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RESUMO 

 

PINHO, L. S. Obtenção, encapsulação e aplicação de extrato rico em carotenoides da casca 

de guaraná (Paullinia cupana). 2021. 186 f. PhD. Tese - Faculdade de Zootecnia e Engenharia 

de Alimentos, Universidade de São Paulo, Pirassununga, 2021. 

 

A tendência de reaproveitamento de subprodutos para minimizar a tensão global, relacionada 

ao crescimento populacional e à expansão da produção de alimentos, continua aumentando. 

Embora muitas estratégias de gestão de resíduos tenham sido desenvolvidas, é necessário 

valorizar esses subprodutos com baixo custo e menores ameaças ambientais. No Brasil, com a 

biodiversidade da Amazônia e o próspero agronegócio, é fundamental buscar novas fontes de 

compostos bioativos que possuam méritos econômicos e ambientais. Como a maioria destes 

compostos são sensíveis ao calor e ao oxigênio, a encapsulação destes componentes em 

micropartículas é um pré-requisito para aplicações em alimentos. Assim, o presente estudo teve 

como objetivo extrair compostos bioativos da casca de guaraná, subproduto da agroindústria, e 

utilizá-los como matéria-prima para o desenvolvimento de micropartículas que possam ser 

incorporadas a produtos funcionais. Na primeira seção deste trabalho, foi investigada a 

caracterização da casca de guaraná, incluindo sua composição, como teor de alcalóides, 

compostos fenólicos e carotenoides. As condições de extração também foram avaliadas para 

estabelecer os parâmetros ideais para a recuperação dos pigmentos (β-caroteno e luteína). Nas 

condições ideais, a capacidade antioxidante dos extratos foi avaliada por meio de ensaios in 

vitro. Os resultados indicam que os subprodutos do guaraná são excelentes fontes de 

carotenoides, os quais possuem forte capacidade antioxidante e, possivelmente, ocasionam 

efeitos promotores da saúde. No entanto, como pigmentos naturais instáveis, os carotenoides 

são altamente suscetíveis à oxidação e isomerização após a extração. Para aumentar sua 

estabilidade, na segunda parte deste trabalho, o extrato rico em carotenoides foi encapsulado 

por spray drying (SD), chilling (SC) e pela combinação das duas técnicas (SDC) para formar 

micropartículas. As propriedades físico-químicas das micropartículas foram investigadas, e sua 

estabilidade foi avaliada durante 90 dias de armazenamento. Micrografias eletrônicas de 

varredura revelaram forma esférica e heterogeneidade de tamanho das amostras. Além disso, a 

análise dos termogramas indicou que o material carreador e o processo de encapsulamento 

afetam o comportamento térmico das micropartículas. Da mesma forma, os dados de sorção de 

água por sorção de vapor dinâmico (DVS) das amostras foram principalmente relacionados aos 
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agentes carreadores usados para a encapsulação. Apenas alguns estudos abordaram se a 

encapsulação poderia proteger os carotenoides sob estresse termo-mecânico. Essas informações 

estão relacionadas à sua aplicação, uma vez que a temperatura e o cisalhamento são usados 

principalmente durante a produção de alimentos. Assim, a última parte deste estudo conduziu 

um processamento para simular as condições de extrusão e produzir uma pasta de aveia 

enriquecida com micropartículas carregadas com carotenoides. Após o processamento, avaliou-

se a influência das micropartículas nas propriedades da pasta de aveia. Observou-se que a 

retenção do β-caroteno foi maior do que a da luteína após o tratamento. Condições menos 

severas (temperatura e cisalhamento) levaram a maior estabilidade dos carotenoides. Este 

estudo propôs que a encapsulação e aplicação de carotenoides em alimentos à base de amido 

de aveia, que foi processado em altas temperaturas e cisalhamento, têm potencial para 

desenvolver produtos funcionais. No entanto, a incorporação de novos ingredientes pode afetar 

as propriedades sensoriais dos produtos finais e a bioatividade dos compostos. Por este motivo, 

trabalhos futuros especificamente no desenvolvimento de produtos alimentícios com atributos 

de qualidade desejáveis e benefícios nutricionais são essenciais. 

 

Palavras-chave: Paullinia cupana; carotenoides; encapsulação; extrusão; subprodutos. 
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ABSTRACT 

 

PINHO, L. S. Obtaining, encapsulation, and application of carotenoid-rich extract from 

guaraná peel (Paullinia cupana). 2021. 186 f. PhD. Thesis - Faculdade de Zootecnia e 

Engenharia de Alimentos, Universidade de São Paulo, Pirassununga, 2021. 

 

The trends to upcycle by-products to alleviate the global concern related to population growth 

and food production expansion keep increasing. Although many strategies in waste 

management have been developed, it is worthwhile to valorize these by-products with low cost 

and minor environmental threats. In Brazil, with the biodiversity of the Amazon Region and 

the prosperous agribusiness, seeking new sources of bioactive compounds that possess 

economic and environmental merits is crucial. As most bioactive compounds are vulnerable to 

heat and oxygen, entrapping them into microparticles is a pre-requisite for food applications. 

Thus, the present study aimed to extract bioactive compounds from guaraná peel, a by-product 

from the agroindustry, and use them as core materials to develop microparticles that can be 

incorporated into functional products. In the first section of this work, characterization of the 

guaraná peels was investigated, including their compositions, such as the content of alkaloids, 

phenolic compounds, and carotenoids. The extraction conditions were also assessed to establish 

the optimal parameters for the recovery of pigments (β-carotene and lutein). Under the optimal 

conditions, the antioxidant capacity of the extracts was measured using in vitro assays. The 

results indicate guaraná by-products are excellent sources of carotenoids that possess a strong 

antioxidant capacity and likely bring health-promoting effects. However, as unstable natural 

pigments, carotenoids are highly susceptible to oxidation and isomerization after extraction. To 

increase their stability, in the second part of this work, the carotenoid-rich extract was 

encapsulated by spray drying (SD), chilling (SC), and their combination (SDC) to form 

microparticles. The physicochemical properties of the microparticles were explored, and their 

stability was evaluated during 90 days of storage. Scanning electron micrographs revealed 

spherical shape and size heterogeneity of samples. Moreover, the analysis of thermograms 

indicated that the carrier material and encapsulation process affect the thermal behavior of the 

microparticles. Similarly, water sorption data from the samples' dynamic vapor sorption (DVS) 

mainly were related to the carrier agents used during encapsulation. Just a few studies 

approached whether encapsulation could protect the carotenoids under thermo-mechanical 

stress. Such information correlates with their application, as temperature and shear are mostly 
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used during food production. Thus, the last part of this study conducted pasting processing to 

simulate the extrusion conditions and produce oatmeal paste enriched with microparticles 

loaded with carotenoids. After the processing, the influence of microparticles on the pasting 

properties of the oatmeal paste was evaluated. We found β-carotene retention was higher than 

those of lutein after treatment. Less severe conditions (temperature and shear) led to higher 

stability of the carotenoid. This study proposed that the encapsulation and application of 

carotenoids into food based on oat starch, which was processed at higher temperatures and 

shear, has the potential to develop functional products. However, incorporating new ingredients 

can affect the final products’ sensory properties and the bioactivity of mixed compounds. For 

this reason, future works specifically on the development of food products with desirable 

quality attributes and nutritional benefits are essential.  

 

Keywords: Paullinia cupana; carotenoids; encapsulation; extrusion; by-products. 
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One-third of the food produced in the world is either wasted or lost (FAO, 2021). The 

waste generation in food industries contributes to this fact, and it is an urgent matter considering 

all-embracing sectors of food processing, including animal- and vegetable-derived. In the 

animal-derived wastes, most items consist of carcasses, hides, hoofs, heads, feathers, offal, 

viscera, bones, fat, and meat trimmings (Waldron, 2009). Whereas in vegetable-derived food 

manufacturing, such as peels, stems, seeds, pomaces, and trimmings residues are dominant after 

extraction of oil, starch, juice, and sugars ( Helkar, Sahoo, & Patil, 2016; Nasrin & Matin, 2017; 

Ben-Othman, Jõudu, & Bhat, 2020). 

Agribusiness in Brazil is considered one of the drivers of the economy. Therefore, the 

agroindustries have expanded significantly, and, as a result, the increase in production creates 

a concurrently large amount of by-products and residues, which could be used more efficiently.  

In this scenario, food processing is the primary sector responsible for the generation of the 

massive amount of by-products, which encompass the fruit, vegetable, wine, and beer industries 

(Bordiga, Travaglia, & Locatelli, 2019; Puligundla, Mok, & Park, 2020; Villacís-Chiriboga, 

Elst, Van Camp, Vera, & Ruales, 2020, Comunian et al., 2021). 

The different types of wastes require appropriate management, and in light of this, by-

products and residues have distinct conceptions according to the market and applications. The 

former has some economic value, rarely recycled or used as animal feed (da Silva et al., 2020). 

On the other hand, the residue corresponds to the low-value products, which are eventually 

disposed of in landfills, composted, or incinerated (Pavlenko & Searle, 2020). In general, these 

under-utilized materials generate a negative response by releasing into the environment and 

causing pollution. This occurs due to the characteristics of the organic wastes that affect the 

ecosystem (Kuryntseva, Galitskaya, & Selivanovskaya, 2016). 

The characteristics of by-products are the primary concern regarding the perishability 

of those materials, including poor biological and oxidative stability, the concentration of 

organic compounds, high water activity, and enzymatic activity. The high lipid content leads to 

rapid oxidation, besides the presence of fatty acids can enhance the issues to handle with food 

waste, mostly related to the rancid-smelling compounds produced over time (Arancon et al., 

2013). 

Despite the environmental issue, not many efforts have been devoted to food waste. 

From an economic point of view, the surplus cost of waste processing and time-consuming may 

be some investments that the manufacturer is not willing to consider. Generally, due to the 

material specificity, an additional food-processing step is not attractive to the industries 
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(Waldron, 2007). However, the difficulties of waste usage are rather unreasonable, given that 

those materials are cheap and available. Besides, they are initially food-grade and potentially 

rich in bioactive compounds (Panusa et al., 2013). 

Considering the current landscape, it is also important to mention the global food crisis. 

With the increase of population, the demand and price of food surely will also increase. Taking 

all together, the concept of circular bioeconomy through the recycle would emerge as a 

sustainable alternative; meanwhile, the effectiveness of those materials from food processing 

would complement the global food supply to alleviate this problem (Martillanes et al., 2020). 

The upcycling would succeed in an expansion, which would demand the development of new 

products for recent or new markets. 

Developing strategies to use all of these materials competently can minimize a 

substantial loss of great resources, even though it is challenging. There are certain approaches 

to upcycling, but they consist of modest uses and do not explore the proper value of the material. 

Thus, research on new pathways to deal with waste management is crucial to reducing costs 

and promoting waste valorization. In addition, the trial and scale-up for the functional food 

development using by-products are fields to be explored, as necessary to endorse its feasibility 

by food industries. 

Developing sustainable processes based on the valorization of food waste is important 

to ensure the stability of those materials and consider the refinement of the original resource 

(Morone et al., 2019). In this respect, refinement initially involves adequate transportation and 

refrigerated storage of by-products. In addition, pre-treatment using drying (Stramarkou, 

Papadaki, Kyriakopoulou, & Krokida, 2017) or irradiation processes (Casarotti, Borgonovi, 

Batista, & Penna, 2018) may reduce the degradative reactions and facilitate the extraction of 

the bioactive components contained in the material. Ultimately, the isolation of bioactive 

components can be performed through the methodologies and processes, which make the 

possibility of their recovery, besides their application in food formulations (Galanakis, 2012). 

The bioactive components generally coexist with other compounds; therefore, their 

recovery process from the food matrix must be efficient to extract the highest content of the 

desired component. Moreover, a comprehensive characterization of these materials is crucial to 

attribute better the functional activities of the by-products or their extracts to the responsible 

compounds. Furthermore, extraction techniques must also be suitable to perform with the 

sustainability standpoint of revalorizing by-products. For that, different methods have been 
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used, consuming eco-friendly solvents, minimizing time extraction, and improving the process 

conditions to enhance the extraction yield (de la Luz Cádiz-Gurrea et al., 2020). 

 

1.1 By-products as a source of bioactive compounds 

The continuously growing market attentive to the enormous variety of fruits from the 

Amazon region, such as açaí, buriti, camu-camu, cupuaçu, and guaraná, has been stimulating 

the intensive exploration of them by Brazilian agroindustries. The sensory features and their 

nutritional value related to health profits are the keys to the prosperous interest of the 

Amazonian exotic fruits. Considering that by-products fraction comprises almost up to 60% of 

the entire vegetable (Ayala-Zavala et al., 2011), the quantities of food wastes have been 

increased, and concomitantly the necessity to design practical projects to replace underutilized 

by-products into the supply chain. The bioactive compounds recovered from by-products of 

some native fruits from Amazon are summarized in Table 1. 

Tropical fruits from Amazon region are important sources of polysaccharides, minerals 

and vitamins. Furthermore, bioactive compounds are the main drivers responsible for elevating 

the demand by countless companies (Xiong et al., 2020). Among the diversity, açaí berry 

(Euterpe oleracea) is one of the notable North species, creating new markets and processes. 

The consumption of the edible part requires industrial treatment that involves pulp extraction 

(16%) from the highly fibrous fruit, generating by-products composed of some pulp, seeds, and 

peels (Buratto, 2019). In addition to açaí, babaçu (Orbignya speciosa) coconut is a wide species 

used to extract its oil, rich in natural antioxidants. However, the oil represents 7% of the fruit 

weight, and the by-products from the processing can be used to recover bioactive components 

or produce ethanol (Cinelli et al., 2014; da Silva et al., 2020). Similarly, the oil extraction from 

buriti (Mauritia flexuosa) fruit generates massive by-products, including peels, endocarp, and 

pulp. This oil contains high contents of fatty acids and carotenoids, which come from the pulp 

and are mainly applied in pharmaceutical and cosmetics products (Resende, Franca, & Oliveira, 

2019). Moreover, the by-products have great potential for underutilization as an additive in new 

functional foods. 
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Table 1. Bioactive compounds present in fruit by-products from the Amazon region 

Fruit By-product (Fruit 

part) 

Bioactive compounds References 

Açaí 

(Euterpe oleracea) 

Seeds Procyanidin B1 and B2, catechin, and 

epicatechin 

Melo et al., 2021 

Pulp and seeds Phenolic, proanthocyanin, and 

anthocyanin 

Xiong et al., 2020 

Babaçu 

(Orbignya speciosa) 

Peels Phenolic compounds Maniglia & Tapia-

Blacido, 2016 

Buriti 

(Mauritia flexuosa) 

Peels, pulp, endocarp Carotenoids, proanthocyanidins, and 

phenolic compounds 

Resende, Franca, & 

Oliveira, 2019). 

