketones (average area ×106) of raw and cooked burgers during frozen storage (days 1 and 120). Lots: Control: 20% pork back fat; HCO:
10% pork back fat, 7.5% water and 2.5% chia oil (CO); HM1: 10% pork back fat and 10% microparticles of CO; HM2: 10% pork back fat and 10% microparticles of
CO enriched by ultrasound-assisted extraction: HM3: 10% pork back fat and 10% microparticles of CO enriched by conventional maceration extraction.
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3. Results and discussion

3.1. Volatile compounds of raw and cooked burgers at the beginning (day 1)
and at the end of storage (day 120)

The volatile compounds detected in the raw and cooked burgers are
shown in Table S1 and S2, respectively (supplementary material). The
volatile compounds from lipid oxidation, such as aldehydes and ke-
tones, are mainly responsible for the reduction of the sensory quality of
cooked meat products (Domínguez, Gómez, Fonseca, & Lorenzo, 2014;
Lorenzo et al., 2018). It is commonly reported in the literature that the
addition of oils rich in n-3 PUFAs increases the volatile compounds from
lipid oxidation in meat products (Ansorena & Astiasarán, 2004; Vieira
et al., 2012). In this study, the control burgers were made with 20 g
pork back fat/100 g. The replacement of 50% pork back fat by un-
encapsulated chia oil (2.5 g/100 g) and water (7.5 g/100 g) (HCO) did
not cause significant (P > .05) changes in the total amount of alde-
hydes (Fig. 1a) and ketones (Fig. 1c) in the raw hamburgers at the
beginning (day 1) and at the end of the storage period (day 120).
Surprisingly, the HCO treatment had a lower amount of aldehydes
(P < .01; Fig. 1b) and ketones (P < .001; Fig. 1d) when compared to
the control after cooking. This result may be due to the oil release
during cooking, as reported by Heck et al. (2017). The raw burgers of
the treatment HM1 and of the control presented a similar (P > .05)
content of aldehydes and ketones at the beginning (day 1) and at the
end of the storage period (day 120) (Fig. 1a and c). However, after
cooking, the treatment HM1 had a lower (P < .001) amount of ketones
when compared to the control at day 1 of storage (Fig. 1d). This fact
corroborates the results of Comunian and Favaro-Trindade (2016), who
reported that the microencapsulation by the external ionic gelation
technique is used to protect the oil from the oxidative reactions during
heating. The direct incorporation of rosemary into chia oil by UAE and
CME reduced (P < .01) the content of aldehydes in the HM2 and HM3
treatments in relation to the control, for both raw and cooked burgers
(Fig. 1a and b), which reduced from 72% to 88% in raw burgers, and
71% to 86% in cooked burgers. HM2 and HM3 treatments presented a
similar (P > .05) content of aldehydes in the raw and cooked burgers
(days 1 and 120). However, HM3 presented a lower (P < .001) content
of ketones than HM2 at day 120 of storage. This result suggests that
UAE was more effective than CME at incorporating antioxidant com-
pounds from rosemary leaves into chia oil.

3.2. Principal component analysis of volatile compounds in raw and cooked
burgers at the beginning (day 1) and at the end of storage (day 120)

Principal Component Analysis (PCA) was applied to visually explore
the impact of the substitution of pork back fat by the rosemary-enriched
chia oil microparticles in the volatile profile of burgers. As shown in
Table S1 and S2, the compounds that differed significantly among
treatments by the Tukey's test were included in the PCA (P < .05).

The PCA of the volatile compounds of the raw burgers at the be-
ginning (day 1) and at the end of the storage (day 120) is shown in
Fig. 2. The first two principal components accounted for 64.4% of the
total variance (PCI: 47.9% and PciI: 16.5%). The PCI allowed dis-
criminating the samples according to the processing time. Samples at
the beginning of storage (day 1) were located in the left quadrant, while
samples stored for 120 days were located in the right quadrant of PCI.
The HM2 and HM3 treatments were discriminated through the PciI, as
they were grouped in the upper quadrant, whereas the control and the
HCO and HM1 treatments were located in the lower quadrant of PciI. At
day 1 of storage, the raw burgers of the HM2 and HM3 treatments were
characterized mainly by the compounds camphor, 4-terpinenol, ver-
benone, alpha-terpineol, pinocarvone, gamma-pinene, isobutyric acid,
alpha terpinolene, and 2,3-methyl butanone. These compounds are
characteristic of rosemary (Castro-Vázquez, Pérez-Coello, & Cabezudo,
2003) and were also found by Estévez, Ventanas, Ramírez, and Cava

(2004) in a study using rosemary as an antioxidant in liver pate. In
contrast, the raw burgers from the control and the HCO and HM1
treatments were characterized by the compounds: sulfide allyl methyl,
phenol, propanoic acid, nonanoic acid, octanoic acid, butanoic acid
ethyl ester, 2,3-butanedione, 3-methyl- 3-butenol, 1-butanol, benzal-
dehyde, and nonanal. The presence of lipid oxidation compounds, such
as propanoic acid, nonanoic acid, and nonanal (Omonov, Kharraz, &
Curtis, 2011) indicates that the treatments without the addition of ro-
semary presented higher lipid oxidation when compared to HM2 and
HM3 groups shortly after manufacturing. The control, HCO, and HM1
treatments also showed a group of compounds from protein oxidation,
such as 3-methyl-1-butanol, phenol, and benzaldehyde (Santos,
Campagnol, Fagundes, Wagner, & Pollonio, 2015).

After 120 days of storage, raw burgers of the HM2 and HM3 treat-
ments continued to be characterized by volatile terpenes, including
eucalyptol, camphene, myrcene, limonene, sabinene, beta-car-
yophyllene, and alpha-pipene. In contrast, raw burgers of the other
treatments (control, HCO, and HM1) were characterized by a large
number of volatile compounds typical from lipid oxidation, such as
hexanal, heptanal, 2-pentenal, and butanal (Im, Hayakawa, & Kurata,
2004). It is worth noting that hexanal is one of the main markers of
lipid oxidation in meat products, giving the product a rancid taste when
found in high concentrations (Brunton, Cronin, Monahan, & Durcan,
2000). These treatments were also characterized by compounds from
protein oxidation, including dimethyldisulfide, 2 methyl-1butanol and
3-methyl butanal (Kosowska et al., 2017).

The PCA of the volatile compounds of the cooked burgers at the
beginning (day 1) and at the end (day 120) of the storage is shown in
Fig. 3. The first two principal components accounted for 64.82% of the
total variance (PCI: 48.35% and PciI: 16.47%), and the treatments were
separated into three groups (Fig. 3A). At the beginning of storage (day
1), the cooked burgers from the control, HCO, HM1, HM2, and HM3
treatments were grouped in the lower left quadrant of PCI. After
120 days of storage, there was a separation between treatments with
and without the addition of rosemary. The control and the HCO and
HM1 treatments were grouped in the right quadrant of PC1, while HM2
and HM3 treatments were grouped in the upper left quadrant of PC1. As
observed for raw burgers (Fig. 2), after 120 days of storage, the cooked
burgers from the treatments without the addition of rosemary were
characterized mainly by lipid oxidation compounds, such as aldehydes
and ketones. On the other hand, the cooked burgers of the HM2 and
HM3 treatments were again characterized mainly by terpene com-
pounds after this period.

As can be seen in Fig. 3B, PCIII explained the discrimination be-
tween the treatments with and without addition of rosemary at the
beginning of storage (day 1). The principal components accounted for
57.18% of the total variance (PCI: 48.35% and PCIII: 8.83%). At day 1
of storage, the HM2 and HM3 treatments were characterized by terpene
compounds such as verbenone and caryophyllene. In contrast, the
treatments without addition of rosemary (control, HCO, and HM1) were
characterized by some terpene compounds, but were also characterized
by compounds derived from lipid and protein oxidation (octanal and
phenol, respectively).

3.3. Check-all-that-apply (CATA)

Correspondence analysis (CA) was used to evaluate the descriptors
generated by the CATA questionnaire. The results of the beginning (day
1) and at the end (day 120) of the storage are presented in Fig. 4A. The
CA explained 84.54% of the total variance, with 70.22% and 14.32%
for the first and second dimensions, respectively. According to the first
dimension, the treatments were separated into two distinct groups. The
first group was formed by the HM2 and HM3 treatments, which were
located in the right quadrant. The second group (Control, HCO and
HM1) was located in the left quadrant. At days 1 and 120, the HM2 and
HM3 treatments were characterized by the descriptor herbal aroma,
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which is well correlated with the high content of terpene compounds
identified in these treatments (Figs. 2 and 3). In addition, they were also
characterized by the descriptors pleasant aroma and ideal texture. It
should be noted that the treatments containing rosemary-enriched chia
oil microparticles (HM2 and HM3 groups) did not present any de-
scriptors related to lipid oxidation. This result agrees with the low
amount of aldehydes and ketones found in these treatments at begin-
ning (day 1) and at the end (day 120) of the storage (Fig. 1). The second
group (Control, HCO and HM1) was characterized by the descriptors
rancid flavor, rancid aroma, unpleasant flavor, greasy aroma, and acid
aroma. These descriptors are well correlated with the large content of
volatile compounds from lipid oxidation identified in these treatments
(Table S2, Fig. 3). In addition, these treatments were characterized by
the descriptor oily, which is related to the oil release from the product
during cooking.

Principal Coordinates Analysis was applied to the correlation matrix
including descriptors and liking scores and the results are showed in a
two dimensional map (Fig. 4B). The first two dimensions explains
46.4% of the variation and the scree plot indicated that the two first
dimensions are sufficient to interpret relationships between descriptors.
Liking scores seem to be positively correlated to the descriptors that
characterized the treatments containing rosemary-enriched chia oil
microparticles (HM2 and HM3 groups) in the CA (herbal aroma, plea-
sant aroma, and ideal texture) (Fig. 4A). In addition, liking scores seem
to be inversely proportional to the descriptors rancid aroma, rancid

flavor and oily that characterized the treatments without rosemary
(Fig. 4a).

4. Conclusion

The chia oil did not have a major impact on the volatiles profile of
raw and cooked burgers for both the unencapsulated and micro-
encapsulated forms. On the other hand, a significant modification in the
volatile profile of burgers was observed with the addition of micro-
particles of chia oil enriched with rosemary by UAE or CME techniques.
This modification resulted in a decrease in volatiles from lipid and
protein oxidation and an increase in terpenes at the beginning (day 1)
and at the end of storage (day 120), before and after cooking. UAE may
be considered a method of direct incorporation of bioactive compounds
in chia oil more advantageous than CME, since in addition to the
shorter extraction time, the burgers produced with microparticles of
chia oil enriched with rosemary by UAE presented a lower content of
ketones.

Sensory descriptors related to lipid oxidation were reported for
burgers with the addition of chia oil microparticles. The direct in-
corporation of bioactive compounds from rosemary into chia oil by UAE
or CME techniques before the microencapsulation process was effective
to solve these sensory impacts. The sensory descriptors of the burgers
from these treatments were positively correlated with liking scores.
Therefore, it can be concluded that the lipid reformulation proposed in

Fig. 2. Loadings of the first two main components (PC1–PC2) of the volatile compounds for the raw burgers during frozen storage (days 1 and 120). Lots: Control:
20% pork back fat; HCO: 10% pork back fat, 7.5% water and 2.5% chia oil (CO); HM1: 10% pork back fat and 10% microparticles of CO; HM2: 10% pork back fat and
10% microparticles of CO enriched by ultrasound-assisted extraction: HM3: 10% pork back fat and 10% microparticles of CO enriched by conventional maceration
extraction.
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Fig. 3. A - Loadings of the first two main components (PC1–PC2) of the volatile compounds for the cooked burgers during frozen storage (days 1 and 120). B-
Loadings of the first and third main components (PC1–PC3) of the volatile compounds for the cooked burgers during frozen storage (days 1 and 120). Lots: Control:
20% pork back fat; HCO: 10% pork back fat, 7.5% water and 2.5% chia oil (CO); HM1: 10% pork back fat and 10% microparticles of CO; HM2: 10% pork back fat and
10% microparticles of CO enriched by ultrasound-assisted extraction: HM3: 10% pork back fat and 10% microparticles of CO enriched by conventional maceration
extraction.

Fig. 4. A - Representation of the samples and the terms in the first and second dimensions of correspondence analysis performed on data questions check-all-that-
apply (CATA) at the beginning (day 1) and at the end of storage (day 120). B - Principal Coordinates Analysis applied to the correlation matrix including CATA
descriptors and liking scores. Lots: Control: 20% pork back fat; HCO: 10% pork back fat, 7.5% water and 2.5% chia oil (CO); HM1: 10% pork back fat and 10%
microparticles of CO; HM2: 10% pork back fat and 10% microparticles of CO enriched by ultrasound-assisted extraction: HM3: 10% pork back fat and 10%
microparticles of CO enriched by conventional maceration extraction.
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this study is a promising alternative to incorporate healthy oils into
cooked meat products.
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A B S T R A C T

Burgers (20% pork back fat) were produced with the replacement of 0, 20, 40, 60, 80, and 100% of pork back fat
by hydrogelled emulsion (HE) from chia and linseed oils. No changes (P > .05) were observed for the moisture
retention, diameter reduction, and cooking loss of the treatments, with a significant increase in the lipid re-
tention (P < .05). Hardness increased (P < .05) with increasing the lipid replacement level, and a significant
color difference (ΔE) was detected between the treatments and the control. In addition to reducing animal fat, a
healthier fatty acid profile was reached after the lipid reformulation of the burgers, thus allowing the burgers to
be labeled with health claims. The sensory tests (acceptance and Check-All-That-Apply) indicated that it is
possible to replace up to 60% of pork back fat by HE.

1. Introduction

Burgers are meat products widely consumed worldwide, mainly due
to their pleasant sensory characteristics and rapid preparation (Rios-
Mera et al., 2019). However, the excessive consumption of these pro-
cessed products can be detrimental to human health due to the presence
of 20–30% of animal fat (Colmenero, 2000). Animal fat contains high
contents of saturated fatty acids (SFA), and the intake of SFA may in-
crease the risk factors related to the onset of cardiovascular diseases
(Blekkenhorst et al., 2015). In contrast, polyunsaturated fatty acids
(PUFAs) may contribute to the reduction of these risk factors, especially
if the dietary n-6 to n-3 PUFA ratio is< 4 (Chaudhary et al., 2016). In
this context, the meat industry has searched for alternatives to improve
the lipid profile of the products, in an attempt to adapt the nutritional
characteristics demanded by healthy consumers (Saldaña et al., 2018;
Selani et al., 2016).

The replacement of animal fat by oils rich in n-3 PUFAs can be an
alternative to obtain a healthier meat product. Chia and linseed oils are
interesting for this substitution, since they contain around 60% α-li-
nolenic acid in their lipid profile (Bodoira, Penci, Ribotta, & Martínez,
2017; Rubilar et al., 2012). Several authors have investigated these oils,

including Gómez-Estaca et al. (2019) and Heck et al. (2018), who used
linseed oil as an animal fat substitute in cooked meat products. The
products presented a high PUFA/SFA and low n-6/n-3 ratio, thus de-
monstrating that linseed oil can be a good alternative for animal fat
substitution. However, despite the potential health benefits, some
technological and sensory aspects have been reported.