Camu-camu 

(Myrciaria dubia) 

Seeds, peels, and 

residual pulp 

Phenolic compounds Das Chagas et al., 2021 

Cupuaçu 

(Theobroma grandiflorum) 

Seeds Phenolic compounds Da Costa et al., 2020 

 Seeds Phenolic compounds Silva da Costa et al., 2019 

Inajá 

(Attalea maripa) 

 

Pulp Catechins and procyanidins De Souza Silva et al., 2021 

Peach palm 

(Bactris gasipaes) 

Pulp and seeds Carotenoids Matos et al., 2019 

Stem portion, leaf 

sheaths, and peels 

Phenolic compounds Giombelli, Iwassa, da 

Silva, & Barros, 2020 

Piquiá 

(Caryocar villosum) 

 

Peels Phenolic compounds Roxo et al., 2020 

Tucumã 

(Astrocaryum vulgare) 

 

Pulp and seeds Carotenoids Matos et al., 2019 

 

Guaraná 

(Paullinia cupana) 

Peels Carotenoids, phenolic compounds, and 

alkaloids 

Pinho et al., 2021 

Peels and depleted seeds Ascorbic acid, tannins, and phenolic 

compounds 

Santana, Zanini, Macedo, 

2020 

Reference: Own source. 

 

The advance of new markets focus on functional activities is favored by the presence of 

bioactive ingredients in various other species. Foods derived from camu-camu (Myrciaria 

dúbia) and cupuaçu (Theobroma grandiflorum) are progressively consumed because of their 

nutritional benefits and sensorial characteristics (Pugliese et al., 2013). Industrial processing 

involves major pulp part, but exploitation of their by-products, such as peel and seeds, have 

been growing. Furthermore, the commercial interest of inajá (Attalea maripa) related to edible 

oil extracted from the fruit nut emerges as a source of organic acids, carotenoids and phenolic 

compounds; however, the pulp also has high potential, which lies in the content of natural 

antioxidants (Barbi et al., 2019). 
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Peach palm (Bactris gasipaes) is extensively cultured in Brazil, and the edible portion 

of the stem consists of the heart-of-palm, which is commercialized as a minimally-processed 

product or as a canned vegetable (Neri-Numa et al., 2018). The agroindustrial by-products 

include pulp, seeds, stem portion, leaf sheaths, and peels. Such materials contain high-value 

molecules, for example, carotenoids and phenolic compounds. In addition, piquiá (Caryocar 

villosum) and tucumã (Astrocaryum vulgare) are other fruits from the Amazon region, used for 

oil extraction with nutritional effects considering the bioactive composition. Hence, previous 

studies have demonstrated the upcycling of their by-products through the recovery of 

carotenoids and phenolic compounds (Matos et al., 2019; Roxo et al., 2020). 

Guaraná (Paullinia cupana) is another Brazilian fruit native to the Amazon region 

known for its therapeutic effects, including its stimulant and healing properties (Schimpl, da 

Silva, Gonçalves, & Mazzafera, 2013). The fruit of guaraná comprises a red peel, containing 

an inner with brown/black seed partially covered by a white aril (Figure 1).  

 

Figure 1. Guaraná fruit 

 

 

Reference: Own source. 

 

Globally, Brazil is the largest producer of guaraná, with minor areas planted in 

Venezuela and Peru. Brazilian guaraná production is predominant in seven states, with Bahia, 

Amazonas, and Mato Grosso representing 95.1% of national production in 2019. Smaller-scale 

production occurs in the states of Rondônia, Pará, Acre, and Santa Catarina. The national 

productivity in 2019 was 2761 t, showing an increase of 3.7% compared to the previous year. 

Guaraná produced in Brazil, in addition to being processed and used by the national industries, 

is commercialized to the international market (CONAB, 2021). 
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The industrial handling of guaraná refers only to the seeds that are processed and either 

directly consumed or used as ingredients in cosmetics, pharmaceuticals, energy drinks, and soda 

industries. The application of guaraná seed attributed to the stimulant property and health 

benefits is associated with its methylxanthines (caffeine, theophylline, and theobromine) and 

polyphenols (catechin, epicatechin, and epicatechin gallate) contents. Taking together, the 

composition of guaraná seed is a well-known source of different powerful antioxidant 

compounds. 

Given that only seeds are used, the actual processing entails the generation of valuable 

by-products from guaraná fruits. Indeed, as mentioned earlier, the project of waste management 

combined with the revalorization of agroindustrial by-products arises as an important tactic to 

explore the bioactive potential of these materials. Few studies are reported in the literature 

regarding the upcycling of guaraná by-products, in which the prevalent compounds include 

carotenoids, polyphenols, alkaloids, and organic acids (Santana, Zanini, & Macedo, 2020; 

Pinho et al., 2021). Moreover, they also make evident the high potential of these materials on 

the topic of their antioxidant capacity. 

 

1.2 Bioactive compounds 

The active compounds in fruit by-products can be explored, focusing on a sustainable 

destination as food additives, since the interest in functional ingredients from natural sources is 

increasing. Among the main ways of using by-products as nutraceuticals, some of them reside 

in the usage of materials directly incorporated into new food products or the extraction of active 

components for later application. Thus, to better understand the origin of the phytochemicals, 

it is important to explore the biological activities of plants that result in a wide group of 

bioactive components.  

Plants produce a broad assortment of organic compounds that can be divided into two 

domains. The primary metabolites are the chemical substances responsible for growth and 

development. Some examples of primary metabolites include carbohydrates, amino acids, 

proteins, and lipids (Wu & Chappell, 2008). In contrast, the secondary metabolites have no 

function in growth, although they may influence the survival ability of plants (Lattanzio, 2013; 

Rosa, Moreno-Escamilla, Rodrigo-García, & Alvarez-Parrilla, 2019). Such metabolites are 

formed by different taxonomic groups, according to the specific need of the species, and have 

particular chemical structures. 
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In the secondary metabolites group, the substances can act in biological systems, playing 

as bioactive compounds. They are classified into three categories: (a) alkaloids, (b) phenolic 

compounds, and (c) terpenes and terpenoids. All these categories cover the well-known active 

substances obtained from plants, which may have pharmacological or toxicological effects in 

humans and animals (Bernhoft, 2010). 

In human metabolism, some reactive species are produced, including reactive oxygen 

species (ROS) and nitrogen-oxygen species (NOS). They can play an important role in 

physiological functions, as in phagocytosis mechanisms, with biological properties (da Silva et 

al., 2020). However, the oxidative stress caused by the excessive concentration of those reactive 

systems can overwhelm the organism and lead to serious harm. Thus, components with 

antioxidant potential can act minimizing/avoiding oxidative processes that may favor some 

chronic diseases, including diabetes, neurological deficits, cardiovascular risk and cancer 

(Correia, Borges, Medeiros, & Genovese, 2012). These reactions involve the scavenging of free 

radicals, chelation of heavy metals, and deactivation of oxygen by reducing hydroperoxides (da 

Silva et al., 2020). 

Some of the most common bioactive compounds, with claimed nutritional value related 

to antioxidant capacity and health-promoting activities, are alkaloids, phenolic compounds and 

carotenoids (Figure 2).  Among them, alkaloids consist of an expansive group of secondary 

metabolites found mostly in plant-kingdom but also produced by micro-and marine organisms. 

This group comprises approximately 12000 natural N-containing components and includes 

compounds with diverse structures.  

Overall, alkaloids can be defined as crystalline substances found as free bases, salts with 

organic and inorganic acids, glycosides, among others. The presence of nitrogen in the molecule 

is the main character that represents its structure. Generally, this nitrogen has an origin in amino 

acids and is associated with a heterocyclic ring (Bribi, 2018). Besides nitrogen, carbon, and 

hydrogen, most alkaloids have oxygen, and these elements can confer to them the potential to 

act as antioxidant agents. 

According to the evidence indicating the antioxidant capacity of alkaloids, such as the 

xanthine derivatives (caffeine, theobromine, and theophylline), it is important to mention the 

physiological activity of these compounds. In light of this, Azam, Hadi, Khan, & Hadi (2003) 

reported that the mentioned alkaloids suppressed the oxidative DNA breakage and the 

production of hydroxyl radicals. However, the same compounds could act as prooxidant agents 

if the concentration of the alkaloids and copper ions were high in the system (Azam, Hadi, 
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Khan, & Hadi, 2003). Moreover, Petrucci, Zollo, Curulli, & Marrosu (2018) claimed the 

hydroxyl free radical scavenging capacity and the potential antioxidant power towards ROS via 

electron-transfer for caffeine. The benefits to human health regarding these methylxanthines 

include psychoactive and cardioprotection activities, preventing neurodegenerative diseases, 

diabetes, and acting as anti-cancer and enhancement of fertility agents (Beaudoin & Graham, 

2011; Oñatibia‐Astibia, Franco, & Martínez‐Pinilla, 2017; Monteiro, Alves, Oliveira, & Silva, 

2019) 

 

Figure 2. Chemical structure of alkaloids, carotenoids, and phenolic compounds 

 

 

 

Reference: Own source. 

 

Another extensive group of secondary plants metabolites is the phenolic compounds or 

polyphenols, which currently cover more than 8000 structures. Several classification methods 

can be used, from general to more specific approaches (Santana-Galvez & Jacobo-Velázquez, 

2018): (1) Flavonoids and non-flavonoids; (2) number of aromatic rings (Kabera, Semana, 

Mussa, & He, 2014); (3) number of hydroxyl groups (Kabera, Semana, Mussa, & He, 2014); 

(4) organization of carbon atoms in the molecule (basic carbon skeleton) (Evans & Harborne, 

1991); (5) chemical structure, including functional groups, saturations, and type of bonds, 

among other methods. Although the combination of methods (4) and (5) is commonly used for 
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reasonable description (Pereira, Valentão, Pereira, & Andrade, 2009; Cheynier et al., 2013), the 

classification will be selected according to the purpose of the study. For this reason, the 

classification of phenolic compounds remains confusing and complex (Kabera, Semana, Mussa, 

& He, 2014). 

The structure of phenolic compounds consists of a chain with an aromatic ring 

containing one or more hydroxyl substituents (Tsao, 2010). The antioxidant potential of these 

compounds is related to the degree of hydroxylation and position of these hydroxyl groups 

considering the carboxyl functional group (Balasundram, Sundram, & Samman, 2006). Their 

structure is an important factor associated with the radical-scavenging and metal-chelating 

capacity. Therefore, the antioxidant activity of phenolics can occur by redox reactivity, 

regarding their properties as hydrogen- or electron-donating agents. Consequently, the 

interaction between these compounds and reactive species can lead to a chemically stable form 

of the free-radical, interrupting the cycle of the generation of new radicals. Besides, the ability 

of phenolics as metal chelators, including iron and copper, can also eliminate metal-catalyzed 

free-radical generation (Pereira, Valentão, Pereira, & Andrade, 2009). Overall, the balance 

among these pathways is based on the reaction environment. 

In addition to the antioxidant ability, polyphenol-rich diets have been related to various 

health benefits, including reduced risk of cardiovascular disease, obesity, diabetes and 

neurocognitive benefits. Phenolic acids, flavonoids, stilbenes, and tannins might prevent 

oxidative damage to biomolecules, which play crucial roles in the metabolism of the human 

body (Hollman, 2001; Ho, Ferruzzi, & Wightman, 2020) 

Ultimately, carotenoids are the bioactive secondary metabolites known for their 

biological functions. These phytochemicals belong to the isoprenoids and generally have a 40-

carbon skeleton. The structure of most carotenoids comprises a polyene chain with nine 

conjugated double bonds and a terminal group at both borders (da Silveira Vasconcelos et al., 

2020). Photosynthetic organisms, including plants, cyanobacteria and algae, besides some non-

photosynthetic prokaryotes and fungi, synthesize them (Maoka, 2020). Thus, since human 

beings and most animals cannot synthesize carotenoids, including these components in the diet 

is recommended to improve physiological activities (Engelmann, Clinton, Erdman, 2011; 

Rodriguez-Concepcion et al., 2018). 

Carotenoids are classified majorly into two categories: carotenes, which are 

hydrocarbons chains (β-carotene and lycopene, for example), and xanthophylls that are 

derivatives whose contain one or more oxygen atoms in their molecule (lutein, astaxanthin, and 
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cryptoxanthin). Conjugated double bonds of carotenoids can absorb the energy from other 

molecules, and that is the reason why these compounds present antioxidant properties in vivo 

(Namitha & Negi, 2010). Moreover, the carotenoid end groups may have some effect on their 

polarity, favoring eventual interaction with biological membranes (Britton, 1995). Among the 

vast health benefits related to carotenoids, some of them comprise the anti-inflammatory 

properties, provitamin A activity, reduction of the symptoms of many diseases, such as cancer, 

Alzheimer, cerebral ischemia, macular degeneration, diabetes associated with obesity and 

hypertension (Bhatt & Patel, 2020; Nabi et al., 2020). 

 

1.3 Extraction of bioactive compounds 

Considering the health-promoting bioactive compounds, obtaining the extracts rich in 

them is an important step for further applications. The extraction process of these substances 

from by-products usually depends on the nature of the bioactive component, the matrix 

properties, and extraction parameters.  

Taking into account that solvent influences the extraction efficiency (Cowan, 1999), the 

polarity of the component of interest is the main factor to consider for choosing the proper 

solvent. The extraction can be performed using different solvent systems formed from only one 

solvent or a mixture. However, polar solvents such as methanol, ethanol, or ethyl-acetate are 

more appropriate for hydrophilic components. While for more lipophilic components, 

dichloromethane or hexane consist a better choice. Given that plants are complex matrices and 

the extraction of specific components is challenging, the strategy of performing screening of 

solvents can lead to the solvents potentially suitable to obtain bioactive-rich extracts (Pinho et 

al., 2021).  

Besides the molecular affinity, economic feasibility, public health, and environmental 

issues are other relevant topics to contemplate (Azmir et al., 2013). In light of this, processes 

have been re-thought to incite the use of ‘‘bio-solvents’’ and, in the meantime, assure the safety 

and quality of this extract. Furthermore, management of technology and the environment are 

some of the main concerns nowadays and is a matter of interest by different industries. For this 

reason, the use of solvents Generally Recognized as Safe (GRAS) for human consumption for 

extraction of biocomponents is not only an eco-friendly approach but also politically influential 

(de Oliveira, de Barros, & Gimenes, 2013). 



 
 

33 
 

In addition to defining a proper solvent system, some precautions must be conducted to 

guarantee that targeted compounds are not lost or destroyed over the extraction process. 

Regarding the extraction steps, they primarily embrace a pre-processing phase, which is also a 

crucial factor in determining the amount of bioactive compounds recovered from plant matrices. 

The operations involve pre-treatment through pre-washing, drying or freeze-drying, and milling 

of the sample. As a consequence, it can facilitate material homogenization, as well as improve 

the contact of the sample surface with the solvent and enhance the kinetics of extraction 

(Sunday, 2017).  

The phytochemicals can be extracted from vegetable by-products using different 

methods that are classified into two main groups: novel and conventional techniques. Promising 

novel techniques include supercritical fluid extraction, ultrasound-assisted extraction, 

microwave-assisted extraction, enzyme-assisted extraction, pulsed electric field assisted 

extraction, pressurized liquid extraction, or a combination of them (Ghafoor, Park, & Choi, 

2010; Liew, Ngoh, Yusoff, & Teoh, 2016; Luo et al., 2019; Pashazadeh et al., 2020). Some 

advantages are the extraction efficiency, selectivity, and kinetics of extraction. Additionally, 

the facility of automation and reduction in organic solvent favors the employment of these 

techniques for bioactive compounds extraction. However, shortcomings are associated with 

upscale extraction, which needs to consider the technique's safety, sustainability, and cost-

effectiveness. In this way, conventional techniques are still usually used instead, since they 

correspond to inexpensive and feasible methods for bioactive compounds extraction at the 

industrial or pilot level (Sagar et al., 2018; Wen et al., 2020).  

The conventional techniques consist of classical methods, which have been employed 

for a long time. They are based on the solvent system and the heat/mixing treatment. Namely, 

the most conventional techniques are Soxhlet, hydro-distillation, and maceration (Khoddami, 

Wilkes, & Roberts, 2013). Maceration is well-known as a low-cost, common and the simplest 

technique used for solid-liquid extraction of bioactive components and essential oils (Vieitez, 

Maceiras, Jachmanián, & Alborés, 2018).  Although it is time-consuming and requires more 

solvent than some novel techniques, maceration does not require complicated equipment and 

skilled workers; besides, it is an energy-saving process (Rasul, 2018). 

The maceration extraction process is composed of some operations, including: (1) the 

grinding of samples into small particles; (2) mixing samples with the appropriate quantity of 

the solvent; (3) diffusion of a solvent through the particles of sample to solubilize the bioactive 

present in the matrix; (4) recovering of the extract by pressing the solid residue; and (5) filtration 
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to remove impurities. Occasionally, agitation during maceration is applied to increase the 

recovery of the compounds. This supplementary operation can promote the maximum 

extraction yield and increase the diffusion of the solvent into the sample (Sasidharan et al., 

2011; Azmir et al., 2013).  Beyond this, solvent type, process temperature and extraction time 

are the most significant operating conditions to be configured either to improve the bioactive 

compound extraction technique or the quality of extracts for a potential application. 

Indeed, the upcycling of by-products to extract bioactive components is a relevant 

initiative toward sustainable development since these materials are rich sources of 

phytochemicals (Galanakis, 2012). However, to successfully apply the bioactive-rich extract in 

food products, it is necessary to protect these compounds against conditions that may degrade 

them during processing. Phenolic and carotenoids, for example, can be degraded mainly by 

exposure to light, heat, oxygen and enzymes. Considering these aspects, microencapsulation 

emerges as a tool able to ensure the stability of those substances, facilitate their storage, 

transport, and, eventually, improve the efficacy of their application. 

 

1.4 Microencapsulation of bioactive compounds from by-products  

Microencapsulation comprises the entrapment of a component of interest in a secondary 

material. The compound to be protected, known as the core, nucleus, or active ingredient, can 

be in solid, liquid or gas form, composed of one or more substances. The carrier material, also 

called wall, coating, shell, or encapsulate agent, can be applied alone, as a combination, or with 

some additives (e.g., emulsifiers, surfactants) in a single or double layer. 

Some factors are crucial to indicate the suitable carrier material, which includes the 

purpose of microencapsulation, sensory characteristics, properties of the active ingredient, core: 

carrier material compatibility, and potential application. Moreover, these materials may be 

natural or synthetic; however, they must be GRAS for human health (Nazzaro, Orlando, 

Fratianni, & Coppola, 2012). Among the specific requirements, the encapsulate agent has to be 

chemically inert and non-toxic (Tolve et al., 2016). In this way, the most used carrier material 

are polysaccharides (starch, maltodextrin, chitosan, gum arabic, alginate, and carrageenan), 

proteins (whey protein, gelatin and albumin), or lipids (wax, oils and hydrogenated vegetable 

fats) (Silva et al. 2014).  

Microparticles formed by core:carrier material usually present functional properties 

covering structure and stability under process or storage. Their structure can be categorized into 
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microcapsules, which are related to the reservoir system, including mononuclear and 

polynuclear types, and microspheres that correspond to the matrix system (Figure 3). In the 

mononuclear type, the carrier material completely covers the core, while many cores are within 

the shell in the polynuclear. Nevertheless, in the matrix type, the core is homogenized and 

entrapped into the carrier material. The microsphere can exhibit hollowness inside (Figure 3a) 

or massive particle (Figure 3b). All these microspheres act as a physical barrier between the 

core and the external conditions and mask off-flavors, tastes, or colors, improving the 

dispersibility of some substances and providing a controlled release of them (Tolve et al., 2016). 

 

Figure 3. Cross-sectional illustration of the different types of microspheres 

 

 

 

Reference: Own source. 

 

 

For the encapsulation of phytochemical-rich extracts from vegetable sources that consist 

of complex matrices, not only the encapsulating agent but also the technique must be carefully 

selected. This is surely relevant to ensure adequate component protection. Furthermore, it is 

necessary to optimize the operating conditions to warrant obtaining microparticles with the 

desired properties. 

Overall, microencapsulation techniques can be categorized into three groups: chemical 

(e.g. in situ polymerization), physicochemical (e.g. coacervation), and physic-mechanical (e.g. 

spray drying and chilling) (Giro-Paloma, Martínez, Cabeza, & Fernández, 2016; Shao, Xuan, 

Wu, & Qu, 2019). Although the existence of a large number of encapsulation techniques, some 

of the widely applied to food ingredients comprise spray drying and spray chilling, which are 

illustrated in Figure 4 and described in the following. This introduction will focus on these two 

techniques typically used for microencapsulation and applied in the current study. Moreover, 
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recent reviews about the microencapsulation of bioactive compounds were published (de 

Freitas Santos et al., 2021; Huang, Yuan, & Baojun, 2021). 

 

Figure 4. Schematic illustration of spray drying and chilling processes 

 

 

 

Reference: Own source. 

 

1.5 Spray drying 

Spray drying is the most traditional technique applied in the food industry to 

microencapsulate bioactive components. The process is defined by the transformation of liquid 

feed material into a dried powder (Gallo & Corbo, 2010). The procedure initially comprehends 

a mixture and homogenization of the active ingredient in the solution of a water-soluble 

polymer, which can generate a suspension, dispersion, or emulsion. Following this, the feed 

material is sprayed inside the hot chamber. The solvent evaporation from the droplet causes the 

solidification of the encapsulating agent, and matrix-type microparticles are formed. Lately, the 

dried particles are transported from the hot chamber by air to the cyclone or filter and, finally, 

collected. 
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After the atomization of bioactive-rich extract, some authors have reported the 

characteristics of microparticles, including process yield, encapsulation efficiency, 

hygroscopicity, moisture content, water activity, retention and stability of bioactive component 

after process or over storage (Daza et al., 2016; Ramakrishnan, Adzahan, Yusof, & Muhammad, 

2018; Barrientos et al., 2021). All of the structural, morphological and functional features of 

particles produced by spray drying are associated with the processing conditions. 

Among the diverse process parameters, namely, temperature, drying air flow rate, feed 

flow rate, atomizer pressure, carrier material, and concentration of the feed solution, the inlet 

air temperature present a prevalent effect on the final characteristics of the bioactive-rich 

particles (Schoubben et al., 2010). Furthermore, specifically, this operational condition requires 

attention, considering that carotenoids and phenolics are thermosensitive components, as 

aforementioned, and the heat-treatment can impact their retention during and after the process.  

Chuyen et al. (2019) reported that during the encapsulation of gac peel oil at higher 

temperatures (180°C), the total carotenoid content of microparticles had the lowest retention 

compared to the minimum condition tested (temperature of 160°C). Interestingly, Moser, 

Ferreira, & Nicoletti (2019) indicated that the combination of higher temperature and feed flow 

rate (190°C and 6 mL/min) or lower temperature and feed flow rate (160°C and 2 mL/min) 

during atomization of buriti oil enhanced the carotenoid retention concerning the samples 

produced through milder settings. In the first case, the high temperature may induce rapid film 

formation, which mitigates the material migration to the particle surface. In the second case, 

the main strategy was to reduce exposure to heat and preserve the particle structure. 

The formation of a crusted surface in the particles at higher temperatures during a short 

time favors rapid evaporation of water, and this can improve the chemical stability of the 

bioactive encapsulated. However, temperatures around 190 °C and 200 °C may contribute to 

either oxidation and/or degradation reactions or the creation of fissures, pores and rupture of 

the particles, diminishing the encapsulation efficiency (Corrêa-Filho et al., 2019). Additionally, 

the temperature also influences the moisture content and water activity of the resultant particles 

directly. Taken all together, these responses are relevant aspects extracted from spray-dried 

samples, given that they are associated with the quality, safety and capacity of preservation of 

active ingredients. 

From a structural point of view, active compounds encapsulated can be found dispersed 

all over the volume of the particles, as the air-drying promotes the evaporation of the water 

present in the droplets. These particles are usually spherical, hollow and shrunken. Some studies 
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demonstrated the appearance of concavities and wrinkles in the particle surface and, this is also 

a result of the water elimination from the droplets.  

One of the critical points of the process is the atomization into the vessel, as the size of 

the resultant particle depends on the droplets' magnitude, distribution, and velocity. 

Additionally, the nozzle atomizer and the physical properties of the feed material will affect the 

final product (Fujita et al., 2017; Sablania & Bosco, 2018). All these aspects can influence the 

occurrence of aggregates and non-uniform sizes, which can vary between 10-100 μm (Ribeiro, 

Shahgol, Estevinho, & Rocha, 2020). However, these phenomena may interfere with the 

sensory characteristics, considering the application of the particles in food products. 

As external process parameters, the type of encapsulating agent and its concentration in 

the feed material consist of crucial factors that can impact the particles' features and stability. 

In view of the hydrophobicity of carotenoids, for example, the suitable carrier material must 

have the emulsifying capacity because the stability of the emulsion (feed material) may reflect 

on the particles properties. Although numerous carriers are used to atomize carotenoid-rich 

extracts, such as maltodextrin, whey protein and gum arabic, the latter is the most promising, 

as demonstrated, for instance, by Álvarez-Henao et al. (2018) and Tupuna et al. (2018). 

The predominance of the carrier agent over the characteristics of particles loaded with 

bioactive compounds is attributed to the chemical structure of these materials. Particularly, gum 

arabic has a complex molecular structure composed of: (1) a highly branched polysaccharide 

chain; (2) a fraction formed by arabinogalactan–protein complex; and (3) a fraction with the 

highest protein content, which comprises a glycoprotein with amino acids chains of different 

sizes (Dror, Cohen, & Yerushalmi‐Rozen, 2006). This natural composite is mainly derived from 

exudates of Acacia senegal and Acacia seyal trees. Due to its chemical domains and ramified 

chain, gum arabic possess good structural support and film-forming capacity, serves as an 

excellent emulsifier, and can act as a long-term stabilizer in products with oil-water interfaces 

(Montenegro, Boiero, Valle, & Borsarelli, 2012). Moreover, it has low viscosity in aqueous 

solution, satisfactory retention properties and may provide protection against higher 

temperatures (Chranioti & Tzia, 2014). 

In fact, spray drying is a simple technique, in which some advantages include the 

speediness of the process, availability of equipment, the low-cost operation, and the ease of 

scale-up. Moreover, the decisive advantage is that it is a continuous process, whereas most 

processes used for encapsulation are batch. However, there are a few disadvantages related to 

the process, and one of the most significant harms is the high temperature of the system. 
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Considering that bioactive compounds, like phenolic and carotenoids, are heat-sensitive, this 

factor becomes an important issue to be ameliorated. 

 

1.6 Spray chilling 

Spray chilling is a technique in which an active ingredient is dispersed or emulsified in 

a lipid carrier material melted and atomized through a heated nozzle into a cooling chamber by 

injection of cold air or liquid nitrogen. The contact of the droplets with the cold air leads to their 

solidification and production of matrix-type microparticles. The resultant solid lipid particles 

are collected in the cyclone vessel (Champagne & Fustier, 2007; Saifullah et al., 2019). This 

process can be executed by using spray drying equipment. 

The stabilization of the feed material (emulsion or suspension) may be necessary 

throughout the method, and this depends on the time in between sample preparation and 

atomization. For this reason, it is highly recommended the maintenance of feed material in 

agitation until it is pumped into an atomizer to ensure an efficient entrapment of the bioactive 

compounds in the matrix. 

Besides, it is utter of importance to know which the main factors of process parameters 

can influence particle characteristics. The spray chilling process is dependent upon the material 

properties and operational parameters, such as (1) melting point of the carrier agent, (2) the 

temperature of the feed material melted during atomization, (3) chamber temperature, (4) 

atomizing air temperature and pressure, and (5) feeding flow of the molten mixture (Okuro, 

Matos Junior, & Favaro-Trindade, 2013; Đorđević et al., 2015). Predominantly, the ideal 

chamber condition consists of holding the system at a temperature below the melting point of 

the material over the complete atomization. About the carrier material, it is indispensable the 

selection of lipophilic materials with a melting point higher than room temperature. The droplet 

size and its surface area contribute to the cooling capacity and consequently its solidification. 