The hydrogelled emulsion (HE) method has shown good results in
the entrapment of plant oils and may be an interesting alternative for
the use of oils rich in n-3 PUFAs in meat products. HEs are semi-solid
systems, in which a hydrophobic liquid phase is immobilized in a three-
dimensional environment of lipophilic solids (gelling agents) (Co &
Marangoni, 2012). Among the different ways of preparing HE, oil-in-
water emulsions (O/W) are the most studied due to the relative ease of
preparation and low cost (Salcedo-Sandoval et al., 2015). In addition,
the carrageenan used as a gelling agent is described in the literature as
an important agent to improve the stability and texture of low-fat meat
products (Ayadi, Kechaou, Makni, & Attia, 2009; Luruena-Martínez,
Vivar-Quintana, & Revilla, 2004).

The insertion of n-3PUFA rich oils in the structured form of HE can
effectively mimic the functionality of pork back fat in meat products,
with the differential of having a healthier lipid profile (Kouzounis,
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Lazaridou, & Katsanidis, 2017), thus allowing the production of heal-
thier meat products. However, there are few reports on the effect of
heat treatment on the fatty acid profile with the addition of HE rich in
n-3 PUFAs. In addition, the effects of n-3 PUFAs on the sensory profile
of burgers are little explored in the literature, which hinders strategies
to improve the sensory quality of this type of product. Therefore, this
study investigated the lipid reformulation of burgers by replacing 20,
40, 60, 80, and 100% pork back fat by HE rich in n-3 PUFAs. The
physicochemical, oxidative, technological, and nutritional properties of
the raw and cooked burgers were evaluated. The acceptance and the
sensory profile of the burgers were also assessed by multivariate pro-
cedures through the application of the acceptance test and the Check-
All-That-Apply (CATA) questionnaire.

2. Materials and methods

2.1. Production of HE

The HE was produced in triplicate using the following formulation:
12.5% chia oil (Giroil SA, Santo Angelo, Brazil), 12.5% linseed oil
(Giroil SA), 70% water, 1% polysorbate 80 (Merck, São Paulo, Brazil)
and 4% kappa carrageenan (NovaProm, Brazil). The carrageenan was
homogenized with water for 1min. The plant oils were homogenized
with polysorbate for 1min. The oily phase was slowly added to the
aqueous phase and homogenization was carried out for a further 2min.
The homogenization was performed using a food mixer (BMX200P,
Britânia, São Paulo, Brazil). After homogenization, the mixture was
transferred to a water bath at 80 °C and incubated for 20min with
constant stirring to gelatinize. Then, the HE was cooled at room tem-
perature for 2 h and stored at 4 °C for 12 h until the manufacture of the
burgers.

2.2. Characterization of HE

2.2.1. Proximate composition, Aw and pH
The proximate composition, Aw and pH of HE were determined in

triplicate. Moisture (AOAC Method 950.46), ash (AOAC Method
940.26), and proteins (AOAC Method 920.152) contents were de-
termined according to AOAC International (2005). The lipid content
was determined by the Bligh and Dyer (1959) method. Aw was de-
termined using an Aqualab apparatus (Decagon Devices Inc., Pullman,
EUA). The pH was determined using 5 g of sample, which was homo-
genized with 50mL of distilled water, and the pH was measured using a
digital pH meter (DM-23-DC, Digimed, Brazil).

2.2.2. Fatty acid profile
The fatty acid profile of the HE was determined in triplicate. Lipids

were extracted according to the method described by Bligh and Dyer
(1959). Subsequently, transesterification and methylation of the fatty
acids were performed as reported by Hartman and Lago (1973). The
fatty acid methyl esters (FAME) were analyzed by the injection of 1 μL
into a gas chromatograph equipped with a Varian brand gas ionization
detector (CG-DIC), Star model 3400CX (CA, USA) and 8200 Varian
automatic sampler (CA, USA). The injector remained in the split mode
with a 50:1 ratio and temperature of 250 °C. Hydrogen was used as a
drag gas at a constant pressure of 15 psi. The FAMEs were separated on
CP-Wax 52 CB capillary column (Middelburg, The Netherlands)
(50m×0.32mm×0.20 μm). The initial column temperature was
50 °C, which remained for 1min, increasing to 180 °C at 10 °C/min,
after 200 °C with an increased rate of 2 °C/min, and then 10 °C/min
until reaching 230 °C, maintaining in isotherm for 5min. The detector
was maintained at 240 °C. The FAME identification was performed by
comparing the retention times of the analytes with FAME Mix-37
standards (P/N 47885-U; Sigma-Aldrich, St. Louis, USA). For the
quantification of fatty acids, 200 μL of internal standard (23:0me) was
added, reaching a concentration of 1mg/mL of the sample. The

chromatographic areas were corrected using equivalent chain length
references and fatty acid methyl esters correction factor. The results
were expressed as mg of fatty acids/100 g of product. The Ather-
ogenicity (AI) and Thrombogenicity (TI) indexes were calculated as
reported by Ulbricht and Southgate (1991), according to Eqs. (1) and
(2), respectively.
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2.2.3. Penetration test of HE
The penetration analysis of HE was performed in five replicates. The

tests were performed in a TA-TX2 texture analyzer (Stable Micro
Systems Ltd., Surrey, England) equipped with a 25 kg load cell. The HE
was cut into cylinders (2 cm height× 2 cm in diameter) and then a
probe of 6mm in diameter was moved at a constant velocity of 0.5 mm/
s in 1 cycle of 50% compression, measuring the maximum strength at
the point of springiness of HE (Hardness, N) (Bourne, 2002).

2.3. Manufacture of the burgers

The following ingredients were used for the production of the bur-
gers: beef (Rectus femoris, 74.31% moisture; 22.75% protein; 4.41%
lipid; and 1.13% ash), pork back fat (63.69% lipid; 25.48% moisture;
11.69% protein; and 0.34% ash), salt, and garlic purchased in the local
market. The control was made with 78.4% beef, 20% pork back fat,
1.5% salt, and 0.1% garlic. For the treatments, a substitution of 20
(C20), 40 (C40), 60 (C60), 80 (C80), and 100% (C100) of pork back fat
(20 g/100 g) by HE was performed.

Beef and pork back fat were ground separately in a grinder (PJ22,
Jamar Ltda., São Paulo, Brazil) with a 3mm disc. The beef was then
homogenized with the salt for 3min to extract myofibrillar proteins.
After this step, the remaining ingredients were added and mixed for
3min. The burgers (100 g, 11 cm in diameter and 2.5 cm thick) were
formatted using a conventional burger-maker (HP 112, Picelli, São
Paulo, Brazil). The burgers were individually placed in bags
(20×14 cm) of high-density polyethylene film (50 μm thick, with the
oxygen transmission rate of 1434 cm3/m2/day, and water vapor
transmission rate 0.6 g/m2/day). Bags were sealed under air using a
Selovac 200B packaging machine (Selovac, São Paulo, Brazil) and
stored at −18 °C until analysis (24 h). Three independent replicates of
each batch were performed.

Prior to analyses, the burgers were thawed at 4 °C for 12 h. The
samples were cooked in an electric grill (Multi Grill, Britânia, São
Paulo, Brazil) until reaching the internal temperature of 72 °C, which
was monitored with the aid of a spit-type thermometer (HM-600, High
Paulo, Brazil).

2.4. Characterization of the burgers

2.4.1. Proximate composition, pH, Aw
The proximate composition (moisture, protein, lipid, and ash), Aw,

and pH of the beef, pork back fat and the raw and cooked burgers were
determined in triplicate according to procedures described in Section
2.2.1.

2.4.2. Lipid oxidation (TBARS)
TBARS were determined in triplicate in the raw and cooked burgers,

according to the procedures described by Bruna, Ordonez, Fernández,
Herranz, and Hoz (2001). The results were expressed in milligrams of
malonaldehyde per kg of sample.
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2.4.3. Instrumental color
The color of raw and cooked burgers was measured using a Minolta

CR-400 colorimeter (Minolta Sensing Inc. Konica, Japan) with spectral
reflectance included as a calibration mode, D65 illuminant, and 10°
viewing angle, operating in the CIE system (L⁎ a⁎ b⁎). The color vari-
ables were measured at six points on each side of three samples by
treatment. The values of L⁎ (lightness), a⁎ (redness) and b⁎ (yellowness)
were determined. The color difference (ΔE) was also determined ac-
cording to the procedures described by Faria et al. (2015).

2.4.4. Fatty acid profile
The fatty acid profile of the beef, pork back fat and the raw and

cooked burgers was determined in triplicate according to procedures
described in Section 2.2.2.

2.4.5. Technological properties
The technological properties were determined in triplicate using

three samples for each treatment. The raw samples were weighed and
the diameter was measured. These procedures were repeated after
cooking and cooling the samples to 25 °C. The cooking loss and dia-
meter reduction was calculated according to Eqs. (3) and (4), respec-
tively.
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−
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The moisture retention and the lipid retention were determined
according to Eqs. (5) and (6), respectively.
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2.4.6. Texture profile
For texture profile analysis (TPA), three burgers from each treat-

ment were cooked and then cooled to 25 °C. Four cylinders
(2 cm×2 cm) were cut from each sample, totaling 12 cylinders per
treatment. TPA analysis was performed in a TA-TX2 texture analyzer
(Stable Micro Systems Ltd., Surrey, England) equipped with a 25 kg
loading cell. A 36mm probe was used, moving at a constant velocity of
1mm/s and the cylinders were subjected to two consecutive cycles of
50% compression, as described by Bourne (1978). The parameters
hardness (N), springiness (mm), cohesiveness, and chewiness (N) were
determined.

2.4.7. Sensory analysis
This study was approved by the Research Ethics Committee of the

Federal University of Santa Maria (RS, Brazil) (CAAE:
57433316.8.0000.5346). The burgers were cooked as described in
Section 2.3, cut into pieces of 4× 4×2.5 cm, individually wrapped,
and kept in an oven at 60 °C. One hundred untrained and regular (at
least once a month) burger consumers (62% female, 38% male, aged
18–55) received the samples coded with three random numbers in a
sequential monadic way, following a Latin square design (Macfie,
Bratchell, Greenhoff, & Vallis, 1989). The tests were performed in in-
dividual booths with fluorescent lighting (350 lx). Water and biscuits
were provided to consumers to rinse their palate between the samples.

Firstly, consumers rated the overall acceptance of the burgers using
a hedonic scale of nine points (1= extremely disliked and 9= ex-
tremely liked) (Stone, Bleibaum, & Thomas, 2012). Then, they an-
swered a CATA questionnaire composed of 20 sensory descriptors. The
descriptors were based on a preliminary study (Alves et al., 2016) and

were related to the appearance (ideal color, pale color, strange ap-
pearance, and oily), aroma (soft, rancid, pleasant, and fat), flavor
(rancid, pleasant, bitter, acid, unpleasant, seasoning in the right
amount, and fish flavor) and texture (succulent, ideal, rubbery, dry, and
hard).

2.5. Statistical analysis

2.5.1. Experimental design and instrumental data
The entire experiment was replicated three times (n=3). Data

(except the sensory data) were analyzed through analysis of variance
(ANOVA) using a general linear model, considering the treatments as a
fixed effect and the replicates as a random effect. Pairwise comparison
was performed by the Tukey's test at 5% of significance. Data were
analyzed using the SPSS statistical program (SPSS, Chicago, IL, USA).

2.5.2. Sensory analysis
Data set was represented by boxplot and ANOVA, considering

treatments and consumers' as factors. The multi-dimensional re-
presentation of consumers acceptance of the burgers was performed by
Internal Preference Mapping. This technique consisted of a principal
component analysis (PCA) on the individual acceptance data (treat-
ments in the rows and consumers in the columns), based on the Pearson
correlation matrix (Saldaña et al., 2019a). To identify consumer seg-
ments, a hierarchical clustering on principal components (HCPC) was
performed using the first five coordinates of the PCA, Euclidean dis-
tances, and Ward's agglomeration method (Saldaña et al., 2019a). A
contingency table was obtained of the CATA results. Then, a corre-
spondence analysis (CA) was performed using the X2 distance, con-
sidering the average acceptance by clusters as supplementary variables.
Confidence ellipses were built around the treatments by parametric
bootstrapping, which indicates the multivariate similarity, that is, if
two ellipses overlap, they are similar. All data processing was done in
the R environment.

3. Results and discussion

3.1. Characterization of HE

The proximate composition of HE was: 69.9 ± 0.58% moisture,
23.1 ± 0.81% lipids, 0.96 ± 0.21% ash, and 0.84 ± 0.32% proteins
(Table S1). These results indicated that the hydrogelled emulsion was
able to retain practically all the oil (25%) used in the preparation of the
emulsion. In addition, the HE showed Aw, pH, and hardness of 0.968;
6.00; and 138.35 N, respectively. HE contained 11.6 g/100 g PUFA,
3.2 g/100 g SFA, and 0.07 g/100 g MUFA. The levels of n-6 and n-3
fatty acids were 2.8 g/100 g and 8.7 g/100 g of product, respectively,
with an n-6/n-3 ratio of 0.33 (Table S1).

3.2. Characterization of the burgers

3.2.1. Proximate composition, TBARS, pH, aw, and instrumental color
Significant differences were observed in the proximate composition

of the reformulated burgers (Table 1). The replacement from 40% of
pork back fat by HE caused an increase (P < .001) in moisture when
compared to the control. It was also found a significant decrease in lipid
content from 60% replacement of pork back fat. The raw burgers of the
treatment C60 showed a ~ 25% reduction of lipids when compared to
the control, while the raw burgers of the treatments C80 and C100
achieved ~ 50% reduction. The control presented higher (P < .001)
protein values when compared to all raw burgers. The differences in the
proximate composition of the raw burgers were expected, due to the
different moisture contents, lipids, and proteins of pork back fat and HE
(Table S1).

Concerning the cooked burgers, higher (P < .001) moisture con-
tents were observed for the treatments C80 and C100. The control
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presented significantly higher protein levels (P < .05) when compared
to all treatments. On the other hand, the treatments C80 and C100
presented lower (P < .05) lipid contents in relation to the control.
These results are due to the lower moisture content and higher lipid and
protein contents of the pork back fat when compared to HE (Table S1).

TBARS values increased significantly with the increase in the sub-
stitution level of pork back fat by HE (Table 1). However, only the
treatments C80 and C100 showed TBARS values close to the threshold
limit perceived by consumers (Wood et al., 2004). This increase in lipid
oxidation of the reformulated burgers was expected due to the high
concentration of PUFAs in HE (Table S1).

The pH and Aw values of the raw samples ranged from 5.74 to 5.81
and 0.963 to 0.977, respectively (Table 1). As expected, there was an
increase in pH and a decrease in Aw after the cooking step, with sig-
nificant differences between the treatments and the control. However,
the lipid reformulation did not cause a great impact on these para-
meters, since the pH and Aw values of the reformulated burgers were
within the range normally found for this type of meat product (Comi,
Tirloni, Andyanto, Manzano, & Iacumin, 2015; Kryževičūtė, Jaime,
Diez, Rovira, & Venskutonis, 2017; Selani et al., 2016).

The replacement of up to 60% pork back fat by HE did not affect the
color parameters L⁎, a⁎, b⁎ of the raw burgers (Table 1). However, the
raw burgers with 80 and 100% substitution showed a more yellowness
(higher b⁎ values) color than the control, probably due to the differ-
ences in b⁎ values of pork back fat and HE (Table S1). After cooking, the
treatments with a substitution level of 40% pork back fat presented
higher L⁎ values and lower a⁎ values when compared to the control. In
addition, the substitution from 60% also increased b⁎ values after
cooking when compared to the control (Table 1). It should be noted that
the differences in instrumental color between the control and the
treatments are likely to be perceived by consumers in both raw and
cooked burgers, once ΔE values were> 2 (Francis & Clydesdale, 1975).