During the process, the material already atomized undergoes different phases of cooling, 

droplet cooling, solidification and particle cooling. Conducting the temperature of the lipid 

material during solidification is essential since it influences the polymorphism of fats and 

consequently affects the release of the encapsulated bioactive compound. The crystallization 

process is associated with lipid chilling, in which rapid cooling leads to small and unstable 

crystals and a slow cooling favor the formation of the β-form, as the crystal packing of the 

stable form (Eldem, Speiser, & Altorfer, 1991). 

https://www.sciencedirect.com/science/article/pii/S0958166907000328?casa_token=In5VNzfG2wUAAAAA:hyAu7aB7myGSyHxo4w_CejvwEbp3LSBs9sATkum0YQiIvdYsutWTWJC66ZkowbBJkt9FjwaOKEsE#!
https://www.sciencedirect.com/science/article/pii/S0958166907000328?casa_token=In5VNzfG2wUAAAAA:hyAu7aB7myGSyHxo4w_CejvwEbp3LSBs9sATkum0YQiIvdYsutWTWJC66ZkowbBJkt9FjwaOKEsE#!
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Regarding the particles features, the production of particles with uniform size is 

attributed to high-speed atomization and low viscosity. Heat treatment applied to the feed 

material can lead to low viscosity, which produces small particles, while the addition of solids 

can result in larger particle sizes (Albertini, Passerini, Pattarino, & Rodriguez, 2008; Okuro et 

al., 2013). Spray chilling usually generates micrometric particles, with sizes ranging from 20 to 

200 μm and impermeable to water. In addition, the particles are generally dense, do not exhibit 

porous on the surface, and tend to be intact under agitation. 

Nevertheless, the encapsulation efficiency of spray chilling is associated with the type 

of atomizer, and this response can vary according to the equipment available. In fact, atomizers 

have resembled settings, and none of them is proper to process high viscosity molten mixture. 

Thus, to avoid occasional difficulty during the processing, either the melting point of the 

material or core: carrier ratio must be taken into account. In this way, it is recommended that 

the proportion of the active component in the feed material not exceed 30 and 50%, in the case 

of solid and liquid cores, respectively (Albertin, Passerini, Pattarino, & Rodriguez, 2008). 

Spray chilling is an easy technique to upscale, and it does not involve organic solvents. 

Usually, lipophilic materials, such as fatty acids, triacylglycerols, waxes and hydrogenated 

vegetable fat, with a high melting point, are the most appropriate carrier agents selected to 

encapsulate bioactive ingredients by this process. For this reason, lipid particles obtained by 

spray chilling are insoluble in water, which may limit or not their applications in food (Đorđević 

et al., 2015). For example, chilled particles can be incorporated in bakery products, dry soup 

mixes, and food containing high levels of fat (Barbosa-Cánovas, Ortega-Rivas, Juliano, & Yan, 

2005). Moreover, this technique is suitable for the encapsulation of thermosensitive ingredients, 

such as carotenoids and phenolics.  

However, some drawbacks related to this process include low encapsulation efficiency 

of active components and the eventual expulsion of active ingredients during storage (Okuro et 

al., 2013). Besides that, the matrix-type particles produced by spray chilling often have some 

core material at the surface, which may reduce the bioactivity of the ingredient. In view of 

overcoming this feasible issue, one of some alternatives is to combine both techniques, spray 

drying and chilling. This strategy may minimize the loss of the potential activity of this 

component and open new possibilities for applications. In this way, the combination of spray 

drying and chilling has been demonstrated as an efficient tool to preserve the stability of 

prebiotics (Arslan-Tontul & Erbas, 2017) and functional oils (Fadini et al., 2018). 
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Since bioactive components, such as carotenoids, phenolics, and alkaloids, have 

nutritional properties, including provitamin A activity and antioxidant capacity, the main 

purpose of incorporating microparticles into conventional food is to add value to products. The 

application of microparticles obtained through different encapsulating methods in a pilot-scale 

model promotes the understanding of the behavior of microparticles in food, such as the storage 

stability after incorporation into the product. Furthermore, information collected in relation to 

the physicochemical, nutritional and sensory properties of fortified foods is also highly relevant 

in order to assess their potential for applications at an industrial level.  

 

1.7 Application of microparticles loaded with bioactive compounds 

The incorporation of bioactive compounds in food products allows the transformation 

of conventional products into functional foods. Thus, functional foods contain a variety of 

nutrients that can provide health benefits to consumers. In general, functional foods are related 

to the concepts of (i) products with the ability to offer health benefits in addition to basic 

nutrition, (ii) foods rich in natural ingredients included in the daily diet that exhibit effects on 

specific biological functions, and (iii) foods that act to regulate physiological processes and 

reduce disease risks (Onwulata, 2013). Although functional foods play an important role in the 

state of well-being and health, they are not medicines, therefore, have no therapeutic effects. 

Currently, the food industry has developed functional foods in response to the demand 

of consumers who are increasingly interested in health benefits (Jacobs & Tapsell, 2007). In 

fact, research in different areas of science is providing and highlighting the role of the bioactive 

components, which also can attribute attractive color and technological properties to the 

product.  

Polyphenolic extract of pomegranate peel, when encapsulated using maltodextrin, 

showed preferable characteristics and increased the shelf life of the cupcake (Sharayei, 

Azarpazhooh, & Ramaswamy, 2020). Besides, Bernardes et al. (2019) reported that the 

incorporation of bioactive-rich microparticles into the gelatin was favorable as long as it 

ensured protection to them and provided the best gelatin color over storage. 

Coronel-Aguilera & Martin-Gonzalez (2015) investigated the addition of β-carotene 

powder obtained by spray drying, followed by fluidized bed coater into yogurt as a model 

system.  The authors compared the enriched product with commercial peach yogurt. The results 

showed that the total color parameters were compared with the standard values, and the new 
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product was stable in an acidic medium over four weeks of storage at 4 °C. Another study 

reported the development of functional foods, in which yogurt, pasteurized milk, and cake were 

enriched with encapsulated gac oil using whey protein concentrate and gum arabic. After the 

incorporation of microparticles, the products presented minimum color change, as well as a 

slight degradation of β-carotene and lycopene during storage. According to the authors, the 

degradative reactions were mostly driven by auto-oxidation, photo-oxidation, and photo-

isomerization through the storage period (Tuyen, Nguyen, Roach, & Stathopoulos, 2015). 

Interestingly, a ready-to-serve beverage was produced incorporating microencapsulated extract 

of marigold flowers into the water. Physicochemical and phytochemical characteristics of the 

lutein-rich product suggested its potential as an alternative to stimulate the daily intake of this 

bioactive compound (Pal & Bhattacharjee, 2018). 

Moreover, encapsulated annatto seeds extract was applied in an isotonic tangerine soft 

drink. The study demonstrated that the addition of microparticles contributed to the color and 

increased carotenoid stability of the new beverage during storage under accelerated conditions 

(heat and light) (Tupuna-Yerovi et al., 2020). According to the examples above presented, most 

of the researches upon the application of encapsulated bioactive compounds is promising. It is 

demonstrated by the effective protection reached after encapsulating techniques and the 

feasibility of the process.  

In order to produce bioactive ingredients for the food industry, microencapsulation also 

has been successfully employed for extrusion processes focused on the development of 

functional products. Since the extrusion cooking process might induce the 

degradation/oxidation of compounds with antioxidant capacities such as carotenoids, mainly 

attributed to the heat-mechanical stress, the microencapsulation can improve the stability of 

those compounds over processing and storage. Regarding this topic, the influence of the 

extrusion parameters on carotenoid stability will be further discussed in the next chapter. 
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THE INCORPORATION OF CAROTENOIDS ON READY TO EAT FOODS 

STUDIED THROUGH THEIR STABILITY DURING EXTRUSION PROCESSING* 

*This chapter is based on the published review: 

Pinho, L. S., Rodrigues, C. E. C., Favaro-Trindade, C. S., & Campanella, O. H. (2021). The 

Incorporation of Carotenoids on Ready to Eat Foods Studied Through Their Stability During 

Extrusion Processing. Food Engineering Reviews, 1-14. (Copyright is in Attachment A) 

 

 

 

 

 

 

 



 
 

55 
 

ABSTRACT 

 

Studies have reported evidence that consumption of carotenoids provides many health benefits. 

Therefore, assuring the maintenance of their nutritional/nutraceutical properties after food 

processing is gaining increasing interest. Products such as breakfast cereals and ready-to-eat 

snacks are commonly consumed foods that potentially could serve as ideal vehicles of bioactive 

compounds, such as carotenoids. Some of these foods are produced by extrusion. The impact 

of the extrusion process on bioactive compounds is harsh and may require control of the 

processing conditions to alleviate the negative effects of the process on the product’s nutritional 

quality. Extrusion process parameters, such as temperature, screw speed, shear rate, and the 

feed moisture content, can affect the retention of carotenoids in the final product. The influence 

of those parameters on products is discussed in this review, taking into account aspects of 

carotenoid stability and the conservation of its nutritional properties. Further, some strategies 

to increase carotenoid retention during extrusion processes are discussed.  

 

Keywords: Extrusion; thermomechanical treatment; carotenoids; retention; foods.  

 

2.1 Introduction 

The food industry is increasingly focused on meeting consumer demands for nutritious 

foods that provide health benefits. The development of functional foods including fruits and 

vegetables offering high contents of bioactive compounds, such as carotenoids, has become an 

important step to support the requests of these consumers. Carotenoids have been highlighted 

as important compounds due to their demonstrated evidence for promoting immunomodulatory 

and anti-inflammatory, antimicrobial, and antiviral activities, in addition to preventing 

degenerative diseases (Bernal, Mendiola, Ibáñez, Cifuentes, 2011; Christaki, Bonos, 

Giannenasa, Florou-Paneria, 2013; Buono et al., 2014). Furthermore, some carotenoids (α-

carotene, β-carotene, and β-cryptoxanthin) are provitamin A (Ndiaye et al., 2020) and have 

shown to have antioxidant capacity and to protect against oxidative stress (Guedes, Amaro, 

Malcata, 2011). The development of products that incorporate bioactive components and can 

be consumed daily, such as snacks and breakfast cereals, is an important initiative because these 

products may contribute to a nutritious daily intake of these compounds. The cost-benefit ratio 

of healthcare and the fact that diet is essential in preventing chronic diseases support the need 
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for research, development, and investment in the creation of products with 

nutritional/nutraceutical properties (Singh, Gamlath, Wakeling, 2007; Potter, Stojceska, 

Plunkett, 2013; Obradović et al., 2014) 

The basic problem of adding bioactive compounds in processed foods is the compound’s 

sensitivity to changes in pH, oxygen, temperature, light exposure, and mechanical forces during 

processing. Extrusion is a processing tool widely employed in the food industry. The interest 

in the use of extruders stems from the versatility of the extrusion process in terms of the ability 

to handle different formulations with high solid feed, low space requirements, energy 

efficiency, and low environmental impact when compared with other food processes (Bouvier 

& Campanella, 2014). Regarding the quality of extruded foods, the control of process 

parameters, such as temperature, moisture, screw speed, and raw material, is fundamental to 

guarantee products with desirable characteristics and properties (Cheftel, 1986; Singh, 

Gamlath, Wakeling, 2007; Brennan, Derbyshire, Tiwari, Brennan, 2013; Bouvier & 

Campanella, 2014). 

As extrusion cooking involves the application of high thermomechanical stress to the 

processed material, it is obvious to assume a significant impact on the stability of thermolabile 

compounds such as carotenoids. The effect of extrusion conditions on carotenoids has been 

reported (Emin, Mayer-Miebach, Schuchmann, 2012; Waramboi, Gidley, Sopade, 2013). The 

degree of mixing and homogenization, as well as the extrusion process conditions, can affect 

the carotenoid stability and active property retention in food systems and promote changes to 

obtain final products with unique characteristics. In this sense, the present work aims to review 

the literature in the area to provide important and comprehensive guidelines for evaluation of 

the stability of carotenoids during extrusion and establish extrusion conditions that optimize 

their retention and bioavailability.  

 

2.2 Carotenoids  

Carotenoids are natural pigments providing red, orange, and yellow color to leaves, 

fruits, and flowers of plants, fish, feathers, and shells of crustaceans. They are formed by 

polymerization of isoprene units to form an aliphatic structure. These compounds are 

biosynthesized as secondary metabolites by many plants, algae, bacteria, and fungi (Gouveia & 

Empis, 2003; Robert, Carlsson, Romero, Masson, 2003; Martínez-Delgado, Khandual, 

Villanueva-Rodríguez, 2017).  
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Carotenoids belong to the class of tetraterpenes (Stahl & Sies, 1996), which consist of 

chains that incorporate conjugated double bonds with delocalized π-electrons (Britton, 1995). 

Their yellow-red color, the well-recognized antioxidant activity, as well as the capacity of these 

compounds as chelating agents for molecular singlet oxygen are associated with their particular 

chemical structure. In nature, most carotenoids are present as isomers, with the trans 

conformation more stable than the cis isomeric form.  

The term carotenoid comprises a variety of chemicals, which include two main classes 

of pigments. As illustrated in Figure 5, carotenes (as α-carotene, β-carotene, and lycopene) are 

exclusively non-oxygenated hydrocarbons, and xanthophylls (such as lutein, violaxanthin, 

zeaxanthin, astaxanthin, and β-cryptoxanthin) are oxygenated hydrocarbons, which are 

produced in the plastids of plants and algae (Jaswir, Noviendri, Hasrini, Octavianti, 2011; 

Oroian & Escriche, 2015).  

 

Figure 5. Chemical structures of carotenes and xanthophylls 

 

 

Reference: Own source. 

 

In general, carotenes are soluble in lipids and organic solvents such as petroleum ether, 

hexane, chloroform, and present limited solubility in ethanol, whereas xanthophylls have better 

solubility in more polar solvents. Both classes of pigments can absorb light in the range of the 

visible spectrum, mainly in the regions of blue (430–470 nm), bluegreen (470–500 nm), and 

green (500–530 nm) (Britton et al. 1995).  



 
 

58 
 

The color of fruits and vegetables can indicate the form and content of the carotenoids 

present in the product, and the concentration of each pigment can vary among different 

matrices. Yellow-orange fruits generally consist of β-carotene and α-carotene. In tomatoes, 

their red color is attributed to lycopene. In green leafy vegetables, lutein (almost 45%), β-

carotene (25–30%), followed by neoxanthin (10–15%), and violaxanthin (10–15%) are the 

types of carotenoids found most (Priyadarshani & Jansz, 2014). 

The benefits of different carotenoids in human health are directly associated to their 

structure, mainly due to their antioxidant potential (Yara-Varón et al., 2016; Kolniak-Ostek et 

al., 2017). Besides, they are important nutritional constituents, since carotenoids are precursors 

of vitamin A. Carotenoids have been correlated with a decreased risk of diseases, such as 

cancer, cardiovascular disorders, cataracts, and eye degeneration because they act as anti-

inflammatory compounds and have an immunomodulatory effect (Chávez-Jáuregui et al., 2010; 

Gammone, Riccioni, D’Orazio, 2015; Khoo et al., 2011; Murphy et al., 2014; Norfezah, 

Hardacre, Brennan, 2011). Human beings cannot produce these compounds; therefore, they 

must be obtained from food, with plants and vegetables being the most abundant sources. 

 There are more than 700 carotenoids found in nature (Saini, Nile, Park, 2015) however, 

up to 60 carotenoids are found in foods, the main ones being β-carotene, α-carotene, lutein, 

violaxanthin, zeaxanthin, and β-cryptoxanthin (Van Hal, 2000; Azevedo-Meleiro, Rodriguez-

Amaya, 2004; Perera & Yen, 2007). Lutein and zeaxanthin, when introduced into the diet, are 

selectively absorbed in the macula of the eye and act by absorbing up to 90% of blue light and 

protecting the eyes against oxidative damage induced by light (Krinsky, Landrum, Bone, 2003; 

Koushan, Rusovici, Li, Ferguson, Chalam, 2013). The conversion of the biological activity of 

carotenoids into vitamin A (retinol) activity in the human body suggests the relevance of 

ingesting these components. Regarding this conversion to retinol, 1 retinol equivalent (RE) 

corresponds to 6 µg of all-trans-β-carotene, and 1 retinol activity equivalent (RAE) corresponds 

to 12 µg of all-trans-β-carotene, 24 µg of α-carotene, or 24 µg β-cryptoxanthin in the diet 

(Breithaupt, Weller, Wolters, Hahn, 2003; Perera & Yen, 2007).  

Furthermore, β-carotene is an antioxidant acting on harmful effects caused by free 

radicals, which have been associated with various health disorders, such as gastrointestinal and 

lung cancer (Goralczyk, 2009). According to Obulesu, Dowlathabad, & Bramhachari (2011), 

β-carotene can also have beneficial effects on Alzheimer’s disease. Additionally, violaxanthin 

has shown antiproliferative activity in human breast cancer, and 9′-cis-neoxanthin has shown 
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relevant results on preventing human prostate cancer cells (Kotake-Nara, Asai, Nagao, 2005; 

Pasquet et al., 2011).  

The potential biological activity of carotenoids in human health depends, in some 

aspects, on their absorption, and the properties of these compounds have stimulated interest in 

their bioaccessibility and bioavailability. Bioaccessibility is related to the fraction of the 

component that is released from the food matrix to the gastrointestinal system during digestion, 

promoting absorption in the intestine (Kean, Hamaker, Ferruzzi, 2008), whereas bioavailability 

consists of the part of ingested carotenoids that reaches the systemic circulation and is 

metabolized by the organism. In general, bioavailability consists of absorption, metabolism, 

and bioactivity (Carbonell-Capell et al., 2014). The bioavailability of carotenoids in foods can 

vary according to endogenous (related to the product) and exogenous (related to the process) 

factors (Fernández-García et al., 2012). Some studies (Parada & Aguilera, 2007; Courraud, 

Berger, Cristol, Avallone, 2013) have shown that food processes increase the bioaccessibility 

of carotenoids by disrupting the food matrix through processing. Nevertheless, high 

temperatures during some processes or improper storage of products can promote isomerization 

and formation of by-products, and this will possibly reduce the availability of the bioactive 

compounds of interest.  

To develop functional foods rich in carotenoids, the food industry must take into account 

the pathway mechanisms that promote the degradation of carotenoids to set the right process 

conditions to ensure the presence and stability of these components in the product (Boon, 

McClements, Weiss, Decker, 2010). Carotenoids have a highly conjugated and unsaturated 

native structure; therefore, they are unstable, mainly when extracted from their biological 

matrix and susceptible to the harsh conditions imposed by food processes (Britton, 1995; 

Polyakov & Leshina, 2006). 

The end groups of the carotenoid chains can degrade under various conditions. It is 

worth mentioning that the decomposition pathways of carotenoids are induced by the presence 

of oxidizing agents involved in the beginning of the degradation mechanism. Some of these 

oxidizing agents have been reported; for instance, Everett et al. (1996) described the 

interactions of radical species (NO2·, RS·, RSOO·) with β-carotene, and Hill et al. (1995) 

explained interactions between CCI3O2· and a range of carotenoids. Carotenoid degradation 

causes the loss of its functional properties, in addition to reducing the nutritional value, color, 

and organoleptic characteristics they provide to foods. Thus, it is necessary to consider the 

degrading impacts of factors that may influence the stability of the desirable compound, such 
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as the presence of oxygen, light, elevated temperature, and changes in pH, among other 

conditions associated with food processes (Gouveia & Empis, 2003; Herrera et al., 2011).  

Preserving carotenoids naturally present in some foods and their incorporating in foods 

that do not include large quantities of these components can provide benefits to health and favor 

the novel markets promoting nutritious food products. Considering the important role that 

carotenoids have in our health and the interest of consumers in consuming healthier foods, as 

well as the industry’s concern in meeting this demand, extrusion can be a good processing 

alternative to achieve those goals. However, the process can be used provided the effects of the 

extrusion severe thermo mechanical conditions are alleviated to keep the product textural 

quality, while maximizing the retention of carotenoids, or alternatively using other means to 

protect these compounds, for example, encapsulation. Since it is known that carotenoids are 

highly unstable, some aspects of this process to reduce their degradation must be considered. 

 

2.3 Extrusion  

Extrusion is a process providing combined unit operations involving mixing, cooking, 

kneading, shearing, and shaping in just one piece of equipment called an extruder (Fellows, 

2000). The extrusion process was invented in 1797 by Joseph Bramah who patented the process. 

Initially, the extrusion process was used to manufacture lead tubes. In the following years, this 

technology was applied in the production of plastics, molded metals, and synthetic materials. 

From the 1930s, the application for the production of foods started in the food industry (Bouvier 

& Campanella, 2014) with the extrusion of pasta.  

Extrusion cooking has been used to produce ready-to-eat breakfast cereals, bakery 

products, snacks, texturized vegetable protein, and pet foods (Riaz, Asif, Ali, 2009; Bouvier & 

Campanella, 2014). It has some advantages over other common thermal processing methods, 

in terms of its versatility, relatively low cost, energy efficiency, high productivity, automated 

control, and low or no effluent production and disposal (Alam, Kaur, Khaira, Gupta, 2016). 

Furthermore, the process can improve the digestibility of starch (Singh, Dartois, Kaur, 2010) 

the and bioavailability of nutrients, such as catechins (Gu, House, Rooney, Prior, 2008) and 

carotenoids (Kean, Hamaker, Ferruzzi, 2008).  

Depending on the temperature, two forms of extrusion have been used—cold (below 

70 °C) and hot (above 70 °C) (Brennan, Derbyshire, Tiwari, Brennan, 2013). Conventional 

extrusion, or hot extrusion, is operated at temperatures high enough to provide the energy to 
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transform the material, in addition to the mechanical or shear energy delivered by the rotation 

of one or two screws inside the extruder barrel. However, if the extrusion process is operated 

at low temperature (cold extrusion), the thermal effect is reduced compared to the shear action. 

In this case, the viscosity of the material moving inside the extruder may be higher leading to a 

high shear energy input on the processed material. This review focuses on the role of hot 

extrusion (instead of cold extrusion) in the stability of carotenoids.  

Although there exist different processing alternatives, typical steps of an industrial 

conventional extrusion process can be represented by the diagram shown in Figure 6. The 

process generally starts with raw materials composed of its main macronutrients, starches, and 

proteins (present in fours or grains). As illustrated in Figure 6, extruded products are produced 

through the combination of four central operations prior to final conditioning:  

 

Figure 6. Core process diagram of industrial extrusion cooking processes 

 

 

 

Reference: Bouvier & Campanella, 2014. 

 

In the extrusion process, the raw material is heated in a screw-barrel system where the 

imposed processing conditions are controlled by the raw material properties, moisture, pressure, 
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and temperature, to mechanically shear and shape the extruded material, which undergoes many 

chemical and structural transformations (Rodríguez-Miranda et al., 2011) 

During extrusion, one (single screw extruder) or two screws (twin screw extruder) rotate 

inside a barrel (Figure 7). The rotation of the screws provides the dragging force to move the 

extruded material from the feeding section to the die. During that transit, the extruded material 

experiences continuous increases of temperature and pressure, and at the same time, the shear 

exerted by the rotation screw applies mechanical energy to the product, which translates in what 

is known as a thermomechanical treatment. At the end of the extruder barrel, the product is 

pushed at high pressure and temperature through an orifice (the die). The moisture content 

contained in the product, which due to the high pressure is in liquid form, flashes of from the 

product at atmospheric pressure at the exit of the die generating the characteristic texture of 

extruded products (Bouvier & Campanella, 2014).  

 

Figure 7. A cross-section of a twin-screw food extruder 

 

 

 

Reference: Own source. 

 

The screw profile used in the extruder defines the amount of shear applied in the process. 

Low-shear screw extruders, characterized by a channel with a large height, defined by the screw 

geometry (fight), are used to produce pasta and meat products. Medium-shear screw extruders 

with medium channel heights are used to produce texturized proteins. High-shear screw 

extruders with very small channel heights are used to produce expanded products and breakfast 

cereals. 

Typical extrusion processing takes place at a relatively low moisture varying of 20–35% 

that depends on the final product and the properties of the raw materials. The process induces 

shear-induced and thermal transformation of the material at reasonably high temperatures, 
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generally above 120 °C, and short residence times, below 1 min. Considering these conditions, 

the processing of extruded products favors structural changes, producing cooked materials with 

different properties (Brennan, Monro, Brennan, 2008). The quality of the products resulting 

from this process depends on the operating conditions of the extruder, for instance, type of 

equipment, feed moisture, cylinder temperature, screw speed and configuration, and feed rate 

among other processing parameters that are described by Bouvier & Campanella (2014).  

The extrusion processing can generate physicochemical reactions with nutritional 

implications. These changes might differ according to the raw material composition and the 

addition of other ingredients and their proportions. In this sense, special importance is given to 

the presence of components such as starches (Bouvier & Campanella, 2014), proteins (Alonso, 

Orúe, Marzo, 1998), lipids (Camire & Krumhar, 1990) and vitamins (Brennan, Brennan, 

Derbyshire, Tiwari, 2011) in foods. Interestingly, the increase in bioaccessibility associated to 

the thermal stress during extrusion has been related to the disruption of the cell wall structure 

and protein-carotenoid complexes (Ortak et al., 2017). Some studies revealed that, due to the 

broken and softened structure of the cell wall after the thermal treatment, there is a greater 

release of β-carotene from the food matrix (Hornero-Méndez, Mínguez-Mosquera, 2007; 

Biehler et al., 2010). In addition, protein denaturation induced by the severe thermal treatment 

causes disruption of protein-carotenoid complexes, which results in the formation of β-carotene 

molecules that can be simply released (Mulokozi, Hedrén, Svanberg, 2004). It is worth 

mentioning that mechanical stress can also play an important role in bioaccessibility. The shear 

promoted by the extruder screws causes a breakdown of the food matrix. Thus, smaller particles 

with larger surface areas for digestive enzymes are formed (Hedrén, Diaz, Svanberg, 2002; 

Donhowe & Kong, 2014) 

One of the main trends in the food industry is the production of indulgent foods with 

health benefits. With the development of extrusion technology, the incorporation of ingredients, 

such as carotenoids, is being investigated to improve the nutritional profile of highly consumed 

foods. However, although some evidence has indicated the benefits of the extrusion process 

over the bioavailability/bioaccessibility of carotenoids, other different factors can affect 

carotenoid stability during the process. As discussed, carotenoids differ in chemical structure 

and in available forms. The stability during extrusion can vary considering the critical 

thermomechanical treatments applied, which can promote several complex reactions in the 

extruded material (Waramboi, Gidley, Sopade, 2013).  
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2.4 Factors that influence the stability of carotenoids during extrusion  

Carotenoids are compounds susceptible to undesirable reactions, such as oxidation and 

isomerization processes, which lead to their degradation during processing and storage. Oxygen 

concentration, high temperature processing, available water, and the presence of some specific 

metals have an important influence on the oxidation of carotenoids (Achir et al., 2010). The 

mechanisms of carotenoid degradation under high oxygen concentration can follow many 

paths, including interactions with singlet oxygen and auto-oxidation reactions. Upon heating, 

and in the presence of oxygen, the structure of carotenoids undergoes cleavage and reactions 

involving their double bonds, which result in volatile and non-volatile compounds (Boon, 

McClements, Weiss, Decker, 2010; Oboh, Falade, Ademiluyi, 2014). Thus, the increase of 

oxygen during extrusion may lead to a loss of carotenoids.  

Regarding to available water, the effect of this factor depends on the complexity of the 

system. The increase of the water content in a solid food matrix can favor more access of 

dissolved oxygen in the medium and increase the oxidation rate of the carotenoids. However, 

increasing water content can also dilute heavy metal catalysts or convert them to hydroxides, 

as well as neutralize the peroxide decomposition, which can slow down the degradative 

processes (Selim, Tsimidou, Biliaderis, 2000; Lavelli, Zanoni, Zaniboni, 2007). In general, the 

high moisture extrusion reduces the temperature and viscosity inside of the extrudate, 

minimizing the degradation of carotenoids.  

The basic steps of oxidation of lipids in food components, also including carotenoids, 

were reported by Karel (1980). This process involves three phases: initiation, followed by 

propagation, and termination (Figure 8). 

In some systems, the medium may already have free radicals to promote oxidative 

reactions or they may be formed from processing as described above. In the presence of those 

free radicals, several mechanisms involving the interaction of carotenoids can occur. One of 

them is the interaction of the free radical with oxygen to form the radical carotenoid peroxyl 

(ROO·). Due to the presence of the ROO·, interactions between radicals and carotenoids and/or 

between radicals are possible. In the termination step, final stable or non-reactive products such 

as alcohols, aldehydes, ketones, esters, and hydrocarbons are generated.  
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Figure 8. Scheme of the carotenoid oxidation process 

 

 

 

Reference: Karel, 1980. 