3.2.2. Technological properties and texture profile
The cooking loss is a major concern when replacing animal fat with

oils in meat products (Keenan et al., 2015). No significant differences
were found in moisture retention, diameter reduction, and cooking loss
between the control and the treatments (Table 2). Thus, the lipid re-
formulation was effective to maintain these important technological
parameters. The treatments C60, C80, and C100 presented higher
(P < .001) lipid retention than the control. The control burgers and the

treatments with 20 (C20) and 40% (C40) substitution level showed a
reduction of lipid between 1.3 and 3.5% after cooking, while the
treatments with 60, 80, and 100% substitution presented lipid contents
similar to the raw burgers. This result suggests that HE was effective in
retaining plant oils after cooking. Similar results were found by Da Silva
et al. (2019) and Wolfer, Acevedo, Prusa, Sebranek, and Tarté (2018)
when using oleogels as lipid substitutes.

In this study, the lipid reformulation did not affect the springiness
and cohesiveness of the burgers (P > .05). However, all reformulated
treatments had a greater (P < .001) hardness and chewiness when
compared to the control (Table 2). Hardness increased with an increase
in the substitution level. The protein: lipid ratio of the control was 1.7
after cooking, while the modified samples exhibited a ratio ranging
from 1.9 (C20) to 3.1 (C100) (Table 1). The higher protein: lipid ratio
can explain the differences in hardness, once the proteins may have
formed a dense protein network making the product harder (Youssef &
Barbut, 2010), which increased the number of chewing cycles until
swallowing, expressed as chewiness. Similarly, Fagundes et al. (2017)
also reported a higher hardness of burgers made with a higher protein:
lipid ratio.

3.2.3. Fatty acid profile
The fatty acid profile of raw and cooked burgers is shown in Tables

3 and 4, respectively. In quantitative terms, the main SFA found in raw
and cooked burgers were palmitic acid (16:0) and stearic acid (18:0).
The amount of SFA decreased (P < .001) gradually with the increase
in the substitution level of pork back fat. The burgers of the treatments
C60 (raw), C80 (raw and cooked), and C100 (raw and cooked) showed
a reduction of> 30% in the SFA content when compared to the control.
Therefore, these treatments can be claimed as “reduced in saturated fat”
(European Parliament, 2006). The most abundant MUFA and PUFA of
the raw and cooked burgers were oleic acid (18:1n-9c) and linoleic acid
(C18:2n6c), respectively.

The modified treatments had a significantly higher linolenic acid
content (C18:3n3) when compared to the control for both raw and
cooked burgers. Raw and cooked burgers with 20% substitution of pork
back fat by HE can be claimed as a “source of omega-3 fatty acids”, as
they contain>0.3 g linolenic acid per 100 g product. On the other
hand, the burgers with a lipid substitution from 40% can be claimed as
“high omega-3 fatty acids”, as they have at least 0.6 g linolenic acid per
100 g product (European Parliament, 2006).

Table 1
Effect of the partial and total replacement of pork back fat by hydrogelled emulsion from chia and linseed oils on the chemical composition, TBARS, pH, Aw, and
color parameters of the beef burgers.

Raw Cooked

Control C20 C40 C60 C80 C100 SEM Sig. Control C20 C40 C60 C80 C100 SEM Sig.

Chemical composition (%)
Moisture 63.36d 65.50cd 67.60bc 71.08ab 73.35a 71.33ab 1.23 ⁎⁎⁎ 55.07b 55.71b 55.58b 56.87b 63.12a 63.63a 0.50 ⁎⁎⁎

Ash 2.35a 2.83a 2.69a 2.70a 2.94a 2.98a 0.36 n.s. 3.72a 3.07a 3.72a 3.03a 3.13a 3.35a 0.28 n.s.
Protein 21.86a 20.78b 20.09b 20.62b 20.96b 20.82b 0.26 ⁎⁎⁎ 23.38a 21.33b 21.30b 21.27b 21.68b 21.98b 1.56 ⁎

Fat 15.00a 13.86a 14.45a 11.34b 8.44c 7.17c 0.44 ⁎⁎⁎ 13.63a 11.54ab 10.93ab 11.30ab 7.82b 7.08b 1.36 ⁎

Lipid oxidation
TBARS 0.27d 0.30d 0.53c 0.64b 1.26a 1.25a 0.02 ⁎⁎⁎ 0.40e 0.60d 1.08c 1.33b 1.39b 1.63a 0.03 ⁎⁎⁎

Physico-chemical parameters
pH 5.78b 5.74d 5.75c 5.76c 5.78b 5.81a 0.003 ⁎⁎⁎ 5.78e 5.88d 5.94bc 5.96b 5.99a 5.92c 0.008 ⁎⁎⁎

Aw 0.977a 0.976ab 0.968cd 0.963d 0.973ab 0.971bc 0.001 ⁎⁎⁎ 0.962a 0.955ab 0.957ab 0.956ab 0.951b 0.953ab 0.003 ⁎

Color parameters
L⁎ 49.25a 47.98a 47.29a 46.96a 46.18a 46.25a 1.10 n.s. 45.93c 46.81bc 49.09ab 50.86a 50.76a 47.84b 0.84 ⁎⁎⁎

a⁎ 19.42ab 18.45b 18.42b 19.14ab 20.23a 19.32ab 0.58 ⁎⁎ 11.33a 10.83ab 10.24bc 10.42bc 9.87c 9.94c 0.23 ⁎⁎⁎

b⁎ 15.59bc 15.38c 15.66bc 16.75ab 17.51a 17.59a 0.43 ⁎⁎⁎ 15.93b 16.67ab 16.06b 17.25a 17.50a 16.93a 0.41 ⁎⁎

ΔE – 4.49b 5.29ab 5.33ab 5.89a 5.97a 0.71 ⁎⁎ – 3.64b 3.75b 5.41ab 5.35ab 5.88a 0.68 ⁎⁎

a–dMean values in the same row (corresponding to the same parameter) not followed by a common letter differ significantly (P < .05).
Batches: Control: 20% pork back fat; C20, C40, C60, C80 and C100: 20, 40, 60, 80 and 100% substitution of pork back fat by hydrogelled emulsion from chia and
linseed oils, respectively.
Sig.: significance: ⁎⁎⁎(P < .001), ⁎⁎(P < .01), ⁎(P < .05), n.s. (not significant).
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The control exhibited a PUFA/SFA ratio of 0.39 and 0.37 for the raw
and cooked burgers, respectively. This result is of concern for human
health, once a frequent consumption of foods with a PUFA/SFA ratio
lower than 0.45 may increase the incidence of cardiovascular diseases
(Wood et al., 2004). The PUFA/SFA ratio increased significantly with
the increase in the substitution level of pork back fat, which was above
the minimum recommended to decrease the incidence of cardiovascular
diseases for all treatments.

One of the main challenges for the development of healthier meat
products is the reduction of n-6/n-3 ratio, once meat products should
have a maximum ratio of 4:1 to be considered healthy (Simopoulos,
2011). The control presented a high n-6/n-3 ratio, with values of 13.34
and 10.37 for the raw and cooked burger, respectively, which was si-
milar to that found in other studies (Baggio & Bragagnolo, 2006; Heck
et al., 2017). However, all reformulated treatments presented a heal-
thier n-6/n-3 ratio due to the high content of n-3 PUFAs from HE (Table

Table 2
Effect of the partial and total replacement of pork back fat by hydrogelled emulsion from chia and linseed oils on technological and textural parameters of the beef
burgers.

Batches SEM Sig.

Control C20 C40 C60 C80 C100

Technological parameters (%)
Moisture retention 54.98a 60.29a 54.73a 56.15a 55.82a 58.58a 1.94 n.s.
Diameter reduction 20.61a 18.05a 16.93a 16.80a 17.16a 17.94a 2.95 n.s.
Cooking loss 36.78a 31.79a 33.46a 31.60a 35.18a 34.39a 1.96 n.s.
Lipid retention 57.42c 60.73bc 59.77c 68.17a 67.92a 66.70ab 1.89 ⁎⁎⁎

Textural parameters (cooked burgers)
Hardness (N) 68.31d 92.85c 117.32b 104.60bc 110.41bc 140.31a 6.02 ⁎⁎⁎

Springiness 0.74a 0.81a 0.82a 0.79a 0.78a 0.74a 0.04 n.s.
Cohesiveness 0.46a 0.52a 0.47a 0.49a 0.51a 0.45a 0.02 n.s.
Chewiness (N) 31.61c 48.49b 55.76b 51.03b 57.00b 68.97a 3.15 ⁎⁎⁎

a–cMean values in the same row (corresponding to the same parameter) not followed by a common letter differ significantly (P < .05).
Batches: Control: 20% pork back fat; C20, C40, C60, C80 and C100: 20, 40, 60, 80 and 100% substitution of pork back fat by hydrogelled emulsion from chia and
linseed oils, respectively.
SEM: standard error of the mean
Sig.: significance: ⁎⁎⁎(P < .001), ⁎⁎(P < .01), ⁎(P < .05), n.s. (not significant).

Table 3
Effect of the partial and total replacement of pork back fat by hydrogelled emulsion from chia and linseed oils on the fatty acid profile of the raw beef burgers.

Raw (mg/100 g of sample) SEM Sig.

Control C20 C40 C60 C80 C100

C12:0 6.35b 5.79c 7.06a 0.00d 0.00d 0.00d 0.09 ⁎⁎⁎

C14:0 158.68a 148.07a 147.94a 128.08b 81.26c 54.96d 4.99 ⁎⁎⁎

C14:1 8.62b 9.17b 12.82a 11.64ab 9.57ab 8.52b 1.06 ⁎⁎

C15:0 18.07ab 17.07ab 24.42a 19.16ab 16.02b 12.96b 2.20 ⁎⁎⁎

C16:0 3272.72a 2928.52b 2893.64b 2209.14c 1386.87d 939.01e 48.82 ⁎⁎⁎

C16:1 211.79a 196.16ab 190.68b 152.45c 98.30d 56.25e 4.73 ⁎⁎⁎

C17:0 82.44a 67.87b 76.17ab 69.94b 52.67c 32.39d 3.18 ⁎⁎⁎

C17:1 54.07a 48.17b 49.92ab 40.35c 31.35d 22.39e 1.45 ⁎⁎⁎

C18:0 1872.02a 1698.56b 1661.99b 1266.48c 949.41d 698.43e 41.51 ⁎⁎⁎

C18:1n9c 5729.45a 5011.81b 4988.57b 3502.86c 2579.09d 1655.71e 78.78 ⁎⁎⁎

C18:2n6c 2179.50a 2040.83a 2167.27a 1666.97b 1070.73c 871.49d 49.02 ⁎⁎⁎

C18:3n3 151.65e 536.12d 1033.82c 1363.92bc 1503.84b 2264.97a 104.11 ⁎⁎⁎

C20:0 42.85a 37.41b 37.63b 32.04c 22.19d 18.82d 1.42 ⁎⁎⁎

C20:1 107.22a 88.26b 96.62ab 64.56c 30.95d 0.00e 3.34 ⁎⁎⁎

C20:2 105.95a 97.99b 92.88b 59.29c 29.94d 0.00e 2.25 ⁎⁎⁎

C20:3n6 19.52a 18.07b 17.46b 16.53b 15.31bc 13.1c 1.72 ⁎⁎⁎

C20:4n6 39.80ab 48.61a 49.36a 41.63a 22.34bc 8.85c 5.69 ⁎⁎⁎

C20:3n3 19.68a 19.37a 19.18a 17.30a 11.21b 10.02c 1.51 ⁎⁎⁎

C20:5n3 0.00c 11.82b 12.80b 14.67ab 15.10a 17.21a 1.89 ⁎⁎⁎

C23:0 921.73a 824.64a 861.93a 668.08b 528.50c 513.69c 38.96 ⁎⁎⁎

∑SFA 6374.85a 5727.91b 5710.79b 4392.92c 3036.91d 2270.25e 78.34 ⁎⁎⁎

∑MUFA 6111.15a 5353.56b 5338.60b 3771.87c 2749.25d 1742.87e 83.91 ⁎⁎⁎

∑PUFA 2514.10c 2772.80bc 3392.76a 3180.32ab 2653.89c 3158.80ab 140.96 ⁎⁎⁎

PUFA/SFA 0.39e 0.49de 0.60cd 0.73bc 0.88b 1.40a 0.05 ⁎⁎⁎

n-6/n-3 13.34a 3.76b 2.16bc 1.24bc 0.74c 0.39c 0.79 ⁎⁎⁎

AI 0.45a 0.43ab 0.40b 0.39b 0.32c 0.24d 0.01 ⁎⁎⁎

TI 0.48a 0.38b 0.29c 0.23d 0.18d 0.10e 0.02 ⁎⁎⁎

a–eMean values in the same row (corresponding to the same parameter) not followed by a common letter differ significantly (P < .05).
Batches: Control: 20% pork back fat; C20, C40, C60, C80 and C100: 20, 40, 60, 80 and 100% substitution of pork back fat by hydrogelled emulsion from chia and
linseed oils, respectively.
SEM: standard error of the mean.
Sig.: significance: ⁎⁎⁎(P < .001), ⁎⁎(P < .01).
SFA= saturated fatty acids; MUFA=monounsaturated fatty acids; PUFA=polyunsaturated fatty acids; n-6= omega-6; n-3= omega-3. AI: atherogenic index; TI:
thrombogenic index.
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S1). The lipid reformulation also resulted in a decrease in ather-
ogenicity (AI) and thrombogenicity (TI) indices of both raw (Table 3)
and cooked (Table 4) burgers. This fact also confers healthier char-
acteristics to the product, once it suggests that the lipids present in the
reformulated burgers can prevent the emergence of cardiovascular

diseases (Ulbricht & Southgate, 1991).

3.2.4. Sensory evaluation
The treatment C60 presented the highest (P < .001) overall ac-

ceptance score (Fig. 1) among all treatments. The treatments C20 and

Table 4
Effect of the partial and total replacement of pork back fat by hydrogelled emulsion from chia and linseed oils on the fatty acid profile of the cooked beef burgers.

Cooked (mg/100 g of sample) SEM Sig.

Control C20 C40 C60 C80 C100

C12:0 7.91a 6.80b 4.16c 4.96bc 3.34c 0.00d 0.65 ⁎⁎⁎

C14:0 157.20a 117.00b 115.22b 110.79b 78.20c 52.50d 3.26 ⁎⁎⁎

C14:1 11.07a 6.62b 10.54a 8.76ab 8.35ab 0.00c 0.93 ⁎⁎⁎

C15:0 19.92a 13.26bc 0.00d 14.38b 13.43bc 10.83c 1.00 ⁎⁎⁎

C16:0 2936.27a 2445.53b 2205.83c 2252.97c 1553.68d 1043.17e 30.08 ⁎⁎⁎

C16:1 205.33a 152.62b 145.74b 142.14b 99.71c 63.27d 3.78 ⁎⁎⁎

C17:0 78.82a 52.63b 53.46b 47.63c 41.65d 29.45e 1.33 ⁎⁎⁎

C17:1 56.01a 38.41b 40.03b 39.58b 31.65c 0.00d 1.63 ⁎⁎⁎

C18:0 1648.66a 1395.61b 1346.08b 1123.28c 952.27d 653.60e 38.03 ⁎⁎⁎

C18:1n9c 4972.75a 4107.28b 3679.04d 3844.11c 2628.85e 1744.40f 48.57 ⁎⁎⁎

C18:2n6c 1771.50a 1609.34ab 1463.64b 1597.20b 1145.56c 897.41d 49.62 ⁎⁎⁎

C18:3n3 145.50f 372.42e 680.50d 879.89c 1360.27b 2013.96a 52.46 ⁎⁎⁎

C20:0 33.10a 30.96b 28.75c 30.15bc 22.98d 19.80e 0.44 ⁎⁎⁎

C20:1 99.60a 87.92b 72.30d 80.19c 49.52e 30.90f 1.57 ⁎⁎⁎

C20:2 97.50a 75.79b 59.06c 66.34c 34.76d 14.90e 2.29 ⁎⁎⁎

C20:3n6 19.43a 14.35b 11.27c 13.54b 9.97c 7.37d 0.51 ⁎⁎⁎

C20:4n6 56.32a 38.66b 34.48bc 38.17b 30.03c 22.37d 1.83 ⁎⁎⁎

C20:3n3 17.18a 13.79ab 0.000d 12.58b 7.91c 4.78c 1.22 ⁎⁎⁎

C20:5n3 15.70a 0.00c 0.00c 0.00c 14.96a 8.76b 0.52 ⁎⁎⁎

C23:0 927.05a 706.97b 723.14b 731.88b 568.10c 551.53c 17.81 ⁎⁎⁎

∑SFA 5807.81a 4761.96b 4476.62c 4316.04d 3233.64e 2368.79f 43.30 ⁎⁎⁎

∑MUFA 5344.76a 4392.84b 3947.64c 4114.79c 2818.09d 1838.56e 51.28 ⁎⁎⁎

∑PUFA 2123.12c 2124.35c 2248.95c 2607.72b 2603.45b 2969.55a 70.16 ⁎⁎⁎

PUFA/SFA 0.37e 0.45de 0.50d 0.61c 0.81b 1.26a 0.03 ⁎⁎⁎

n-6/n-3 10.37a 4.33b 2.29c 1.86c 0.86d 0.46d 0.22 ⁎⁎⁎

AI 0.48a 0.45b 0.43b 0.40c 0.34d 0.24e 0.01 ⁎⁎⁎

TI 0.49a 0.40b 0.34c 0.25d 0.18e 0.10f 0.01 ⁎⁎⁎

a–fMean values in the same row (corresponding to the same parameter) not followed by a common letter differ significantly (P < .05).
Batches: Control: 20% pork back fat; C20, C40, C60, C80 and C100: 20, 40, 60, 80 and 100% substitution of pork back fat by hydrogelled emulsion from chia and
linseed oils, respectively.
SEM: standard error of the mean.
Sig.: significance: ⁎⁎⁎(P < .001).
SFA= saturated fatty acids; MUFA=monounsaturated fatty acids; PUFA=polyunsaturated fatty acids; n-6= omega-6; n-3= omega-3. AI: atherogenic index; TI:
thrombogenic index.
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Fig. 1. Averages of the overall acceptance scores of the beef burgers using a nine-point hedonic scale. Different letters indicate significant differences according to the
Tukey test.
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C40 were similar to the control. Only the treatments C80 and C100
obtained lower overall acceptance scores (P < .001) than the control.
However, the boxplot clearly indicated a high variability of the ac-
ceptance scores. Therefore, the results of the mean overall acceptance
scores may have masked the preference of some consumers for the other
treatments. Consumers (Fig. 2A) and treatments (Fig. 2B) were re-
presented in the first two dimensions of the Internal Preference Map-
ping to show the heterogeneity of the consumers' acceptance (Saldaña
et al., 2018). To identify the consumers of each segment, the HCPC
technique was used (Fig. 3). Consumers were grouped into 2 different
clusters (Fig. 3A), and the averages were calculated for the acceptance
of each treatment by cluster (Fig. 3B). This analysis clearly indicated
that the cluster 2 (n=54), located at the top of the scale, was more
tolerant towards the replacement of pork back fat by HE. The overall
acceptance scores were>5 for all treatments, indicating that con-
sumers from cluster 2 were burger-lovers, thus evidencing a potential
consumer market even for 100% replacement level. On the other hand,
the cluster 1 (n=46), located at the bottom of the scale, indicated that
the treatments C80 and C100 were less accepted by consumers, as they
presented scores below 5, while the treatments with up to 60% re-
placement of pork back fat showed a high overall acceptance.

The sensory profile of the burgers was represented in the first two
dimensions of the CA, which explained 89.19% of the total variance

(Dim 1: 79.98%, Dim 2: 9.21%) (Fig. 4). The confidence ellipses around
the treatments were small, which shows a good stability of data
(Saldaña et al., 2019b). The confidence ellipses were used to estimate
the similarity between treatments over a multivariate perspective. It
can be clearly seen that the treatments C20 and C40 were statistically
similar to the control, while the treatment C60 was relatively close. In
contrast, the treatments C80 and C100 were statistically similar to each
other but completely different from the control. Clusters 1 and 2 pre-
sented a similar preference among them, once they were very close in
the sensory map. Thus, the only difference between the clusters was the
range used in the hedonic scale (Fig. 3B). The acceptance scores of the
clusters 1 and 2 were positively related to the “succulent”, “ideal tex-
ture”, “pleasant aroma”, “pleasant flavor”, “seasoning in the right
amount”, “ideal color”, and “soft aroma” attributes. These attributes
were located in the negative quadrant of Dim 1 and characterized the
control and the treatments C20, C40, and C60. In addition, the accep-
tance scores of the clusters 1 and 2 were inversely proportional to the
descriptors that characterized the treatments C80 and C100, including
“fatty flavor”, “rancid aroma”, “pale color”, “unpleasant flavor”, “fish
flavor”, “oily”, “rancid flavor”, “acid flavor”, “bitter”, “rubbery tex-
ture”, and “hard”.

Fig. 2. Internal preference mapping: (A) Consumers; (B) Samples.

Fig. 3. Segmentation of consumers' panel. A: Factor map of consumers based on the two segments found; B: Representation of the average acceptance scores of each
treatment by cluster.
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4. Conclusions

The replacement of pork back fat by HE did not adversely affect the
technological properties of the burgers. However, the reformulation
process led to an increase in hardness and chewiness of the samples due
to increased protein: lipid ratio. The lipid reformulation reduced the
lipid content and improved the fatty acid profile of the burgers, with no
major changes in the lipid profile of the burgers after cooking. The
substitution of only 20% pork back fat by HE has led to significant
nutritional improvements. The acceptance scores and the sensory pro-
file demonstrated that it is possible to replace up to 60% pork back fat
by the HE produced in this study. Thus, the proposed lipid reformula-
tion can be a promising strategy to produce low-fat burgers with a
healthier lipid profile. However, to be used successfully in the meat
industry, improvements in the oxidative stability of HE from chia and
linseed oils are required.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meatsci.2019.05.034.
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A B S T R A C T

Hydrogelled emulsions (HE) from chia and linseed oils (1:1) were made with different concentrations (0, 6, 8,
and 10%) of jabuticaba peel extract (JPE) obtained by microwave hydrodiffusion and gravity (MHG) extraction.
Burgers (20% fat) were produced with the replacement of 60% of fat by HEs. The oxidative profile and the
sensory quality of raw and cooked burgers were evaluated for 120 days (−18 °C). The JPE exhibited 1.72 mg/
mL of phenolic compounds and 57,741.67 μmol TE/mL of antioxidant capacity. In addition, the MHG extraction
eliminated the mesophilic bacteria from the jabuticaba peel. The burgers made with HE and without the addition
of JPE showed a 5-fold increase in TBARS values when compared to the control. On the other hand, the addition
of 10% JPE to HE was effective to maintain the lipid oxidation similar to the control until the 60th day of
storage. Besides, the incorporation of JPE into HE reduced the sensory defects caused by the lipid reformulation.

1. Introduction

One of the major challenges for the production of healthier meat
products is the high concentrations of saturated fatty acids (SFA) in
animal fat. The partial replacement of animal fat by oils with high n-3
PUFAs levels, such as chia and linseed oils, can confer healthier char-
acteristics to meat products, thus reducing the risk of chronic diseases
to consumers (Bodoira, Penci, Ribotta, & Martínez, 2017; Chaudhary
et al., 2016; Rubilar et al., 2012).

However, despite the potential health benefits, some concerns in-
cluding the oil release and depreciation of texture, aroma, and flavor
have been reported in studies using chia and linseed oils as an animal
fat substitute in cooked meat products (Gómez-Estaca et al., 2019; Heck
et al., 2017). Hydrogelling of oils has proven to be an effective alter-
native for reducing these technological and sensory problems. In this
technique, the oil phase is homogenized with the aqueous phase con-
taining a gelling agent. Afterward, the mixture is heated to allow ge-
lation, and then cooled to room temperature and stored under

refrigeration. In previous studies, our research group replaced 0, 20, 40,
60, 80, and 100% pork back fat by HE from chia and linseed oils in beef
burgers. In addition to reducing fat, a healthier lipid profile was ob-
served, allowing burgers to be labeled with health claims. The sensory
and technological quality was not affected by up to 60% replacement of
pork back fat by HE. However, higher lipid oxidation was observed with
the increase in the HE replacement level (Heck et al., 2019). Thus,
improvements in the oxidative stability of HE from chia and linseed oils
are required so that this ingredient can be used on a large scale in the
meat industry. In this context, the incorporation of natural extracts
from agroindustrial waste has stood out (Menegali et al., 2020; Saldaña,
Serrano-León, Selani, & Contreras-Castillo, 2019).

Jabuticaba (Myrciaria cauliflora) has a large amount of bioactive
compounds, which are mainly concentrated in the fruit peel, such as
ellagic acid, quercetin, and anthocyanins (Quatrin et al., 2019). Studies
have shown that jabuticaba peel extracts (JPE) obtained by simple
extraction methods (using water or ethanol) were effective in reducing
the lipid oxidation of meat products during storage (Almeida et al.,
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2015; Baldin et al., 2016). Thus, the jabuticaba peel can be considered a
promising alternative to control the increase in lipid oxidation after the
addition of oils with high n-3 PUFAs levels to meat products. However,
further studies on the extraction techniques to obtain a greater amount
of bioactive compounds from jabuticaba peel are required.

The microwave by hydrodiffusion and gravity (MHG) extraction is a
process designed for extraction bioactive compounds in vegetable ma-
terial using the gravity force to accelerate the extraction process
(Kusuma, Putri, Triesty, & Mahfud, 2019). In general, the MHG ex-
traction consists of heating the plant material in a microwave oven,
which will lead to a disruption of the cells that contain the bioactive
compounds. MHG extraction is known as an environmentally friendly
method, as it can reduce the waste generation and energy consumption
and eliminate or reduce the use of toxic solvents (Chemat et al., 2017).

So far, the incorporation of bioactive compounds extracted by MHG
in oils rich in n-3 PUFAs has been little explored. Thus, this study in-
vestigated the extraction of bioactive compounds from jabuticaba peel
by MHG and the incorporation at different concentrations (0, 6, 8, and
10%) into a 1:1 blend containing chia and linseed oils. The blend of
healthier oils was hydrogelled and used to replace 60% fat in burger
formulations. The effect of the lipid reformulation on the oxidative and
sensory quality of raw and cooked burgers was evaluated during their
shelf life (120 days at −18 °C).

2. Materials and methods

2.1. Extraction of JPE by MHG

Jabuticaba of the variety Myrciaria cauliflora was harvested in
November 2018 in the city of Alecrim (Southern Brazil). The peels were
separated from the pulp and cut into small pieces. The peels were
cleaned in water and sanitized by immersion in sodium hypochlorite
solution (200 mg/kg for 10 min) and kept at 4 °C before extraction. The
extraction procedure was carried out using a 2.45 GHz multimode
microwave oven (NEOS-GR, Milestone, Bergamo, Italy), at atmospheric
pressure under 400 W of power for 20 min. During the extraction
process, no solvent was used. The extract was drained by gravity,
condensed, and collected in a container outside the microwave cavity.
The extraction procedure was repeated three times on different days.
For each extraction, 200 g of fresh jabuticaba peels were used.

2.2. Characterization of jabuticaba peel and JPE obtained by MHG

2.2.1. Total phenolic contents (TPC) and antioxidant capacity
The total phenolic contents (TPC) and the antioxidant capacity of

jabuticaba peel and the JPE obtained by MHG were evaluated in tri-
plicate by the Folin-Ciocalteu (Chandra & Mejia, 2004) and ORAC as-
says (Oxygen Radical Absorbance Capacity) (Ou, Hampsch-Woodill, &
Prior, 2001), respectively. The TPC was expressed as milligrams of
gallic acid equivalent per 100 g of sample (mg GAE/100 g) and the
antioxidant capacity was expressed as μmol of Trolox equivalent to 1 g
of vegetable oil.

2.2.2. Microbiological characterization
The microbiological characterization of the jabuticaba peel and the

JPE obtained by MHG were carried out in triplicate. For the enu-
meration of mesophilic bacteria, PCA (Plate Count Agar) culture
medium was used, with incubation at 36 °C for 48 h. For molds and
yeast counts, BDA (Potato Dextrose Agar) was used with incubation at
25 °C for 7 days (ISO- International Organization for Standardization,
2013).

2.3. Elaboration of the hydrogelled emulsion with the addition of JPE and
use in the burger formulations

The hydrogelled emulsion (HE) and the burger formulations were

made in triplicate, as described by Heck et al. (2019). HEs containing 0,
6, 8, and 10% JPE were prepared, calculated in relation to the total
weight of HE, and used in the formulations before HE gelatinization.
The control burger was made with 20% pork back fat. The reformulated
burgers were made with a 60% replacement of pork back fat by HEs
containing 0, 6, 8, and 10% JPE, which corresponded to a concentration
of 0 (CHE), 0.72 (T6), 0.96 (T8), and 1.2% (T10) of JPE in the product.
The burgers were individually packed in high-density polyethylene
bags (20 × 14 cm, 50 μm thick) and stored for 120 days at−18 °C. The
oxygen transmission rate and the water vapor transmission rate of the
bags were 1434 cm3/m2/day and 0.6 g/m2/day, respectively.

2.4. Characterization of the reformulated burgers

The burgers were thawed at 4 °C for 12 h before analysis. The
analyses were performed in both raw and cooked burgers. The burgers
were cooked on an electric grill (Multi Grill, Britânia, Brazil) preheated
to 150 °C until reaching the internal temperature of 72 °C. A skewer-
type thermometer (HM-600, Highmed, Brazil) was inserted in the
center of each burger to determine the internal cooking temperature.

2.4.1. Determination of pH and redox potential (Eh)
The pH and the redox potential (Eh) were determined in triplicate

during storage (0, 30, 60, 90, and 120 days). For that, 5 g of sample was
homogenized with 50 mL of distilled water, and both the pH and Eh
were measured using a digital pH meter (DM-23-DC, Digimed, Brazil).

2.4.2. Color measurements
The color was measured on the first day of processing, and after 30,

60, 90, and 120 days of storage. A Minolta CR-400 colorimeter (Minolta
Sensing Inc. Konica, Japan) was used in the CIE system (L*, a*, b*),
using spectral reflectance included as a calibration mode, D65 illumi-
nant, viewing angle of 10° and a round aperture size of 8 mm. The color
variables were measured at six points on each side of three samples per
treatment. The values of lightness (L*), redness (a*) and yellowness
(b*) were determined (Faria et al., 2015).

2.4.3. TBARS assay
The lipid oxidation was determined in triplicate at days 0, 30, 60,

90, and 120 of storage, and expressed as milligrams of malonaldehyde
per kg of sample, as described by Bruna, Ordonez, Fernández, Herranz,
and Hoz (2001).