 

In addition to oxidation, other serious damages to carotenoids occur during extrusion 

and are related to the isomerization and hydroxylation of carotenoids at elevated temperatures 

(Momoi, Hofmann, Schmid, Urlacher, 2006; Zepka & Mercadante, 2009). These findings have 

suggested that oxidation is not only limited to the mechanisms indicated above, but it can be 

favored by the temperatures existing during the extrusion process. Some studies have shown 

that heat treatments can promote the conversion of trans-carotenoids into cis-carotenoids by 

isomerization (Dewanto, Xianzhong, Adom, Liu, 2002; Burgos et al., 2012; Basto et al., 2016). 

Thus, the stability of carotenoids depends on processing parameters used in the extrusion 

process, such as temperature, moisture, shear, and extrusion time (Riaz, Asif, Ali, 2009; Tiwari 

& Cummins, 2009). 

Many researchers have studied the influence of extrusion conditions on carotenoid 

retention (Table 2). Marty & Berset (1988) investigated the effects of extrusion parameters on 

the stability of all-trans-β-carotene, exhibiting 8% of retention in a process conducted at 

temperature of 180 °C and screw speed of 150 rpm. In this way, different carotenoids and food 

matrices were evaluated, as well as, processing conditions, and this interest reveals the 

importance of understanding this phenomenon to improve the retention of these bioactive 

ingredients during the extrusion. 
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Table 2. Extrusion conditions and carotenoid retention 

 

Carotenoid Raw material Extrusion Parameters Carotenoid 

retention 

(%) 

References 

All-trans- β-carotene Corn starch 

All-trans - β-carotene 

Twin screw extruder 

SS: 150 rpm 

BT: 180 °C 

MF: not defined 

 

8 (Marty & 

Berset, 

1988) 

All-trans- β-carotene Wheat flour 

All-trans p-carotene powder 

Twin screw extruder 

SS: 150 rpm 

BT: 125-200 °C 

MF: 18% 

 

38-73 (Guzman‐

Tello & 

Cheftel, 

1990) 

All-trans- β-carotene Corn starch 

All-trans - β-carotene 

SS: 150 rpm 

BT: 180 °C 

MF: not defined 

 

8-93 (Marty & 

Berset, 

1990) 

β-carotene Maize starch 

Synthetic β-carotene 

 

Twin screw extruder 

SS: 300-800 rpm 

BT: 135-170 °C 

MF: 18% 

 

45-71 (Emin et al., 

2012) 

β-carotene Sweet potato cultivars flour Twin screw extruder 

SS: 150-300 rpm 

BT: 120 °C 

MF: 30-40 % 

 

48-94 (Waramboi 

et al., 2013) 

β-carotene Wheat flour 

Synthetic carotenoid – emulsion 

Twin screw extruder 

SS: 300 rpm 

BT: 105-155 °C 

MF: not defined 

 

50-63 (Caliskan et 

al., 2015) 

β-carotene Corn starch 

Carrot pomace powder 

Twin screw extruder 

SS: 100-250 rpm 

BT: 50–140 °C 

MF: 15-30 % 

 

35-75 (Kaisangsri 

et al., 2016) 

Lycopene Corn grits 

Tomato pulp 

Twin screw extruder 

SS: 225 rpm 

BT: 80-160 °C 

MF:30 % 

 

24-37 (Tonyali et 

al., 2016) 

Lutein, zeaxanthin Maize semolina 

Natural purple corn extract /chia/ 

quinoa 

Twin screw extruder 

SS: 82 rpm 

BT: 50-150 °C 

MF: 14 % 

 

20-65 (Cueto et al., 

2017) 

β-carotene, lutein, 

lycopene 

Corn starch 

Flour from pumpkin tissue/ 

Jerusalem artichoke/ amaranth 

seeds 

 

Single-screw extruder 

SS: 180 rpm 

BT: 160-180 °C 

MF: not defined 

 

5-100 (Kolniak-

Ostek et al., 

2017) 

β-carotene, lutein Corn grits  

Carrot pulp 

Twin screw extruder 

SS: 125-225 rpm 

BT: 80-160 °C 

MF: 25 % 

 

45-77 (Ortak et al., 

2017) 

β-carotene Orange-fleshed sweet 

potatoes/Bambara flour 

Twin screw extruder 

SS: 30 rpm 

BT: 100-130 °C 

MF: 14% 

 

60-87 (Honi et al., 

2018) 
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All-trans-Lutein, all-

trans-Zeaxanthin, β-

Cryptoxanthin, all-

trans-β-Carotene, 

Xanthophylls, cis-β-

Carotene 

 

Biofortified maize genotypes flour Twin screw extruder 

SS: 150-300 rpm 

BT: 120-160 °C 

MF: 25-35 % 

 

65-94 (Ortiz et al., 

2018) 

β-carotene, α-

carotene, 

β-cryptoxanthin 

Grain pearl millet 

Carrot powder/ Baobab/ Moringa 

powders 

SS: 900 rpm 

BT: 105-121 °C 

MF: 35 

60-90 (Ndiaye et 

al., 2020) 

SS: Screw speed; BT: Barrel temperature; MF: Moisture Feed. 

Reference: Own source. 

 

2.5 Temperature 

Thermal degradation is the cause that most likely leads to the loss of bioactive 

compounds during food processing (Cueto et al., 2017). Concerning carotenoids, the 

decomposition pathways depend on their chemical structure which, as discussed, comprises 

molecules with conjugated double-bond chains that are highly prone to degradation (Rawson 

et al., 2011; Oliveira, Pintado, Almeida, 2012). Carotenoid degradation is mainly associated 

with their low heat susceptibility. 

Analyzing data from previous studies, Singh et al. (2007) reported that temperatures of 

200 °C impact carotenoid stability during extrusion. However, that value is a little too optimistic 

because thermal degradation and significant carotenoid reduction (approximately 40%) were 

observed during extrusion at temperatures ranging from 94 to 140 °C (Delgado-Nieblas et al., 

2012). Dar, Sharma, Kumar (2014) reported that a rice-based extrudate enriched with carrot 

pomace showed high degradation of β-carotene at extrusion temperatures in the range 110–

140 °C.  

Unfortunately, despite the evidence of carotenoid degradation during extrusion, an exact 

threshold extrusion temperature has not been determined for different raw material 

formulations. Different extrusion conditions lead to different local temperatures, which may 

affect carotenoid retention. The food matrix, the extruder, the process conditions, as well as the 

method of quantifying the carotenoid content should be standardized to establish consistent 

retention data. According to Rojas-Garbanzo, Pérez, Bustos-Carmona, Vaillant (2011), 

carotenoid loss depends on the type of carotenoid in the extruded material. It is noteworthy to 

mention that Obradović et al. (2015) found that xanthophylls (lutein and zeaxanthin) showed 

less sensitivity to extrusion than other carotenes (e.g., α-carotene, 9-cis-β-carotene, and 13-cis-

β-carotene). Similarly, Kolniak-Ostek et al. (2017) found that in extruded corn products blended 



 
 

68 
 

with pumpkin tissue four, Jerusalem artichoke, and amaranth seeds, the content of carotenoids 

decreased, in the order of lycopene, followed by β-carotene, and lutein.  

Furthermore, the degradation of carotenoids is favored in an oil medium with a high 

content of unsaturated fatty acids. The higher lipid content may lead to the generation of 

oxidizing agents that can interact with carotenoids, promoting their damage (Frankel, 1992). 

Cueto et al. (2017) showed the highest losses of carotenoids during processing of extrudates 

used in cornflake production in formulations containing chia seeds when compared to control 

(without chia), indicating that carotenoid degradation probably was due to the presence of chia’s 

highly unsaturated lipid content. Moreover, according to the authors, the high content of lipids 

may have generated components that favor the degradation of carotenoids, such as free radicals 

and peroxides.  

Other studies found that the extrusion conditions promote isomerization of trans-

carotene into cis-carotene. Marty & Berset (1988) revealed the production of cis isomers and 

other degradation products after extrusion cooking at 180 °C. Guzman‐Tello & Cheftel (1990) 

described the formation of the 13-cis isomer mainly at a barrel temperature of approximately 

150 °C, as well as the formation of the 9-cis isomer at higher barrel temperatures. According to 

Ortak et al. (2017), the mutual influence of the thermal and mechanical treatment can explain 

the loss of β-carotene and lutein content during extrusion to produce snacks made from corn 

grits mixed with carrot pulp. In this study, the reason for the reduction of β-carotene was 

supported by the isomerization of β-carotene from its most stable natural trans to the cis form.  

In nature, β-carotene is generally in the form of a trans isomer, and the high extrusion 

temperature promotes isomerization to the cis configuration. However, cis-β-carotene is more 

polar than the trans isomer, which increases its solubility. Thus, according to Ortak et al. (2017), 

this phenomenon can compensate for the loss of β-carotene observed in extrusion at high 

temperatures.  

The temperature of carotenoid retention can vary depending on the applied shear, the 

moisture content, and the feed formulation. Rodríguez et al. (2021) investigated the synergy 

among these factors to affect carotenoid stability during extrusion. It was found that the 

combined effect of feed moisture (13.2–13.7%) and barrel temperature (120–132 °C) led to 

changes in the carotenoid profile of maize grits extruded snacks. Under these extrusion 

conditions, β-cryptoxanthin and β-carotene increased whereas the content of lutein and 

zeaxanthin was reduced in the extruded product. Tovar-Jiménez et al. (2015) reported that the 

optimal processing conditions for carotenoid retention were achieved by setting the feed 
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moisture around 22–24% and temperatures of 128–130 °C. In addition, other studies suggested 

that the presence of other components in the formulation, such as proteins (Dehghan-Shoar, 

Hardacre, Brennan, 2010; Ying et al., 2015) and starch (Paznocht, Burešová, Kotíková, 

Martinek, 2021), can minimize the degradation of carotenoid by acting as a protective media of 

these bioactive compounds.  

 

2.6 Shear  

It is assumed that the degradation of carotenes occurs due to the thermo-mechanical 

action of the extrusion process (Wyman, 1975). The high rotational speed of the screws 

produces high friction and increase temperature, which may reduce the local melt viscosity. 

However, the high shear rate prevailing in the extrusion process can also produce molecular 

degradation. The conception of shear rate ỷ in twin and single screw extruders is based on the 

velocity (V) of the melt and the depth of the channel (H):  

ỷ =
𝑉 

𝐻
                                                                                                                          (1) 

The effects of a simple shear fow are schematically illustrated in Figure 9. At time t0, a 

local volume of fluid, indicated by a black square, is located between two parallel plates 

separated by a distance (H). In following times, e.g., times t1 and t2, due to the movement of the 

top plate with a constant speed (V) due to the shear action, the deformation of the fluid elements 

is noted. 

 

Figure 9. Schematic description of the fluid particle shear deformation under a constant 

flow 

 

  

Reference: Bouvier & Campanella, 2014. 

 

According to Bouvier & Campanella (2014), the velocity profile and the shear rate field 

in the extruder channel are more complex than that illustrated in Figure 9; instead, it varies with 
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the position of the fluid element in the channel. The prevalent laminar flow owing to the high 

extrudate viscosity translates in non-uniform different residence times and shear fields in the 

extruder. Thus, a complete characterization of shear forces applied during the process is 

important to explain its influence on carotenoid degradation. There is information on the effects 

of different screw geometries on shear profiles and residence times that should be taken into 

account to quantitatively assess their effects on molecular degradation of the extrudate main 

components and quality of the final products (Bouvier & Campanella, 2014). 

The degradation of β-carotene during extrusion at 180 °C was more severe than the loss 

observed after just heating for a long time, 2 h, under the same temperature conditions (Marty 

& Berset, 1986). This finding confirms the key influence of shear on carotenoid degradation. 

Furthermore, Kosińska-Cagnazzo, Bocquel, Marmillod, Andlauer (2017) evaluated the 

carotenoid stability of goji berries after extrusion. Temperatures of 110, 130, and 150 °C were 

considered to evaluate their effect parameter on carotenoid degradation. They found that 

approximately 60% of zeaxanthin dipalmitate was lost, regardless of the process temperature 

which showed no statistically significant differences, suggesting that other process parameters, 

such as shear, may have caused carotenoid degradation.  

The increase of the melt temperature in the range of 135–170°C did not affect β-carotene 

retention (Emin, Mayer-Miebach, Schuchmann, 2012). However, the change of screw speed 

from 300 to 500 rpm favored compound retention by approximately 25%. While the screw 

speed was higher, the viscosity of the system was lower, which probably caused a reduction of 

shear forces. Furthermore, the residence time of the extrudate has an effect on the retention of 

carotenoids, because not only the shear rate, but also the shear strain, may affect the retention 

of carotenoids. In light of this, the results indicate that β-carotene retention is largely related 

mainly to the mechanical forces generated, especially the shear rate and shear strain in extrusion 

rather than by thermal effects. 

Similarly, Waramboi, Gidley, Sopade (2013) analyzed the effects of extrusion 

parameters separately and found that a screw speed of 300 rpm retained the carotenoid for more 

than 80% in extruded sweet potato four cultivars. Conversely, carotenoid retention was lower 

at a screw speed of 150 rpm. These results show that not only the shear rate applied in the 

process, but also the amount of shear, or shear strain, affect carotenoid retention. As discussed, 

shear strain depends on the product residence time. Thus, degrading actions on carotenoids 

could be minimized using shorter residence time and less degree of filling of the barrel when 

screw speed is around 300 rpm. Higher screw speeds possibly increase the frequency of 
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exposure to the maximum shear stresses. However, it is necessary to better understand the flow 

patterns and the resulting shear stress and strain profiles during extrusion cooking that are 

described for both single screw and twin-screw technologies by Bouvier & Campanella (2014).  

The snack industry uses a parameter associated with the thermomechanical treatment in 

the extrusion process to associate it with the quality of the product in terms of molecular 

transformations and texture. The parameter is known as the specific mechanical energy (SME) 

that can be calculated from the torque applied by the extruder motor, the screw speed, and the 

mass throughput (Bouvier & Campanella, 2014). According to Dehghan-Shoar, Hardacre, 

Brennan (2010) the loss of carotenoids during extrusion measured by the lycopene content was 

related to SME. The study indicated the effects of the mechanical action, assessed by the SME 

parameter, on lycopene loss during extrusion and showed that increases in the processing 

temperature (140–180 °C) had no significant effect on lycopene retention in comparison to 

SME.  