2.4.4. Sensory evaluation
The sensory tests were carried out in individual booths at the sen-

sory analysis laboratory of the Federal University of Santa Maria, ac-
cording to the protocol approved by their Human Research Ethics
Committee (CAAE: 57433316.8.0000.5346). The overall liking and the
Check-All-That-Apply (CATA) questionnaire was answered by 100
regulars (at least once a month) consumers of beef burgers (58% fe-
male, 42% male, aged 18–60). The cooked burgers were cut into
4 × 4 × 2.5 cm pieces, individually wrapped in aluminum foil, and
kept at 60 °C in a conventional oven until the time of analysis. The
samples were served in a sequential monadic way, encoded with three-
random digits following a Latin square design (Macfie, Bratchell,
Greenhoff, & Vallis, 1989). First, consumers rated the overall liking of
beef burgers using the 9-point hedonic scale (1 = dislike extremely and
9 = like extremely) and then they answered the CATA questionnaire,
selecting all the attributes that characterized each sample (Heck et al.,
2019; Saldaña et al., 2019) using 18 sensory descriptors selected ac-
cording to a preliminary study (Alves et al., 2016). The descriptive
descriptors were related to the appearance (ideal color, pale color,
strange appearance, and oily aspect), aroma (fruity, rancid, acidic, and
mild), flavor (rancid, sweet, pleasant, bitter, unpleasant, and seasoning
in the right amount) and texture (juicy, ideal, rubbery, and dry).
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2.5. Statistical analysis

The entire experiment was replicated three times (n = 3). The
physicochemical data were evaluated using a general linear model
ANOVA considering treatments and storage period and their interaction
as fixed factors, and the replicates as random factor. When the fixed
factors were significant, Tukey's test was applied for a post-hoc com-
parison of the means at a 5% significance level.

For the sensory data, a general linear model ANOVA was also used
to evaluate the overall liking scores, considering treatment as a fixed
factor and consumer as a random factor. When appropriate, Tukey's test
was used for pairwise comparison at a 5% significance level. The cor-
respondence analysis (CA) was used to depict the CATA data.
Confidence ellipses were constructed using bootstrapping at 95% con-
fidence to show the stability of the samples in the sensory map (Rios-
Mera et al., 2019). In addition, a cluster analysis was performed to find
groups of samples with similar sensory characteristics. All statistical
analyses were performed using R environment.

3. Results and discussion

3.1. Characterization of jabuticaba peel and JPE

The fresh jabuticaba peel exhibited 0.95 mg/g of phenolic com-
pounds and antioxidant capacity of 29.64 μmol TE/g. More details
about the characterization and quantification of phenolic compounds
from jabuticaba peel can be consulted in the paper of Quatrin et al.
(2019). The alternative process MHG was effective to produce an ex-
tract enriched with bioactive compounds. JPE exhibited 1.72 mg/mL
phenolic compounds and antioxidant capacity of 57,741.67 μmol TE/
mL (Table 1). The high contents of bioactive compounds in the jabu-
ticaba peel are due to the heating caused by MHG, which led to a de-
crease in water viscosity, allowing a better mass transfer rate and pe-
netration into the matrix (Plaza & Turner, 2015). In addition to
obtaining an extract concentrated in bioactive compounds, the ad-
vantages of MHG include the low extraction time (20 min), the low
energy expenditure, the non-use of toxic solvents, and high yield
(52.5 ± 0.8%) (data not shown). The MHG eliminated the mesophilic
bacteria present in the fresh jabuticaba peel, thus allowing the pro-
duction of a microbiologically safe extract (Table 1). This reduction of
microbial contamination is due to cell lysis caused by microwaves and
the thermocoagulation of cytoplasmic proteins by microorganisms
(Djordjević et al., 2019).

3.2. Characterization of the burgers

3.2.1. pH, Eh, and instrumental color
A significant interaction (P < .001) between the treatments and

the storage time was observed for the parameter pH. Raw burgers had
pH values between 5.62 and 5.96 (Fig. 1A) while the cooked burgers
exhibited pH values ranging from 5.88 to 6.08 (Fig. 1B) during the
120 days of storage. In general, a slight increase in pH during storage
was observed mainly in raw samples, probably due to the release of
alkaline compounds generated during protein degradation (Lu, Zhang,
Liu, Wang, & Ding, 2011). However, despite the statistical differences,
the pH variation during storage was within the expected for this type of

product for all treatments (Comi, Tirloni, Andyanto, Manzano, &
Iacumin, 2015; Kryževičūtė, Jaime, Diez, Rovira, & Venskutonis, 2017;
Selani et al., 2016). Thus, the lipid reformulation proposed in this study
did not have a major impact on the pH of burgers.

The redox potential (Eh) of the samples was affected by the inter-
action between the treatments and the storage time (P < .001), which
ranged from 142.50 to 216.16 and from 101.83 to 233.33 for raw and
cooked burgers, respectively, during the storage (Fig. 2A and B). In
general, an increase in Eh values was observed during the storage of the
burgers (raw and cooked), with the most pronounced increase at the
end of storage (day 120). This result is expected and can be due to the
substrate's ability to gain or lose electrons, that is, the oxidation or
reduction capacity, respectively. Thus, the higher the Eh, the more
oxidized the substrate. At the end of the storage, the CHE samples (raw
and cooked) showed higher Eh values (P < .001), indicating a greater
tendency to undergo oxidative reactions (Latoch & Stasiak, 2015). On
the other hand, the addition of JPE to HE was effective to keep the Eh
values close to the control throughout the storage for both raw and
cooked burgers.

A significant interaction (P < .001) between the treatments and
the storage time was found for the color parameters (Fig. 3). No
changes in L*, a*, and b* values were observed in raw and cooked
burgers with the addition of HE (Figs. 3A-F). In general, a decrease in a
* values was observed for all treatments during the storage, which was
more pronounced in raw burgers probably due to the oxidative reac-
tions (Pignitter et al., 2014).

3.2.2. Lipid oxidation - TBARS
A significant (P < .001) interaction between the treatments and

the storage time was observed for TBARS values. As expected, TBARS
values increased for all treatments (raw and cooked) during the storage
(Fig. 4A and B). In general, the treatment CHE showed the highest
(P < .001) TBARS values throughout the storage, which was evi-
denced mainly after cooking, once the TBARS values of CHE were about
5 times higher when compared to the control for some periods of sto-
rage. These results demonstrate the difficulty of incorporating oils rich
in n-3 PUFAs in cooked meat products, due to their high sensitivity to
oxidation reactions upon heating (Barros et al., 2020). In general, the
JPE treatments showed lower (P < .001) TBARS values when com-
pared to CHE during the entire storage period, probably due to the high
content of phenolic compounds and the high antioxidant capacity of
JPE (Table 1). Several recent studies have also shown that extracts rich
in phenolic compounds decrease the lipid oxidation of meat products
(Al-Juhaimi et al., 2019; Prommachart et al., 2020; Rodrigues et al.,
2020). This fact occurs due to the inhibition of free radical formation
caused by donate hydrogen from the phenolic compounds, causing the
blocking of the oxidation process (Balasundram, Sundram, & Samman,
2006; Lee, Umano, Shibamoto, & Lee, 2005). No incorporation level of
JPE was effective to maintain the oxidative profile similar to the control
sample throughout the storage. However, the addition of 10% JPE to
HE (T10) was effective to maintain similar lipid oxidation when com-
pared to the control until the 60th day of storage. In addition, this
percentage of JPE reduced the TBARS values of cooked burgers when
compared to CHE by about 27, 30, 38, 40, and 50% after 0, 30, 60, 90,
and 120 days of storage, respectively. A similar trend was observed by
Almeida et al. (2015) and Baldin et al. (2016) who reported that the
addition of JPE reduced the lipid oxidation of emulsified meat products
during the refrigerated storage.

3.2.3. Sensory analysis
The CATA results indicated that consumers were able to dis-

criminate the low-fat burger samples from the burgers with the addition
of JPE (Fig. 5). The CA explained 90% of the original data using the first
two dimensions, accounting 77.97% and 12.93% in the first and second
dimensions, respectively. According to the cluster analysis, four clusters
of burger samples distributed in the sensory space were found (Fig. S1).

Table 1
Characterization of jabuticaba peel and extract obtained by MHG.

Jabuticaba peel JPE

Phenolic compounds 0.95 mg/g 1.72 mg/mL
ORAC 29.64 μmol ET/g 57,741.67 μmol ET/mL
Microbiological analysis (log CFU/g)
Mesophilic bacteria 3.14 ± 0.2 0.0
Molds and yeast 2.17 ± 0.1 2.17 ± 0.1
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As shown in Fig. 5, the first cluster contains the sample CHE located in
the first quadrant of the sensory map, characterized by negative sensory
attributes such as pale color, unpleasant taste, bitter taste, rancid taste,
rancid aroma, strange appearance, and rubbery. A similar result was
previously reported by Saldaña et al. (2018). According to those au-
thors, mortadella made with healthy pre-emulsions was the least ac-
cepted for presenting strange taste and rubbery texture, due to the in-
corporation of n-3 fatty acids, which are also susceptible to lipid
oxidation. The changes in texture were mainly due to a destabilization
of the meat matrix due to the protein/water imbalance in the meat

batter. In the present study, the burger with 6% JPE was located close
to the first cluster (fourth quadrant of the sensory map) that composes
the second cluster and presented the following attributes: fruity aroma,
sweet taste, dry, and oily appearance. The little incorporation of JPE
was enough to considerably improve the sensory profile of the burgers.
The samples with the addition of 8% and 10% of JPE (T8 and T10)
formed the third cluster and were characterized by the descriptors ap-
preciated by consumers as mild aroma, pleasant taste, and seasoning in
the right amount. Finally, the control sample (fourth cluster), which
was positioned close to the third cluster, was perceived by consumers as

Fig. 1. Overall effects of the partial replacement of pork back fat by HE and storage time on the pH parameters of the beef burgers.
a–m Averages followed by the same letter did not show any significant difference (P > .05) by Tukey test. Batches: Control: 20% pork back fat; Reformulated burgers:
60% replacement of pork back fat by HEs containing 0 (CHE), 6 (T6), 8 (T8), and 10% (T10) JPE.

Fig. 2. Overall effects of the partial replacement of pork back fat by HE and storage time on the Eh parameters of the beef burgers.
a–o Averages followed by the same letter did not show any significant difference (P > .05) by Tukey test. Batches: Control: 20% pork back fat; Reformulated burgers:
60% replacement of pork back fat by HEs containing 0 (CHE), 6 (T6), 8 (T8), and 10% (T10) JPE.
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ideal color, acidic taste, ideal texture, and succulent. These two clusters
exhibited better performance, thus showing that the addition of 8% and
10% JPE was able to inhibit the unpleasant sensory attributes that come
mainly from lipid oxidation.

The overall liking of the burgers revealed 3 groups of samples
(Fig. 6). The first group, consisting only of the control sample, pre-
sented the highest liking, which was expected since it did not undergo
any reformulation. The second group with the best liking was the

burgers made with the addition of 8% and 10% JPE (T8 and T10),
showing that the incorporation of JPE preserved both the oxidative
stability and the sensory liking. The last group of samples, with the
lowest scores, was composed of the sample without the addition of JPE
(CHE) and with the addition of 6% of JPE to HE (T6). These results
show the sensory potential of the incorporation of JPE to HE, especially
for concentrations greater than 8%.

Fig. 3. Overall effects of the partial replacement of pork back fat by HE and storage time on the color parameters of the beef burgers.
a–j Averages followed by the same letter did not show any significant difference (P > .05) by Tukey test. Batches: Control: 20% pork back fat; Reformulated burgers:
60% replacement of pork back fat by HEs containing 0 (CHE), 6 (T6), 8 (T8), and 10% (T10) JPE.

Fig. 4. Overall effects of the partial replacement of pork back fat by HE and storage time on the TBARS parameters of the beef burgers.
a–k Averages followed by the same letter did not show any significant difference (P > .05) by Tukey test. Batches: Control: 20% pork back fat; Reformulated burgers:
60% replacement of pork back fat by HEs containing 0 (CHE), 6 (T6), 8 (T8), and 10% (T10) JPE.
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4. Conclusion

The JPE obtained by the MHG extraction was used for the enrich-
ment of HE from chia and linseed oils with bioactive compounds, which
was used as a fat replacer in burgers. The MHG extraction was effective
to produce JPE rich in phenolic compounds and microbiologically safe.
However, further studies are needed to characterize and quantify the
phenolic compounds in the JPE.

In addition, the results proved the difficulty of the addition of

healthier oils to meat products, once both the oxidative and sensory
quality of the burgers were severely affected by the replacement of 60%
of pork back fat by HE without the addition of JPE. The addition of 10%
JPE to HE minimized these problems as it allowed the production of
burgers with good sensory liking and oxidative stability similar to the
traditional products during 60 days of storage.
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Lipid oxidation and sensory characterization of Omega-3 rich buffalo 
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A B S T R A C T   

A freeze-dried extract from the bark of mate branches (BMBE) containing high chlorogenic acids (CGA) content 
(30 g 100 g− 1) was produced. Then, chia oil was mixed with 7.5% BMBE and sonicated for 0, 10, and 20 min. 
Chia oil with or without the addition of BMBE was hydrogelled and used to produce buffalo burgers with 50% 
reduction in animal fat. CGA levels and the nutritional, oxidative, and sensory properties of the burgers were 
analyzed. A reduction of ~30% fat and an increase above 60% PUFA/SFA ratio was observed for the refor
mulated raw and cooked burgers. In addition, the Omega-6/Omega-3 PUFA ratio of the burgers decreased from 
20.8 (raw) and 31.9 (cooked) to values lower than 2. The addition of BMBE enriched the burgers with CGA, 
preventing an increase in lipid oxidation caused by chia oil. The addition of BMBE-enriched hydrogelled chia oil 
not subjected to sonication did not affect the sensory properties of the burgers.   

1. Introduction 

Buffalo meat can be an interesting alternative for people looking for a 
healthier diet, as it contains low fat, cholesterol, and saturated fatty 
acids (SFA) levels, in addition to being rich in high biological value 
proteins, iron, zinc, and monounsaturated (MUFA) and polyunsaturated 
(PUFA) fatty acids (Kandeepan, Mendiratta, Shukla, & Vishnuraj, 2013; 
Tamburrano et al., 2019). Therefore, the use of this raw material to 
produce highly consumed meat products, such as burgers, can bring 
nutritional benefits to the population. 

The partial substitution of saturated fat for healthy oils is another 
interesting approach to make healthier burgers. In a previous study, our 
research group used a hydrogelled emulsion (HE) rich in Omega-3 
PUFAs to produce burgers with 50% fat reduction. The strategy was 
effective in reducing fat and improving the lipid profile of burgers 
without impairing their sensory and technological quality (Heck et al., 
2019). However, the hydrogelling process was not effective to fully 

protect Omega-3 PUFAs from the oxidative reactions. To solve this 
problem, our team evaluated the incorporation of bioactive compounds 
from the jaboticaba bark into HE. This approach was useful to keep the 
TBARS values of the burgers below the sensory threshold during 90 days 
of frozen storage (− 18 ◦C) (Heck et al., 2020). 

Thus, those results showed that the combination of Omega-3 PUFAs 
and bioactive compounds may be an efficient approach for the pro
duction of healthier and safer meat products. However, further studies 
are necessary to find low-cost and abundant sources of natural antioxi
dants. In this context, knowledge of the antioxidant effect of the residues 
from harvesting of plants with high bioactive compounds levels may be 
an interesting alternative. 

Yerba mate or mate (Ilex paraguariensis A. St. Hil.) is a plant of great 
socio-economic importance in several countries, including Brazil, 
Argentina, Uruguay, and Paraguay. Its cultivation covers approximately 
540,000 km2, which corresponds to about 3% of the territory of South 
America (Jacques, Santos, Dariva, Oliveira, & Caramarão, 2007). Mate 
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leaves are the main product obtained in the cultivation of yerba mate, as 
they are used for the preparation of regional beverages such as “mate 
tea”, “chimarrão”, and “tererê”. However, approximately 5 tons/ha of 
solid waste is improperly discarded in the soil during harvesting, which 
is mainly made up of mate branches over 10 mm in diameter (Mendes & 
Carlini, 2007). 

It is well documented in the literature that the yerba mate leaves 
have high contents of methylxanthines and polyphenols (Esmelindro, 
Girardi, Mossi, Jacques, & Dariva, 2004; Prediger et al., 2008). In 
addition, the beneficial antioxidant effect of the extracts from yerba 
mate leaves has already been proven in meat products (Campos et al., 
2007; Racanicci, Danielsen, & Skibsted, 2008). However, studies eval
uating the antioxidant potential of extracts of residues from the yerba 
mate harvest are scarce. Pagliosa et al. (2010) analyzed bark of mate 
branches extracts and reported a high antioxidant activity and a higher 
chlorogenic acid (CGA) concentration when compared with extracts 
from yerba mate leaves. 

Given the above, we hypothesized that the extracts from the bark of 
mate branches (BMBE) may be a low-cost strategy to control the lipid 
oxidation in Omega-3 rich buffalo burgers. In addition, according to our 
previous results (Heck et al., 2018; Heck et al., 2019), we also hypoth
esized that ultrasound-assisted extraction (UAE) may be useful to in
crease the incorporation of bioactive compounds from BMBE into chia 
oil. Thus, in this study, chia oil was mixed with a lyophilized BMBE and 
the mixture was sonicated for 0, 10, and 20 min in an ultrasonic bath. 
The BMBE rich oil was hydrogelled and used to produce buffalo burgers 
with 50% reduction in animal fat. The CGA levels, nutritional profile, 
oxidative stability and sensory properties of buffalo burgers were 
analyzed. 

2. Materials and methods 

2.1. Elaboration of the bark of mate branches extract (BMBE) 

Branches from the residue from yerba mate harvesting (Ilex para
guariensis, cultivar Cambona 4, planted in full sun) were kindly donated 
by Associação de Produtores de Erva Mate de Machadinho, RS (Brazil). 
Branches were collected in August 2019, in the municipality of 
Machadinho/RS (27◦32′35.5” S and 51◦39′46.9” W). After being 
manually removed from the branches, the bark tissue was subjected to 
drying in an oven at 135 ◦C for 40 min and ground to 20 mesh. The dry 
bark was vacuum-packed and stored frozen (− 18 ◦C) until the extraction 
procedures. To produce the extract, 75 g of ground bark and 1500 mL of 
ethanol: water (41:59) were placed in a double-wall reactor coupled to a 
thermostatic bath with water circulation at 85 ◦C for 34 min, with a 
magnetic stirrer. Then, the BMBE was cooled (4 ◦C) and vacuum filtered 
using a PVDF membrane filter with 0.22 μm. The extract was freeze- 
dried, and the powder was stored under vacuum at − 18 ◦C until use. 
For verification purposes, the botanical identification of the samples was 
carried out through deposit in a herbarium at the Institute of Biology of 
the Federal University of Pelotas, under number 26,978. 

2.2. Determination of CGA in BMBE 

The freeze-dried BMBE (100 mg) and 10 mL of ethanol: water 
(43:57) were mixed, vortexed, appropriately diluted, filtered, and 
injected into the chromatograph. The determination of CGA in BMBE 
was carried out in triplicate according to the methodology of Meinhart 
et al. (2017). The analyses were performed in a high-performance liquid 
chromatography with a diode array detector equipped with a quaternary 
pump and an automatic injector (UFLC-DAD, Shimadzu, Japan) oper
ating at 325 nm. A Cogent 2.0 Bidentate C18 column (MicroSolv Tech
nology Corp., Leland, NC, USA) 2.2 μm × 100 mm × 2.1 mm ID was 
used. 

2.3. Accelerated oxidation test in chia oil with the addition of BMBE 

BMBE was added to chia oil in the concentrations of 2.5, 5, 7.5, 10, 
12.5, 15, and 17.5%. The induction time was measured in triplicate 
using a Rancimat (model 892, Metrohm, Herisau, Switzerland) oper
ating at 120 ◦C, and with an airflow rate of 20 L/h. As can be seen in 
Fig. 1, a longer induction time was observed for the concentration 
starting from 7.5% of BMBE. Thus, the concentration of 7.5% BMBE was 
selected to be incorporated into chia oil, which was later hydrogelled 
and used in burger formulations. 

2.4. Ultrasound application in chia oil with the addition of BMBE and 
preparation of hydrogelled emulsions 

Chia oil (100 g) and freeze-dried BMBE (7.5 g) were mixed vigor
ously with a glass stirring rod for 30 s. Then, the mixtures were sonicated 
for 0, 10, and 20 min in an ultrasonic bath (TI-H-10, Elma, Germany) 
operating at 1 W cm− 2, sweep mode, 25 kHz, temperature 30 ± 1 ◦C, and 
100% amplitude. The chia oil enriched with BMBE was hydrogelled 
using the technique developed by Heck, Saldaña, et al. (2019). A 
hydrogelled emulsion (HE) with chia oil without the incorporation of 
BMBE was also prepared as a control. 

2.5. Buffalo burger formulations 

The Control was made with buffalo meat (78.4%), pork back fat 
(20%), salt (1.5%), and garlic (0.1%). CHE (Control hydrogelled emul
sion) treatment was produced with 50% replacement of pork back fat by 
HE made with chia oil without the incorporation of BMBE. T1, T2, and 
T3 treatments were produced with 50% replacement of pork back fat by 
HE made with chia oil enriched with 7.5% BMBE and sonicated for 0, 10, 
and 20 min, respectively. The burger manufacture was performed ac
cording to procedures described by Heck, Saldaña, et al. (2019). A high- 
density polyethylene bags (20 × 14 cm) with 50 μm thick was used to 
packed the raw burgers that were stored at − 18 ◦C for 120 days. After 1, 
30, 60, 90, and 120 days of storage, the raw burgers were thawed at 4 ◦C 
for 12 h and cooked until the internal temperature of 72 ◦C in an electric 
grill (Multi Grill, Britânia, Brazil) preheated to 150 ◦C. 

Fig. 1. Induction time of chia oil enriched with bark of mate branches 
extract (BMBE). 
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2.6. Characterization of the reformulated burgers 

2.6.1. Chemical composition and fatty acid profile 
The chemical composition and the fatty acid profile were determined 

in the raw material, raw burgers, and cooked burgers at the beginning of 
storage (day 1), in triplicate. The moisture, protein, and ash contents 
were quantified in triplicate using the methodologies of AOAC (2005). 
The lipids of the burger samples were extracted according to the 
methodology of Bligh and Dyer (1959), in triplicate. Part of the organic 
fraction was used to determine the fat content by gravimetric analysis, 
after solvent evaporation in an air circulation oven at 105 ◦C. The rest of 
the organic fraction was derivatized as suggested by Hartman and Lago 
(1973) to obtain Fatty Acid Methyl Esters (FAME). The FAMEs were 
analyzed in triplicate using the methodology described by Heck et al. 
(2017). A Gas Chromatograph equipped with Flame Ionization Detector 
(GC-FID) (Varian, Star 3600, USA) and autosampler (Varian, 8200, USA) 
was used. The % of the total area taking into account the carbon chain 
length of FAME and the conversion factor of methyl ester to fatty acid for 
correction of FID response was used to express the results (Visentainer, 
2012). 

2.6.2. Quantification of CGA in burgers 
The chlorogenic acids contents of the burgers were determined soon 

after the manufacture and at the end of storage (day 120), in triplicate. 
The sample was prepared using the methodology of Ballus et al. (2014), 
with adaptations. For that, sample (1.5 g) was weighed in Falcon tubes 
of 50 mL capacity, and 10 mL of ethanol: water (43:57), 10 mL of 
hexane, and 50 μL of saturated trichloroacetic acid were added. After 
being vortexed for 30 s, the tubes were centrifuged at 5000 rpm for 20 
min at 20 ◦C. The polar fraction was collected, filtered with a 0.22 μm 
PVDF membrane filter and the CGA content was analyzed as described 
in Section 2.2. 

2.6.3. TBARS assay 
TBARS values (mg of malonaldehyde/kg of sample) were determined 

in raw and cooked burgers after 1, 30, 60, 90, and 120 days of storage, in 
triplicate, as described by Bruna, Ordonez, Fernández, Herranz, and Hoz 
(2001). 

2.6.4. Determination of pH 
Five grams of sample were mixed with deionized water (50 mL) for 

60 s using a glass stirring rod. The pH values of the burgers (raw and 
cooked) were determined in triplicate during the frozen storage (1, 30, 
60, 90, and 120 days) using a digital pH meter (DM23-DC, Digimed, 
Brazil). 

2.6.5. Color measurements 
The instrumental color (L*, a* and b*) of the burgers (raw and 

cooked) was determined during the frozen storage (1, 30, 60, 90, and 
120 days) using a colorimeter (CR-400 Model, Minolta Sensing Inc. 
Konica, Japan) with a D65 illuminant and spectral reflectance included 

as calibration mode. A 10◦ observation angle and the CIE system (L* a* 
b*) were used in the color analysis. L*, a* and b* values were measured 
at six points on each side of three samples per treatment. 

2.7. Sensory evaluation 

Sensory evaluation was performed in individual booths at the sen
sory analysis laboratory at the Federal University of Santa Maria (RS, 
Brazil). The samples were encoded with 3 random numbers and served 
to the assessors in sequential monadic form, as described by Macfie, 
Bratchell, Greenhoff, and Vallis (1989). After cooking the burgers 
(Section 2.5), the samples were cut (4 × 4 × 2.5 cm) and wrapped in 
aluminum foil. The samples were kept at 60 ◦C in a conventional oven 
until served to consumers. One hundred regular burger consumers (61% 
female and 39% male, aged between 18 and 55 years) participated in the 
sensory evaluation. 

The sensory tests were performed right after the manufacture of the 
burgers (day 1 of storage). For the acceptance test, consumers were 
asked to rate their acceptance in relation to color, aroma, flavor, texture, 
and liking parameters (Meilgaard, Carr, & Civille, 2006) using a nine- 
point hedonic scale (1: disliked very much; 9: liked very much) 
(Stone, Bleibaum, & Thomas, 2012). For the CATA questionnaire, 21 
previously selected descriptors were evaluated (Da Silva et al., 2019; 
Heck, Fagundes, et al., 2019). For the appearance of the samples, the 
descriptors pale color, ideal color, oily aspect, and strange appearance 
were evaluated. For aroma, the descriptors were rancid aroma, mild 
aroma, herbal aroma, fish aroma, pleasant aroma, and fat aroma. The 
flavor-related descriptors were rancid taste, pleasant taste, bitter taste, 
acid taste, unpleasant taste, and fish flavor. Finally, the texture de
scriptors were ideal texture, juicy, rubbery, hard, and dry texture. 

2.8. Statistical analysis 

We replicated the entire experiment three times (n = 3). A general
ized linear model (ANOVA) was used to analyze the physicochemical 
results. The variables “treatments” and “storage time”, and the inter
action “treatments*storage time” were considered as a fixed effect, and 
repetitions were considered as a random effect. Tukey’s test (P < 0.05) 
was used for posthoc comparison of the averages. 

The sensory acceptance data were analyzed using a mixed linear 
model. The treatments were considered as a fixed effect and the con
sumers as a random effect. Tukey’s test (P < 0.05) was used for posthoc 
comparison of the averages. CATA results were analyzed using a cor
respondence analysis and the correlation between the CATA descriptors 
and the liking scores was evaluated using a principal coordinate anal
ysis. The instrumental and sensory data were analyzed using the XLStat 
statistical program. 

Table 1 
Effect of the 50% replacement of pork back fat by hydrogelled emulsion from chia oil on the chemical composition of the raw and cooked buffalo burgers.  

(%) Raw Cooked 

Control CHE T1 T2 T3 SEM Sig. Control CHE T1 T2 T3 SEM Sig. 

Moisture 63.01b 68.22a 66.0ab 67.3a 66.02ab 0.48 * 52.49d 56.55ab 58.42a 54.62c 54.68bc 0.38 *** 
Protein 19.03a 18.14a 18.0a 18.6a 18.67a 0.18 n.s. 24.74a 25.33a 24.73a 24.28a 25.37a 0.23 n.s. 
Fat 19.85a 12.29b 12.4b 12.8b 12.30b 0.51 *** 15.07a 10.48b 10.49b 10.61b 10.48b 0.34 *** 
Ash 1.98a 2.15a 2.01a 2.23a 2.58a 0.09 n.s. 2.82a 2.16a 2.27a 2.46a 2.25a 0.08 n.s. 

a-dMean values in the same row (corresponding to the same parameter) not followed by a common letter differ significantly (P < 0.05) by Tukey test. 
Batches: Control: 20% pork back fat; CHE: 50% replacement of pork back fat by hydrogelled emulsion from chia oil; T1, T2 and T3: 50% replacement of pork back fat by 
hydrogelled emulsion from chia oil sonicated with 7.5% bark of mate branches extract during 0, 10 and 20 min, respectively. 
SEM: standard error of the mean 
Sig.: significance: *** (P < 0.001). ** (P < 0.01). * (P < 0.05). n.s. (not significant). 
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3. Results and discussion 

3.1. Chlorogenic acids (CGA) content of BMBE 

Five CGA compounds were quantified in the BMBE, as follows: 5- 
CQA, 3-CQA + 4-CQA, 3,4-DQA, 3,5-DQA, and 4,5-DQA (Table 3). 
The total CGA content of BMBE was 30 ± 0.75 g 100 g− 1. The CQA and 
DQA isomers in BMBE corresponded to 61.2% and 38.8% of total CGA, 
respectively. A similar outcome was reported by Marques and Farah 
(2009), who reported that CQA isomers were the majority CGA in green 
and toasted leaves of yerba mate. Regarding the individual CQA isomers, 
3-CQA + 4-CQA were the major compounds (about 61% of total CQA 
and 37% of total CGA). As reported by Lima, Farah, King, De Paulis, & 
Martin, 2016, the content of these compounds increases when subjected 
to heat due to isomerization reactions. Concerning the DQA isomers, 
3,5-DQA and 4,5-DQA were the major compounds (about 46 and 45% of 
total DQA and 18 and 17% of total CGA, respectively), followed by 3,4- 
DQA (about 8% of total CQA and 3% of total CGA). These results are in 
accordance with Filip, López, Giberti, Coussio, and Ferraro (2001); Filip, 
Lotito, Ferraro, and Fraga (2000) who reported similar behavior in 
leaves of Ilex paraguariensis. 

3.2. Nutritional quality of burgers 

The chemical composition values (moisture, protein, fat, and ash) of 

burgers are shown in Table 1. The lipid reformulation did not affect the 
protein and ash contents of raw and cooked burgers (P > 0.05). The raw 
burgers from HE treatments (CHE, T1, T2, and T3) showed a decrease of 
about 37% fat in relation to the Control, which was close to 30% after 
cooking. In addition, raw and cooked burgers from HE treatments 
showed higher (Raw: P < 0.05; Cooked: P < 0.001) moisture content 
than the Control (except T1 and raw T3). 

Table 2 
Effect of the 50% replacement of pork back fat by hydrogelled emulsion from chia oil on the fatty acids profile (expressed as g/100 g of fatty acids) of the raw and 
cooked buffalo burgers.   

Raw Cooked 

Control CHE T1 T2 T3 SEM Sig. Control CHE T1 T2 T3 SEM Sig. 