Concerning factors associated with processing, Ortiz et al. (2018) reported the influence 

of moisture content, screw speed, and barrel temperature profile on carotenoid retention. They 

identified the greatest retention of carotenoids when the moisture was higher and the screw 

speed was lower, which agrees with what is discussed above considering the effect of the 

viscosity and frictional heating. Conversely, at low extrusion moisture, the greatest retention of 

carotenoids was obtained when the screw speed was higher. In other words, the negative effect 

of the high local shear forces was compensated with a lower residence time associated with the 

higher screw speed.  

As discussed above, depending on the screw configuration, a low moisture condition is 

a severe condition, and the probability of bioactive compound degradation and molecular 

transformations are increased (Waramboi, Gidley, Sopade, 2013). Low moisture levels 

associated with low screw speeds, conditions that favor long residence times, and a larger 

degree of barrel filling-all degrade carotenoids significantly. It has been reported that depending 

on the extrusion conditions about 45 to 80% of the bioactivity of carotenoids can be maintained. 

Under high moisture conditions (above 40%), the retention of carotenoids can be more than 

80% (Kosińska-Cagnazzo, Bocquel, Marmillod, Andlauer, 2017).  

In the extrusion process, the feed moisture content can be adjusted prior to the extrusion 

process or through controlled water injection in barrels close to the feeding section. When the 

material moves along the barrel that is subjected to high temperatures, pressure mixing, and 
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shear, the water in the product, owing to the high pressures, is in liquid form and acts as a 

plasticizer.  

Optimization of the moisture content used in the extrusion process to maximize 

carotenoid retention has been extensively studied because it is an important step in the design 

of the extrusion process considering that high feed moisture contents can offset the negative 

effects of high temperatures in the retention of the carotenoids. The extrusion conditions to 

preserve β-carotene in extruded corn starch enriched with passion fruit pulp was reported by 

Cortés, Guzmán, Martínez-Bustos (2014) as a feed moisture content of 27% and temperatures 

around 127 °C.  

Nevertheless, in addition to optimizing the extrusion processing conditions, there exist 

other alternatives to preserve carotenoids during extrusion. Therefore, it is worth considering 

other strategies to retain the activity of these valuable compounds, after identifying the main 

causes of carotenoid losses in the process 

 

2.7 Systems to protect carotenoids during extrusion 

As discussed, carotenoids are widely susceptible to degradation both during food 

processing and storage, due to chemical, thermal, and mechanical effects. Therefore, different 

approaches have been investigated to develop effective protective and delivery systems to 

improve the use, bioavailability, and stability of carotenoids in foods.  

The increase in β-carotene retention by approximately 40% was possible after dissolving 

the compound in oil and adding it to the final stages of the extrusion process (Emin, Mayer-

Miebach, Schuchmann, 2012). Ying et al. (2015) reported an increase of β-carotene retention 

during extrusion, about 90%, when mixing the compound in a heated protein-carbohydrate 

matrix prior to addition to the process. Thus, it was hypothesized that a heated protein-

carbohydrate system is able to guarantee the stability of oil-soluble bioactive in extruded foods 

(Ying et al., 2015). Similarly, Pensamiento-Niño et al. (2018) also postulated the protective 

mechanism of the protein-carbohydrate matrix.  

Since they are very soluble in nonpolar solvents, carotenoids can be incorporated into 

organic solutions, such as vegetable oils, increasing their bioavailability in the human body. In 

addition to acting as solvents, organic solutions can help to prevent the degradation of 

carotenoids. Thus, the incorporation of carotenoids into saturated oils prevents the generation 
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of radical species that can react with carotenoids, offering greater stability to lipid oxidation 

(Ambati, Moi, Ravi, Aswathanarayana, 2014).  

The presence of polyphenols, flavonoids, tocopherols, and vitamins (C and E) can also 

ensure the stability of carotenoids. Thus, flours with a high phenolic content added to extrusion 

formulations (e.g., pumpkin tissue, Jerusalem artichoke, and amaranth seeds) possibly protect 

carotenoids from processing damage (Kolniak-Ostek et al., 2017). Obradović et al. (2015) 

added ascorbic acid to enhance the retention of carotenoids present in pumpkin powder included 

in an extrusion formulation, which affected β-carotene isomer stability as indicated by the 

preservation of a red color in the extrudates.  

Ruiz-Armenta et al. (2018) reported that compounds present in the naranjita fruit 

bagasse, such as pectins and gums, can alter the rheological characteristics of the mixtures, 

promoting more fluidity and shorter residence time and, consequently, less damage to 

carotenoids. Ndiaye et al. (2020) described the increased stability of carotenoids after extrusion 

of grain pearl millet combined with carrot powder, moringa, and baobab leaf powders, which 

are additives rich in antioxidants. The extrusion was carried out utilizing a short barrel extruder 

at 900 rpm of speed, and final temperatures varying between 105 and 121 °C, i.e., a process 

with a very short residence time.  

Protection techniques have been also reported to reduce carotenoid degradation during 

the extrusion process. Microencapsulation, for instance, consists of covering the bioactive 

compound by one or more protective materials, generally biopolymers that can form a barrier 

protecting the bioactive compound from harsh external conditions (Favaro-Trindade & De 

Pinho, 2008). These techniques include microencapsulation using various polymers, such as 

chitosan, production of polymeric nanospheres, liposomes, and matrices with β-cyclodextrin or 

calcium ions (Tachaprutinun, Udomsup, Luadthong, Wanichwecharungruang, 2009). Favaro-

Trindade et al. (2020) demonstrated that microencapsulation by coacervation technique is a 

useful and efficient way to protect cinnamon extract compounds under extrusion conditions. 

The products obtained at 130 °C, with shear rates of 1000 s–1 and 500 s–1 and residence time of 

0.128 and 0.256 s showed greater protection of the bioactive compound during processing and 

storage.  

As further evidence, Caliskan, Lim, Roos (2015) reported that encapsulation of β-

carotene in oil droplets increased its retention for 50 and 63% from the value obtained of 

compounds protected with a single layer and layer-by-layer emulsions, respectively, suggesting 

the possibility of using the approach to protect bioactive compounds added to the formulations 
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of snack-type extrudates. However, the degradation kinetics of β-carotene were considered 

significant. Carotenoid degradation can be described by a first-order reaction as the one used 

for β-carotene degradation kinetics expressed by Eq. (2) below:  

  𝑙𝑛
𝐶(𝑡)

𝐶0
= −𝑘𝑡                                                                                                              (2) 

where 𝐶(𝑡) is the concentration of the bioactive compound at time t, 𝐶0 is its initial 

concentration, and k is the rate constant.  

It is important to highlight that in research related to studies on carotenoid degradation, the lack 

of standards in the chemical analyses can be crucial to establish reasonable associations. For 

appropriate comparisons, factors such as the extraction method, reagents used, and extraction 

conditions must be considered, as these factors largely interfere in the evaluation of compounds 

arisen from the degradation of carotenoids and therefore in the effectiveness of quantifying 

these compounds in different food matrices. 

 

2.8 Conclusions  

The incorporation of carotenoids in extruded foods is a vehicle for obtaining functional 

foods widely consumed so they become available in popular and indulgent foods in addition to 

the consumption of carotenoids present in the cellular matrix of plants. However, preserving 

these components during the extrusion process remains a challenge, since these added and 

processed carotenoids are prone to more degradation than those occurring in plant tissues.  

The extrusion processing conditions and their effects on the extruded material are 

interrelated in a complex manner, thus making it difficult to relate carotenoid retention to one 

single factor. Critical extrusion parameters, such as temperature above 100 °C combined with 

moisture below 15% and high screw speed are conditions which combined with inadequate 

formulations can cause damage of carotenoids. Recent studies have highlighted and elucidated 

some mechanisms imposed by many processing conditions that are responsible for the damage 

of these bioactive compounds. This knowledge, with improved extruders and process control, 

can help to optimize parameters that can produce extruded products with the good texture and 

enhanced nutritional properties. 
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3 CHAPTER 3 

___________________________________________________________________________ 

GUARANÁ (PAULLINIA CUPANA) BY-PRODUCT AS A SOURCE OF BIOACTIVE 

COMPOUNDS AND AS A NATURAL ANTIOXIDANT FOR FOOD 

APPLICATIONS* 

*This chapter is based on the published article: 

Pinho, L. S., da Silva, M. P., Thomazini, M., Cooperstone, J. L., Campanella, O. H., da Costa 

Rodrigues, C. E., & Favaro‐Trindade, C. S. (2021). Guaraná (Paullinia cupana) by‐product as 

a source of bioactive compounds and as a natural antioxidant for food applications. Journal of 

Food Processing and Preservation, 45(10), e15854. (Copyright is in Attachment B) 
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NOVELTY IMPACT STATEMENT 

 

Guaraná peels are underutilized by-products that the food and pharmaceutical industries 

in South America could employ in the formulation of many of their products. Guaraná peels 

are a source of some macro and micronutrients, caffeine, theobromine, phenolic compounds, 

and carotenoids, all-trans-β-carotene, cis-β-carotene, and lutein. The ability to extract 

carotenoids was evaluated through the screening of potentially suitable solvents, as well as the 

extraction time and temperature. The suitability of the solvent considered the safety and toxicity 

of the obtained extracts and the solvent’s impact on the environment. The measured antioxidant 

capacity of guaraná peels extracts indicated its potential valorization by using a green solvent. 

To the best of our knowledge, no information has been reported concerning the full 

characterization and chemical origin of guaraná peels pigments, which also provides a 

prospective multipurpose for application in functional foods. 

 

 

ABSTRACT 

 

This study aimed to evaluate the extraction and the potential of guaraná peels extract as source 

of bioactive compounds and as a natural antioxidant. Guaraná peels were characterized, and 

different solvents and conditions of extraction were assessed using a full factorial design. The 

total carotenoids content was 65.9 ± 0.4 µg/g, and the major species were β-carotene and lutein. 

It also presented 0.60 ± 0.01 and 0.55 ± 0.01 mg/g of caffeine and theobromine, respectively. 

The ability to extract carotenoids followed the increasing order: hexane < ethanol < ethyl acetate 

< ethanol: hexane < ethanol: ethyl acetate. Carotenoid recovery increased significantly (P < 

0.05) at 50 °C, and the extraction yield was higher over time. ABTS (60 ± 2 µmol Trolox eq. 

/g) and ORAC (76 ± 3 µmol Trolox eq. /g) assays indicated that guaraná peels extract has a 

valuable potential for application as antioxidant in food products. 

 

Keywords: Extraction; solvents; lutein; β-carotene; caffeine; theobromine. 
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3.1 Introduction 

Guaraná (Paullinia cupana) is a plant native to the Amazon region, extensively 

cultivated and economically important in Brazil. The seeds of guaraná with high caffeine 

content (Carciochi et al., 2021) and their extracts are largely used in the production of sodas, 

energy drinks, and dietary supplements (Schimpl et al., 2013; da Silva et al., 2017). The red-

orange peel is a by-product used to produce recycled paper or often discarded, generating 

significant waste (FAPEAM, 2012). Since the peel accounts for approximately 30% of the fruit 

weight (Maravalhas, 1965), alternatives to promote the upcycling of this high volume of 

material are desirable. However, there is a lack of information about the macro and micro 

composition of guaraná peels, important for the development of valorization strategies.  

The accumulation of waste from the food industry represents an environmental and 

economic problem (Benmeziane et al., 2018). Vegetable and fruit processing wastes, such as 

guaraná peels, can be sources of natural pigments. Besides, the presence of the well-known 

alkaloids (caffeine, theobromine and theophylline) in guaraná seeds (Carlson & Thompson, 

1998; Machado et al., 2018) can be matter of interest to instigate investigations of these 

compounds in their agro-industrial residue. In this context, Santana et al. (2020) have reported 

the recovery of alkaloids and polyphenols from guaraná peels. Therefore, the identification and 

extraction of the bioactive compounds emerge as an approach for the reutilization of this by-

product, which can be used in the development of functional foods, cosmetics, and medicines. 

The extraction process must be efficient, selective, and economically viable. The solvent 

used, the solid:solvent ratio, and the conditions of the process, such as time and temperature 

influence the recovery of the compounds. The critical factors for solvents selection are 

solubility, price, and solvent toxicity (Saini & Keum, 2018). Considering this, the use of food-

grade solvents with the least possible toxicity, such as ethanol (Food and Drug Administration, 

2018), may lead to a simpler and more reliable products. Temperature can affect solubility and 

improve the extractability of the solvents utilized in the extraction process. In addition, 

processing time can influence the extraction yield of the components (Azmir et al., 2013).  A 

balance must be achieved between solubility, price and ability to produce a residue-free extract.  

Thus, the present study consists of three main sections. In the first section, the 

characterization of the guaraná peels was detailed. Specifically, the composition of the material, 

the alkaloids content, and the chemical origin of the pigments were determined. In the second 

section, the screening of solvents, temperature, and time were assessed to establish the optimal 
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conditions for the pigment extraction. In the third section, the antioxidant capacity of the 

ethanolic extracts was evaluated using different in vitro assays. 

 

3.2 Material and Methods 

3.2.1 Materials 

 

Guaraná fruits were provided by The Executive Commission for Cocoa Cultivation 

Planning - CEPLAC (Taperoá, Bahia, Brazil). The peels were removed from seeds and pulp 

and then washed with water. The orange and red peels were dried using convection (Marconi, 

MA035 / 1152) at 50 °C for 18 hours (Silva et al., 2019) decreasing the initial moisture from  

84.5 ± 0.3% to 9.7 ± 0.6%. A blender was used to break apart dehydrated peels to convert them 

into a guaraná peel powder. This powder was milled, and Tyler series sieves (Granutest, São 

Paulo, Brazil) were used to obtain a fraction with an uniform particle size of a mean diameter 

of 1.08 ± 0.05 mm. The samples were then stored under dark at -20 °C until analysis. 

Absolute ethanol (CAS 64-17-5), hexane (CAS 110-54-3), and ethyl acetate (CAS 141-

78-6) with purity ≥ 98.0% were used and purchased from Synth (Diadema, Brazil). β-Carotene 

(CAS 7235-40-7), lutein (CAS 127-40-2), caffeine (CAS 58-08-2) and theobromine (CAS 83-

67-0) standards were purchased from Sigma-Aldrich (Saint Louis, USA), and analysis solvents 

ethanol, hexane, methanol (CAS 67-56-1) , acetonitrile (75-05-8) and acetone (CAS 67-64-1) 

were from Fisher Scientific. 