C10:0 0.014a 0.012bc 0.011c 0.013ab 0.012bc 0.00 *** 0.008ab 0.007ab 0.002b 0.012a 0.010a 0.00 ** 
C12:0 0.019a 0.013d 0.014cd 0.016b 0.016bc 0.00 *** 0.008a 0.012a 0.008a 0.010a 0.011a 0.00 n.s 
C14:0 0.84a 0.57c 0.73b 0.65bc 0.66bc 0.02 *** 0.77a 0.52c 0.68b 0.69b 0.65b 0.01 *** 
C15:0 0.045b 0.047b 0.067a 0.058ab 0.061a 0.00 *** 0.017a 0.025a 0.019a 0.031a 0.027a 0.00 n.s 
C16:0 21.50a 18.84c 19.79b 18.89c 19.42bc 0.17 *** 22.36a 21.54ab 21.31b 21.31b 21.39ab 0.12 * 
C16:1 1.57a 1.01b 1.06b 1.12b 1.10b 0.03 *** 1.57a 0.94c 1.15b 1.14b 1.21b 0.03 *** 
C17:0 0.310b 0.277b 0.369a 0.327ab 0.326ab 0.01 *** 0.169a 0.177a 0.173a 0.182a 0.192a 0.01 n.s 
C18:0 15.32ab 13.80c 16.13a 14.49bc 15.06abc 0.20 *** 13.99ab 13.43ab 14.11a 13.96ab 13.31b 0.09 * 
C18:1 0.30d 0.66c 1.16a 0.92b 0.93b 0.05 *** 0.09b 0.22a 0.14b 0.21a 0.15ab 0.01 *** 
C18:1n9c 43.93a 37.27b 37.31b 37.96b 37.96b 0.39 *** 46.05a 39.87b 40.58b 40.59b 40.18b 0.37 *** 
C18:1t 2.32a 1.72cd 1.58d 1.86b 1.76bc 0.04 *** 1.99a 1.59c 1.58c 1.63bc 1.71b 0.03 *** 
C18:2n6t 0.029c 0.032bc 0.047a 0.037abc 0.041ab 0.00 *** 0.011a 0.017a 0.015a 0.030a 0.014a 0.00 n.s. 
C18:2n6c 11.80b 12.89a 11.47b 12.38ab 11.77b 0.14 *** 11.81b 12.14a 12.06ab 11.89ab 11.81b 0.04 ** 
C18:3n6 0.13ab 0.12bc 0.10c 0.14a 0.10c 0.00 *** 0.04a 0.04a 0.04a 0.06a 0.06a 0.01 n.s 
C18:3n3 0.47c 11.62a 9.15b 9.89b 9.67b 0.61 *** 0.33d 9.06a 7.72c 7.53c 8.61b 0.49 *** 
C20:1n9 0.54a 0.35c 0.33c 0.43b 0.36c 0.01 *** 0.37a 0.18b 0.23b 0.27ab 0.27ab 0.02 ** 
CLA (9c11t) 0.067bc 0.061c 0.078ab 0.087a 0.079ab 0.00 *** 0.015a 0.016a 0.010a 0.029a 0.019a 0.00 n.s. 
CLA (8t10c) 0.016a 0.010b 0.011b 0.014ab 0.016a 0.00 *** 0.007b 0.009ab 0.005b 0.032a 0.009ab 0.00 * 
CLA (8t10t + 9t11t + 10t12t) 0.022b 0.029ab 0.026ab 0.032a 0.028ab 0.00 *** 0.016a 0.023a 0.021a 0.039a 0.032a 0.00 n.s. 
C20:2n6 0.32a 0.19c 0.18c 0.24b 0.19c 0.01 *** 0.16a 0.06b 0.07b 0.11ab 0.09ab 0.01 * 
C20:3n6 0.05a 0.06a 0.04b 0.07a 0.06a 0.00 *** 0.024a 0.022a 0.022a 0.030a 0.024a 0.00 n.s. 
C20:3n3 0.037a 0.032ab 0.027b 0.036a 0.035a 0.00 *** 0.015ab 0.016ab 0.008b 0.031a 0.014ab 0.00 * 
C20:4n6 0.171ab 0.187a 0.130c 0.170ab 0.156bc 0.00 *** 0.086a 0.043a 0.038a 0.064a 0.084a 0.01 n.s. 
C24:1n9 0.051a 0.038b 0.032c 0.038b 0.035bc 0.00 *** 0.019a 0.020a 0.021a 0.048a 0.019a 0.01 n.s. 
C22:5n3 0.081b 0.092ab 0.089ab 0.102a 0.090ab 0.00 *** 0.025a 0.020a 0.018a 0.050a 0.033a 0.00 n.s. 
∑

SFA 38.06a 33.57d 37.12ab 34.45cd 35.57bc 0.33 *** 37.33a 35.72bc 36.31b 36.20bc 35.60c 0.11 *** 
∑

MUFA 48.90a 41.26c 41.63bc 42.51b 42.32b 0.44 *** 50.19a 42.87c 43.73bc 43.97b 43.66bc 0.41 *** 
∑

PUFA 13.03c 25.16a 21.25b 23.03ab 22.11b 0.68 *** 12.47c 21.40a 19.94b 19.82b 20.74a 0.50 *** 
PUFA/SFA 0.34c 0.75a 0.57b 0.67ab 0.62b 0.02 *** 0.34c 0.59a 0.55b 0.55b 0.58a 0.01 *** 
n-3 0.59c 11.75a 9.28b 10.03b 9.80b 0.61 *** 0.37d 9.08a 7.74c 7.61c 8.66b 0.49 *** 
n-6 12.34ab 13.31a 11.86b 12.87ab 12.19b 0.14 *** 12.05a 12.27a 12.18a 12.13a 12.01a 0.04 n.s. 
n-6/n-3 20.85a 1.14b 1.28b 1.28b 1.25b 1.18 *** 31.91a 1.35b 1.57b 1.59b 1.39b 1.84 *** 
AI 0.40a 0.31d 0.36b 0.33cd 0.34bc 0.01 *** 0.40a 0.36b 0.37b 0.37b 0.37b 0.00 *** 
TI 1.16a 0.52d 0.66b 0.58cd 0.61bc 0.04 *** 1.15a 0.63c 0.69b 0.69b 0.65c 0.03 *** 

a-d Mean values in the same row (corresponding to the same parameter) not followed by a common letter differ significantly (P < 0.05) by Tukey test. 
Batches: Described in Table 1. 
SEM: standard error of the mean 
Sig.: significance: *** (P < 0.001). ** (P < 0.01). * (P < 0.05). n.s. (not significant). 
SFA = saturated fatty acids; MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty acids; n-6 = omega-6; n-3 = omega-3. AI: atherogenic index; TI: 
thrombogenic index. 

Table 3 
Chlorogenic acids (CGA) content of the lyophilized bark of mate branches 
extract.  

Chlorogenic acids (g 100 
g− 1) 

Retention time 
(min) 

5-CQA (5-caffeoylquinic acid) 7.16 ±
0.12 

8.59 

3-CQA + 4-CQA (3-caffeoylquinic acid +4- 
caffeoylquinic acid) 

11.19 ±
0.38 

10.06 

3,4-DQA (3,4-dicaffeoylquinic acid) 1.00 ±
0.02 

13.66 

3,5-DQA (3,5-dicaffeoylquinic acid) 5.39 ±
0.13 

13.93 

4,5-DQA (4,5-dicaffeoylquinic acid) 5.25 ±
0.12 

14.4 

Total CGA 30.00  

Results are shown as mean values ± standard deviation (n = 3). 
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The fatty acid profile of burgers is presented in Table 2. Palmitic acid 
(16:0) and stearic acid (18:0) were the SFAs found in greater amounts in 
the lipid fraction of burgers. Oleic acid (C18:1n9c) and linoleic acid 
(C18:2n6c) were the main MUFAs and PUFAs, respectively. The Control 
showed higher SFAs (P < 0.001) and MUFAs (P < 0.001) levels and the 
reformulated burgers presented higher PUFAs levels (P < 0.001). As 
expected, the pork back fat replacement by HE from chia oil increased 
the Omega-3 PUFAs of the lipid fraction of the burgers (P < 0.001). In 
addition to increasing the PUFA/SFA ratio, the lipid reformulation 
reduced the Omega-6/Omega-3 ratio, and the thrombogenicity and 
atherogenicity indices, improving the healthiness of the product 
(Chaudhary et al., 2016; Simopoulos, 2011). 

The results of the chemical composition and the fatty acid profile 
confirmed that the lipid reformulation gave buffalo burgers healthier 
characteristics, allowing to label the products with health claims, such 
as “high in protein”, “reduced in fat” and “high in omega-3 fatty acids” 
(European Parliament, 2006). 

3.3. Chlorogenic acids (CGA) content of burgers 

The interaction between the treatments and the storage time signif
icantly affected the CGA levels of burgers (P < 0.001) (Fig. 2). As ex
pected, CGA was not detected in the Control and CHE. The treatments 
T1, T2, and T3 showed the same CGA compounds identified in BMBE. 
The total CGA levels of T1, T2, and T3 at the beginning of storage (day 1) 
were 19.84, 23.64, and 21.96 mg.100 g− 1 in raw burgers, and 22.14, 
22.97, and 21.59 mg.100 g− 1 in cooked burgers. At the end of storage 
(120 days), the total CGA levels decreased by 35, 33, and 35% in raw 
burgers and 19, 15, and 9% in cooked burgers from the treatments T1, 
T2, and T3, respectively. CGA is greatly recognized as an effective free 
radical scavenger (Clifford, 1999). Thus, the reduction during the stor
age was probably due to the fact that CGA reacted with free radicals 
forming compounds of low-energy that do not rapidly promote the 
oxidation of MUFAs and PUFAs (Sasaki et al., 2010). A decrease in total 
CGA levels during the storage of sausages enriched with carrot powder 
has also been reported by Alvarado-Ramírez et al. (2018). 

In addition to CGA, the addition of BMBE can also add other com
pounds that are present in the plant, such as methylxanthines (caffeine, 
for example), flavonoids and saponins (Mateos, Baeza, Sarriá, & Bravo, 
2018; Puangpraphant, Berhow, & de Mejia, 2011). Therefore, for BMBE 
to be used in commercial burgers, it is necessary to quantify these bio
logical components to inform the consumers. 

3.4. TBARS assay 

TBARS values of burgers (raw and cooked) were significantly (P <
0.001) influenced by interaction between the treatments and storage 
period (Fig. 3A and B). All treatments showed an increase in TBARS 
values during storage (P < 0.001). The lowest TBARS values during the 
storage period were found in the Control samples, probably due to the 

lower PUFA/SFA ratio (about 50% lower) of the Control when compared 
to the reformulated burgers (Table 2). The CHE samples showed the 
highest TBARS values during storage (P < 0.001). A similar trend was 
reported by other authors (Barros et al., 2020; Domínguez, Pateiro, 
Munekata, Campagnol, & Lorenzo, 2016) and demonstrates the diffi
culty of the incorporation of healthy oils in meat products due to their 
high susceptibility to lipid oxidation. The addition of BMBE was efficient 
to increase the oxidative stability of the burgers rich in Omega-3 PUFAs. 
When comparing the treatments with the addition of BMBE, T1 had 
lower TBARS values than T2 and T3, probably due to the decrease in fat 
globules of chia oil caused by US cavitation, which increased the 
interaction between free radicals and MUFAs and PUFAs (Cichoski et al., 
2021). Further, an increase in the number of free radicals during the US 
treatment may have occurred. As reported by Da Silva et al. (2020), this 
increase depends on the food composition and the US processing con
ditions. Thus, more studies should be carried out to find the better 
conditions of US application to enrich chia oil with CGA from BMBE 
without impairing its oxidative stability. 

T1 showed in relation to CHE a reduction in TBARS values of 77, 48, 
59, 40, and 27% in raw burgers and 53, 43, 45, 39, and 36% in cooked 
burgers, on days 1, 30, 60, 90 and 120 of storage, respectively. This 
reduction is well correlated with the CGA levels of the burgers (Fig. 2), 
as previously reported by Santana-Gálvez, Cisneros-Zevallos, and 
Jacobo-Velázquez (2017), this compound has high antioxidant activity 
in foods. According to those authors, CGA delays lipid oxidation through 
the scavenging of free radicals and metal chelation in the lipid and 
aqueous phases, respectively. This antioxidant effect provided by BMBE 
allowed cooked burgers from T1 to reach a sensory detectable TBARS 
value (2 mg MDA/Kg sample) (Wood et al., 2004) only after 60 days of 
storage. This result is very expressive since the TBARS values of the 
cooked burgers of the treatment CHE were below 2 mg MDA/Kg only on 
the 1st day of storage. 

3.5. pH and instrumental color 

The pH values were influenced (P < 0.001) by the interaction be
tween the treatments and the storage period (Fig. 3C-D). The pH values 
of raw and cooked burgers ranged from 5.5 to 6.0 and 5.6 to 6.2, 
respectively, during 120 days of storage. This result is in accordance 
with the findings of Malik and Sharma (2011) in buffalo burgers. In 
general, the reformulated burgers had a pH behavior during storage 
similar to the Control, which shows that the addition of HE of chia oil 
enriched with BMBE as animal fat replacer does not have a great impact 
on the pH values of the products. 

The instrumental color parameters (L*, a* and b*) were influenced 
(P < 0.001) by the interaction between the treatments and the storage 
time (Fig. 4). The evolution of L*, a*, and b* values of the burgers (raw 
and cooked) from the Control and CHE was statistically similar 
throughout the storage. The only exception occurred at day 120 of 
storage, once the cooked burgers of the treatment CHE had higher (P <
0.01) b* values than the Control samples. The addition of HE of chia oil 
enriched with BMBE did not cause great impact in the color of the 
burgers during storage. For the raw burgers, a reduction of a* values 
during the storage was observed for most treatments. This trend was also 
reported by Heck et al. (2020) and can be attributed to the oxidation of 
the myoglobin to metmyoglobin (Mancini & Hunt, 2005). 

3.6. Consumer study 

The acceptance test was performed at the beginning of storage (day 
1) and the results are shown in Table 4. Control and CHE samples had 
similar (P > 0.05) scores in all evaluated sensory attributes (color, 
aroma, flavor, texture, and liking). This result was expected and agrees 
with our previous study (Heck et al., 2020). However, the high degree of 
lipid oxidation during the storage (Fig. 3A and B) impairs the 
commercialization of the treatment CHE. Control and T1 also had 

Table 4 
Results of consumer study of buffalo burger formulations.   

Batches SEM SIG 

Control CHE T1 T2 T3 

Color 6.42ab 6.72a 5.84b 5.84b 5.82b 0.09 *** 
Aroma 6.72a 6.53ab 6.09abc 5.88bc 5.47c 0.09 *** 
Flavor 7.26a 6.75ab 6.75ab 6.31bc 5.76c 0.09 *** 
Texture 7.08a 7.23a 7.15a 6.73a 6.81a 0.07 n.s. 
Liking 7.11a 6.96ab 6.86ab 6.46bc 6.03c 0.07 *** 

a-c Mean values in the same row not followed by a common letter differ signif
icantly (P < 0.05). 
Batches: Described in Table 1. 
SEM: standard error of the mean 
Sig.: significance: *** (P < 0.001), n.s. (not significant). 
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Fig. 2. Overall effects of the treatments and storage period on the chlorogenic acids content (mg 100 g− 1) of the raw and cooked buffalo burgers. 
a–e Averages followed by the same letter did not show any significant difference (P > 0.05) by Tukey test. Treatments: Described in Table 1. 
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similar scores (P > 0.05) in all the sensory attributes analyzed. However, 
the treatments T2 and T3 had lower (P < 0.001) scores than the Control 
for the attributes aroma, flavor, and liking. 

The correspondence analysis (CA) used to analyze the CATA ques
tionnaire is shown in Fig. 5A. The CA explained 93.64% of the total 
variation of the data (F1: 83.02% and F2: 10.62%). The samples were 
divided into two groups in F1. The treatments T2 and T3 were allocated 
in the positive quadrant of F1, being characterized by the attributes 
strange appearance, herbs aroma, unpleasant taste, fish aroma, and fish 
taste. These attributes were negatively correlated with the liking scores 
(Fig. 5B). The Control, CHE, and T1 were allocated in the negative 
quadrant of F1 and were characterized by the attributes positively 

correlated with the liking scores (Fig. 5B), including the attributes juicy, 
pleasant aroma, mild aroma, pleasant taste, ideal color, and ideal 
texture. 

4. Conclusion 

This study analyzed for the first time the antioxidant potential of a 
natural extract from the bark of mate branches in meat products, which 
is a low-cost and abundant residue from the yerba mate cultivation. 
BMBE presented a high CGA level (30 g 100 g− 1), showing great po
tential for application as a natural antioxidant in foods. In addition, this 
study demonstrated that the application of oils rich in Omega-3 PUFAs 

Fig. 3. Overall effects of the treatments and storage period on the TBARS (A–B) and pH (C–D) values of the raw and cooked buffalo burgers. 
a–n Averages followed by the same letter did not show any significant difference (P > 0.05) by Tukey test. Treatments: Described in Table 1. 
SEM (Standard error of the mean): TBARS: raw (0.077) and cooked (0.094), pH: raw (0.012) and cooked (0.013). 
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in burgers, even in hydrogelled form, should be performed with caution, 
due to the intensification of the lipid oxidation reactions, especially after 
cooking. The sensory quality of the low-fat burgers was not affected by 
addition of HE from chia oil enriched with BMBE without sonication. In 
addition, the lipid reformulation enriched the products with CGA and 
partially impaired the increase in lipid oxidation caused by the increase 
in PUFA / SFA ratio. 
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Fig. 4. Overall effects of the treatments and storage period on the L* (A–B), a* (C–D) and b* (4E–F) values of the raw and cooked buffalo burgers. 
a–h Averages followed by the same letter did not show any significant difference (P > 0.05) by Tukey test. Treatments: Described in Table 1. 
SEM (Standard error of the mean): L*: raw (0.274) and cooked (0.082); a* raw (0.106) and cooked (0.201); b* raw (0.054) and cooked (0.098). 
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Campos, R. M. L., Hierro, E., Ordónez, J. A., Bertol, T. M., Terra, N. N., & Hoz, L. (2007). 
Fatty acid and volatile compounds from salami manufactured with yerba mate (Ilex 
parguariensis) extract and pork back fat and meat from pigs fed on diets with partial 
replacement of maize with rice bran. Food Chemistry, 103, 1159–1167. 

Chaudhary, R., Saadin, K., Bliden, K. P., Harris, W. S., Dinh, B., Sharma, T., & 
Gurbel, P. A. (2016). Risk factors associated with plasma omega-3 fatty acid levels in 
patients with suspected coronary artery disease. Prostaglandins, Leukotrienes and 
Essential Fatty Acids, 113, 40–45. 
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Filip, R., López, P., Giberti, G., Coussio, J., & Ferraro, G. (2001). Phenolic compounds in 
seven 579 south American Ilex species. Fitoterapia, 72, 774–778. 

Filip, R., Lotito, S. B., Ferraro, G. E., & Fraga, C. G. (2000). Antioxidant activity of Ilex 
603 paraguariensis and related species. Nutrition Research, 20, 1437–1444. 

Hartman, L., & Lago, R. C. (1973). Rapid preparation of fatty acid methyl esters from 
lipids. Laboratory Practice, 22, 475–476. 

Heck, R. T., Fagundes, M. B., Cichoski, A. J., Menezes, C. R., Barin, J. S., Lorenzo, J. M., 
… Campagnol, P. C. B. (2019). Volatile compounds and sensory profile of burgers 
with 50% fat replacement by microparticles of chia oil enriched with rosemary. Meat 
Science, 148, 164–170. 

Heck, R. T., Ferreira, D. F., Fagundes, M. B., Dos Santos, B. A., Cichoski, A. J., Saldaña, E., 
… Campagnol, P. C. B. (2020). Jabuticaba peel extract obtained by microwave 
hydrodiffusion and gravity extraction: A green strategy to improve the oxidative and 
sensory stability of beef burgers produced with healthier oils. Meat Science, 170, 
108230. 

Heck, R. T., Lucas, B. N., Dos Santos, D. J. P., Pinton, M. B., Fagundes, M. B., 
Etchepare, M. A., … Campagnol, P. C. B. (2018). Oxidative stability of burgers 
containing chia oil microparticles enriched with rosemary by green-extraction 
techniques. Meat Science, 146, 147–153. 

Heck, R. T., Saldaña, E., Lorenzo, J. M., Correa, L. P., Fagundes, M. B., Cichoski, A. J., … 
Campagnol, P. C. B. (2019). Hydrogelled emulsion from chia and linseed oils: A 
promising strategy to produce low-fat burgers with a healthier lipid profile. Meat 
Science, 156, 174–182. 

Heck, R. T., Vendruscolo, R. G., De Araújo, M. E., Cichoski, A. J., Menezes, C. R., 
Barin, J. S., … Campagnol, P. C. B. (2017). Is it possible to produce a low-fat burger 

with a healthy n − 6/n − 3 PUFA ratio without affecting the technological and 
sensory properties? Meat Science, 130, 16–25. 

Jacques, R. A., Santos, J. G., Dariva, C., Oliveira, J. V., & Caramarão, E. B. (2007). GC/ 
MS characterization of mate tea leaves extracts obtained from high-pressure CO2 
extraction. Journal of Supercritical Fluids, 40, 354–359. 

Kandeepan, G., Mendiratta, S. K., Shukla, V., & Vishnuraj, M. R. (2013). Processing 
characteristics of buffalo meat- A review. Journal of Meat Science and Technology, 1, 
01–11. 

Lima, J. P., Farah, A., King, B., De Paulis, T., & Martin, P. R. (2016). Distribution of major 
chlorogenic acids and related compounds in Brazilian green and toasted Ilex 
paraguariensis (maté) leaves. Journal of Agricultural and Food Chemistry, 64(11), 
2361–2370. 

Macfie, H. J., Bratchell, N., Greenhoff, K., & Vallis, L. (1989). Designs to balance the 
effect of order of presentation and first-order carry-over effects in hall tests. Journal 
of Sensory Studies, 4(2), 129–148. 

Malik, A. H., & Sharma, B. D. (2011). Shelf life study of hurdle treated ready-to-eat spiced 
buffalo meat product stored at 30±3 ◦C for 7 weeks under vacuum and aerobic 
packaging. Journal of Food Science and Technology, Mysore, 51(5), 832–844. 

Mancini, R. A., & Hunt, M. C. (2005). Current research in meat color. Meat Science, 77(1), 
100–121. 

Marques, V., & Farah, A. (2009). Chlorogenic acids and related compounds in medicinal 
plants and 531 infusions. Food Chemistry, 13, 1370–1376. 
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11. DISCUSSÃO GERAL 

 

A substituição de gordura animal por óleos saudáveis não é uma tarefa simples de ser 

realizada, pois importantes atributos tecnológicos, de textura e sensoriais dos produtos cárneos 

podem ser prejudicados. Levando em consideração, aspectos relacionados a saudabilidade, a 

redução de gordura animal dos produtos cárneos pode reduzir o risco do surgimento de doenças 

crônicas. Neste contexto, o objetivo deste estudo foi avaliar o efeito na qualidade de 

hamburgueres da substituição de toucinho por óleos vegetais saudáveis microcapsulados e 

hidrogelificado.  

A primeira etapa deste estudo foi apresentada no Capítulo 3, sob o titulo “Oxidative 

stability of burgers containing chia oil microparticles enriched with rosemary by green-

extraction techniques”. Nesta etapa, foram investigados os efeitos da substituição de 50 % de 

toucinho por microcápsulas de óleo de chia contendo compostos bioativos de alecrim extraídos 

por maceração direta atraves do auxilio de ultrassom (UAE) e aplicados em hamburgueres. 

Durante o processamento, observou-se que os hambúrgueres produzidos com microcápsulas de 

óleo de chia enriquecidas com alecrim por UAE apresentaram maior estabilidade oxidativa que 

os demais tratamentos, principalmente após o cozimento. Além disso, foi observada uma 

redução dos defeitos sensoriais causados pela reformulação lipídica nos tratamentos 

adicionados de antioxidantes.  

A aceitação sensorial apresenta-se como um dos maiores desafios quando se fala em 

reformulação lipídica de produtos cárneos. Neste sentido, no capítulo 4 “Volatile compounds 

and sensory profile of burgers with 50 % fat replacement by microparticles of chia oil enriched 

with rosemary” foram avaliados os compostos voláteis e o perfil sensorial dos hamburgueres 

adicionados de microcápsulas de óleo de chia enriquecidas com compostos bioativos do alecrim 

por UAE e CME. Os resultados dos compostos voláteis indicaramm uma diminuição dos 
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voláteis provenientes da oxidação lipídica e proteica e um aumento dos terpenos no início (dia 

1) e no final do armazenamento (dia 120), antes e após o cozimento nos tratamentos adicionados 

de antioxidantes. Quanto aos descritores sensoriais, a incorporação direta de compostos 

bioativos do alecrim ao óleo de chia por técnicas UAE ou CME antes do processo de 

microencapsulação foi eficaz para resolver os impactos sensoriais.  

A emulsão hidrogelificada (HE) de óleos de chia e linhaça foi estudada no Capítulo 5 

“Hydrogelled emulsion from chia and linseed oils: a promising strategy to produce low-fat 

burgers with a healthier lipid profile” através de análises físico-químicas, tecnológicas e 

sensoriais. A substituição do toucinho por HE não afetou as propriedades tecnológicas dos 

hambúrgueres. A reformulação lipídica reduziu o conteúdo lipídico e melhorou o perfil de 

ácidos graxos dos hambúrgueres, sem grandes alterações no perfil lipídico dos hambúrgueres 

após o cozimento. A substituição de apenas 20 % de toucinho por HE levou a melhorias 

nutricionais significativas. O perfil sensorial de aceitação demonstrou que é possível substituir 

até 60 % do toucinho pelo HE produzido neste estudo, porém se fizeram necessárias melhorias 

na estabilidade oxidativa do HE dos óleos de chia e linhaça. Desta forma, nas outras etapas 

buscou-se melhorar a estabilidade oxidativa da HE através da adição de antioxidantes naturais.  

No Capítulo 6 “Jabuticaba peel extract obtained by microwave hydrodiffusion and 

gravity extraction: a green strategy to improve the oxidative and sensory stability of beef 

burgers produced with healthier oils”, o extrato da casca de jabuticaba (JPE) obtido pela 

extração de MHG foi utilizado para o enriquecimento de HE a partir de óleos de chia e linhaça 

com compostos bioativos, que foi utilizado como substituto de gordura em hambúrgueres. A 

extração de MHG foi eficaz para produzir JPE rico em compostos fenólicos e 

microbiologicamente seguro. A adição de 10 % de JPE ao HE minimizou os problemas de 

oxidação lipídica, pois permitiu a produção de hambúrgueres com elevada aceitação sensorial 
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e com uma estabilidade oxidativa semelhante aos produtos tradicionais durante 60 dias de 

armazenamento.  

No Capítulo 7 “Lipid oxidation and sensory quality of omega-3 rich buffalo burgers 

enriched with chlorogenic acids from the mate (ilex paraguariensis) tree harvesting residues”, 

avaliou-se pela primeira vez o potencial antioxidante de um extrato natural da casca de ramos 

de erva-mate (BMBE) em produtos cárneos. O BMBE apresentou alto teor de CGA (30 g 100 

g-1), apresentando grande potencial para aplicação como antioxidante natural em alimentos. A 

substituição de 50 % de toucinho por HE de óleo de chia enriquecido com BMBE não afetou a 

qualidade sensorial dos hambúrgueres. Além disso, a reformulação lipídica reduziu 

parcialmente o aumento da oxidação lipídica causado pelo aumento da razão PUFA / SFA.  
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12.  CONCLUSÃO GERAL 

As principais conclusões deste estudo são apresentadas abaixo: 

 Os hambúrgueres produzidos com micropartículas de óleo de chia enriquecidas com 

alecrim por UAE apresentaram maior estabilidade oxidativa, principalmente após o 

cozimento. Além disso, a incorporação de compostos bioativos do alecrim no óleo de 

chia reduziu os defeitos sensoriais causados pela reformulação lipídica.  

 A substituição do toucinho por HE de óleos de chia e linhaça conferiu um perfil de 

ácidos graxos mais saudável, permitindo que os hambúrgueres fossem rotulados com 

alegações nutricionais saudáveis. Os testes sensoriais (aceitação e Check-All-That-

Apply) indicaram que foi possível substituir até 60 % do toucinho por HE, com 

indicação da necessidade de maiores estudos sobre a oxidação lipídica. 

 A capacidade antioxidante do extrato de casca de jabuticaba (JPE) ficou evidenciada 

nos hambúrgueres reformulados com HE adicionados com 10 % de JPE, onde observou-

se a oxidação lipídica semelhante ao controle até o 60º dia de armazenamento sob 

congelamento. Além disso, a incorporação do JPE no HE reduziu os defeitos sensoriais 

causados pela reformulação lipídica. 

 A adição de BMBE enriqueceu os hambúrgueres com CGA, evitando o aumento da 

oxidação lipídica e a perda da qualidade sensorial causada pela HE de óleo de chia.  
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13. CONSIDERAÇÕES FINAIS 

Este estudo demonstrou a viabilidade tecnológica da utilização de óleos vegetais 

microencapsulados e hidrogelificados como substitutos de gordura animal em produtos cárneos 

que sofrem tratamento térmico intenso. Os resultados desta pesquisa podem ser úteis para a 

sociedade, pois podem ser utilizados industrialmente para enriquecer diversos alimentos com 

ácidos graxos ômega 3. Desta forma, este estudo poderá contribuir para aumentar a ingestão 

deste nutriente pela população e assim, reduzir os fatores de risco relacionados ao surgimento 

de doenças cardiovasculares. Considerando que as doenças cardiovasculares são responsáveis 

por mais de 1100 mortes por dia no Brasil, este estudo poderá contribuir significativamente 

para melhorar a qualidade e a expectativa de vida da população brasileira.Considerando a 

dificuldade de transferência dos resultados obtidos em estudos acadêmicos para a sociedade, a 

partir desta tese foi criada a startup “w3 Special Ingredients”, cujo desafio é justamente trazer 

a estratégia tecnológica desenvolvida na academia para ser instrumento de saudabilidade junto 

ao mercado. A empresa atualmente está incubada na Agência de Transferência de Tecnologia 

da UFSM (Agittec). A solução que a w3 propõe é a produção de um ingrediente rico em ômega 

3 através de uma técnica inovadora de microencapsulação. As microcápsulas possuem como 

diferencial a alta resistência térmica, o que significa que o ômega 3 não é degradado quando 

aquecido. Isto possibilita que sejam aplicadas em uma grande variedade de produtos 

alimentícios. Além disso, por serem 100 % de origem vegetal, as microcápsulas podem ser 

utilizadas para enriquecer produtos veganos. Outro diferencial é que as microcápsulas somente 

liberam o ômega-3 no final do intestino humano, possibilitando sua total absorção pelo 

organismo e por serem produzidas com fontes renováveis e biodegradáveis tem baixo impacto 

sobre o meio ambiente.  
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