 

3.2.2 Proximate analysis and chemical composition of dried guaraná peel 

 

pH was determined in a suspension resulting from mixing 10 g of dried guaraná peel 

with 10 mL of deionized water, using a pH meter (Marte MB10, São Paulo, Brazil). The sample 

water activity was measured utilizing Aqua Lab Series 3 (Pullman, WA, USA). The moisture 

content of the samples was measured by drying the sample at 105 ± 2 °C until reaching constant 

weight (AOAC, 2006). Dietary fiber content was determined using the multi-enzyme 

gravimetric method (Asp et al., 1983). Lipid, protein, and ash contents were quantified 

according to the Association of Official Analytical Chemists methods (AOAC, 1995). Macro-

minerals (Ca, K, and Mg) and micro-minerals (Cu, Fe, Mn, and Zn) were estimated by nitro-

perchloric digestion (Asp et al., 1983). All analyses were performed in triplicate. 
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3.2.3 Determination of alkaloids 

 

Alkaloids (caffeine, theobromine and theophylline) were investigated in guaraná peels 

ethanolic extract using High‐Performance Liquid Chromatography equipped with an UV/VIS 

diode array detector (HPLC‐DAD - Shimadzu, Prominience, Kyoto, Japan), and column C18 

(Ascentis, Supelco, 250 x 4.6 mm, particle size of 5 µm), maintained at 30 °C.  

The extract was prepared in an ratio 1:10 of guaraná peel powder:ethanol, under 

agitation with a magnetic stirrer, at 50 °C, for 4 h. Afterwards, it was filtered through 0.45 μm 

nylon filter. The compounds quantification was performed by calibration curves plotting for 

each alkaloid using caffeine (1 – 600 µg/mL) and theobromine (1 – 600 µg/mL) standards. The 

procedure was conducted following ISO 20481:2008, using methanol–water–acetonitrile 

(20:75:5, v/v/v) as the mobile phase operating in isocratic mode for 12 minutes, at a flow rate 

of 1 mL/min, and sample injection volume of 10 µL. The detection of alkaloids was carried out 

at wavelength 273 nm. The data were collected and analyzed using software LC Solution, 

version 1.21. Results were expressed as mg/g guaraná peels. 

 

3.2.4 Carotenoid profile  

 

Carotenoid extraction was carried out following Kopec et al. (2014), with some 

modifications according the solvents used. Sequential extractions were performed using 

methanol, and a mixture of ethanol:acetone:hexane (1:1:1, v/v).  

Methanol (5 mL) was added to a glass tube containing 0.2 g of dried guaraná peels. 

After ultrasonication, the mixture was centrifuged for 10 minutes at 4000 x g. The methanol 

layer was removed and retained. The ethanol:acetone:hexane mixture (1:1:1, v/v) was added to 

the same tube containing the extracted guaraná peels. After ultrasonication, the mixture was 

centrifuged for 10 minutes at 4000 x g, and the supernatant decanted and combined with the 

methanol. To promote phase separation 5 mL of distilled water was added. 

The extract layer was brought up to 25 mL, and 5 mL of extract was dried under nitrogen 

gas. Extracts were redissolved in 300 µL of methanol:methyl tert-butyl ether (MTBE) (1:1, 

v/v). The extracts were separated and analyzed using an Agilent 1260 ultra-high performance 

liquid chromatograph with a diode array detector (UHPLC-DAD), using a C30 column (YMC 

Inc., 4.6 x 250 mm, 3 μm). The solvent system was composed by mobile phase A: 60% 

methanol, 35% MTBE, 3% water, 2% aqueous ammonium acetate (2% w/v), and mobile phase 
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B: 78% MTBE, 20% methanol, 2% aqueous ammonium acetate (2% w/v). The elution program 

was performed as the following procedure: 0% B to 35.6% B in 9 min, to 100% B along the 

next 6.5 min, maintaining for 3.5 min at 100% B, and equilibrate for 3.5 min at initial 

conditions, flowing at 1.3 mL/min (Cooperstone et al., 2015).  

Retention times and UV-vis spectra were compared with authentic standards using 

previously published methods (Cooperstone et al., 2015). For peaks that did not match exactly 

the authentic standards, identities were annotated using an Agilent 1290 UHPLC interfaced 

with a 6545 quadrupole time of flight mass spectrometer (QTOF-MS), operated with 

atmospheric pressure chemical ionization in positive ionization mode. Relative retention time, 

UV-vis spectra, and accurate mass (< 10 ppm) were used to determine identity.   

 

3.2.5 Screening of potential solvents 

 

The extraction capacity of pure solvents and mixed solvents was evaluated based on 

experiments, analyzing the total carotenoid content in each condition, as well as the time 

required to obtain the maximum content. The carotenoid extraction was carried out by 

maceration, in a shaker at 25 and 50°C, with a 280 rpm stirrer speed, in constant agitation, under 

dark conditions. The ratio considered for the extraction was 1:10 (powder:solvent), and it was 

chosen from previous studies, to guarantee that the mass of guaraná peels was completely 

immersed in the solvent during the extraction. Hexane, ethanol, ethyl acetate, and the mixtures, 

ethanol:hexane (1:1, v/v) and ethanol:ethyl acetate (1:1, v/v) were used for the screening of 

solvents (Strati & Oreopoulou, 2011a; Ishida & Chapman, 2009; Sachindra et al., 2006). 

Total carotenoid content was determined using a UV-visible spectrophotometer 

(Thermo Scientific, Genesys 10S), at a wavelength of 450 nm, after 2, 4, 6, 8, and 24 hours of 

extraction. Each sample was dried and brought up in hexane. The time interval for 

quantification of carotenoids was established in preliminary experiments of extraction kinetics. 

Calibration curves were prepared with β-carotene standard and the results were expressed as 

µg β-carotene/g guaraná peels (Rodriguez-amaya, 2001).  

 

3.2.5.1 Hansen solubility parameters (HSPs) and distance (Ra)  

 

Hansen’s theory has been used as a predictive tool to estimate the solubility of key 

compounds from the carotenoid class in the preselected solvents (Hansen, 2004). The Hansen 
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solubility parameters (HSPs) are based on the contribution from different interactions of solute 

and solvent in a system. The total solubility parameter (δT), expressed in units of (MPa)1/2 was 

determined according to Eq. (3), where δD indicates non-polar interactions, δP, for molecular 

dipole interactions, and δH, for hydrogen bonds interactions (Hansen, 2004).  

𝛿𝑇
2  =  𝛿𝐷

2 +  𝛿𝑃
2  +  𝛿𝐻

2
          (3) 

The HSPs of mixtures of solvents can be calculated from the mass fractions (𝑤𝑖) of each 

pure solvent and its respective solubility parameter according to Eq. (4). The equation 

estimating δK
Mixture applies to the parameters δD, δP and δH for the mixture of solvents, δKi is the 

corresponding parameter for the pure solvent 𝑖, and 𝑤𝑖 is the mass fraction of solvent 𝑖 in the 

mixture.  

𝛿𝐾
𝑀𝑖𝑥𝑡𝑢𝑟𝑒 = ∑ 𝛿𝐾𝑖𝑤𝑖

𝑖=𝑛
𝑖=1          (4) 

HSPs values were obtained from Barton (1983) for ethanol, hexane, and ethyl acetate; 

from Ozel and Gogus (2014) for β-carotene; and from Cosby et al. (2020) for lutein. 

The ‘distance’, Ra, measured in (MPa)1/2, between solute (𝑖) and solvent (𝑗), is defined 

by  Eq. (5), considering the  solubility parameters of the components. 

 

𝑅𝑎
2 = 4(𝛿𝐷𝑖 −  𝛿𝐷𝑗  )

2
+ (𝛿𝑃𝑖 −  𝛿𝑃𝑗 )

2
+  (𝛿𝐻𝑖 −  𝛿𝐻𝑗  )

2
     (5) 

Solute-solvent distance (Ra) presents as a simple way to visualize suitable solvents for 

the determined solute. Low values for Ra denote a high efficiency of the solvent.       

 

3.2.6 Characterization of ethanolic extract 

 

After analyzing the results of the extraction trials, ethanol was chosen as the solvent for 

an additional study, given its purity, low toxicity, biodegradability, and ability to be obtained 

from renewable sources. Extracts obtained at 50 °C and 4 hours of extraction were characterized 

by the Bligh-Dyer methodology (Bligh & Dyer, 1959), proteins by Kjeldahl (AOAC, 1995), 

and moisture by the Karl Fischer titration method (Metrohm, 787 KF Tritino), based on the 

ASTM standard (ASTM, 2001). The extract was also evaluated for total phenolics and its 

antioxidant capacity using 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid (ABTS), 

oxygen radical absorbance capacity (ORAC), ferric reducing ability of plasma (FRAP), and 

1,1-diphenyl-2-picrylhydrazyl (DPPH) assays, which are described below.  
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3.2.6.1 Total phenolics 

 

The total phenolic content in guaraná peels extract was quantified by the Folin-Ciocalteu 

method (Singleton et al.,1965), with minor modifications. 250 μL of the ethanolic extract, 250 

μL of the Folin-Ciocalteu reagent (Dinamica, Brazil), and 2 mL of distilled water were added 

to a glass vial. Following 3 minutes in the dark, 250 μL of a saturated sodium carbonate solution 

was added. The absorbance was evaluated at 750 nm utilizing a spectrophotometer (Thermo, 

Genesys 10S), after 30 minutes in a water bath at 37 °C away from light. The reference standard 

was gallic acid (Acros Organics, Belgium) used to create a standard curve in a range of 

concentrations of 1 – 5 μg/mL. Results were expressed as mg of gallic acid equivalent (GAE)/g 

of sample. 

 

3.2.6.2 Antioxidant capacity assays 

 

The ABTS assay was carried out according to Rufino et al. (2010). Initially, the reaction 

between the 7 mM ABTS and 145 mM potassium persulfate was induced to produce the ABTS+ 

stock solution. The mixture remained at room temperature and in the dark for 12-16 h. This 

solution was adjusted with ethanol to an absorbance of 0.70 at 734 nm. Following, 30 μL of 

sample/ standard Trolox was added to 3 mL of ABTS solution, and the absorbances were 

checked 6 min after mixing. Ethanolic solutions of known concentrations of Trolox were used 

as the standard curve in the range of concentrations (100-2000 µmol Trolox equivalent/g). 

ORAC method was conducted according to Ou et al. (2001). In a microplate (96 cells, 

Greiner Bio-One) 150 μL of fluorescein solution and aliquots of the diluted extracts (25 μL) 

were added. The microplate was incubated at 37 °C for 10 minutes in a spectrofluorimeter 

(BMG Labtech, FLUOstar OPTIMA, Offenburg, Germany). After incubation, 25 µL of AAPH 

solution (2.2 '- Azobis (2-methylpropionamidino) dihydrochloride 152 mM) was added. 

Fluorescence decay was measured at an excitation wavelength of 485 nm and an emission 

wavelength of 528 nm, at 1-minute intervals, for 120 minutes. For this analysis, ethanolic 

solutions with established concentrations of Trolox were prepared for the standard curve (12.5-

200 µmol equivalent of Trolox/g).  

The FRAP assay was carried out following Benzie & Strain (1996). The FRAP solution 

was prepared using 250 mL of acetate buffer (300 mM, 1.6% acetic acid, pH 3.6), 25 mL of 

solution 2,4,6-Tripyridyl-S-Triazine (10 mM, diluted in 40 mM HCl) and 25 mL of FeCl3 (20 
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mM). The extract (0.1 mL) were mixed with 2.9 mL of FRAP solution. The solutions were 

homogenized (IKA, Vortex 1 V1, Germany), and kept at 37 °C (Water bath, Marconi, MA 159, 

Brazil), for 30 minutes in the dark. After this period, a spectrophotometer (Thermo Scientific, 

Genesys 10S UV-Vis, USA) was used to determinate the absorbance of the samples at 593 nm. 

A standard curve (2.5-25 µmol equivalent of Trolox/g) was plotted. 

The DPPH assay was performed according to the description of Brand-Williams, 

Cuvelier & Berset (1995). The DPPH solution was prepared with methanol containing 0.06 mM 

DPPH. The aliquot of 100 μL of guaraná extract was added to 3.9 mL of DPPH solution. The 

decrease of absorbance at wavelength of 515 nm was measured at 1-minute intervals during the 

initial 10 minutes and subsequently at 5-minute intervals until maintenance. The measurement 

of absorbance readings lasted 30 min. The standard curve was prepared with Trolox (20-140 

µmol equivalent of Trolox/g) and results were expressed as µmol Trolox equivalent/g sample. 

 

3.2.7 Statistical analysis 

 

Data was analyzed statistically using the statistical program SPSS Statistics, with P < 

0.05 considered significant, by analysis of variance ANOVA. A three-way ANOVA was 

performed to test the effect of solvent, time, temperature, and their two and three way 

interactions and Duncan's test for comparing means. 

 

3.3 Results and Discussion 

3.3.1 Proximate analysis and chemical composition of guaraná peels 

 

Table 3 presents the chemical composition of guaraná peels.  

Guaraná peels has medium acidity, which combined with its low moisture and water 

activity is able to ensure microbiological stability and avoid reactions that can affect its 

perishability. Fresh guaraná peels had moisture of 84.5g/100g, demonstrating the importance 

of the drying process for avoiding enzymatic activity that may affect the chemical stability of 

bioactive compounds. 
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Table 3. pH, water activity, composition, and mineral contents of guaraná peels 

Parameters Values (means ± SD) † 

pH 5.4 ± 0.0 

Water activity 0.5 ± 0.0 

Moisture (g/100g) 9.7 ± 0.6 

Carbohydrates (g/100g) 85.5 ± 0.1 

Lipids (g/100g) 1.7 ± 0.1 

Protein (g/100g) 2.3 ± 0.3 

Ash (g/100g) 0.8 ± 0.1 

K (g/kg) 21.0 ± 1.0 

Ca (g/kg) 4.6 ± 0.5 

Mg (g/kg) 3.3 ± 0.2 

P (g/kg) 0.9 ± 0.1 

Na (g/kg) nd 

Cu (mg/kg) 14.0 ±1.0 

Fe (mg/kg) 137.0 ± 9.0 

Mn (mg/kg) 23.0 ± 3.0 

Zn (mg/kg) 20.0 ± 4.0 

Caffeine (mg/g) 0.6 ± 0.0 

Theobromine (mg/g)  0.5 ± 0.0 

† d.w. – dry weight basis; nd – Not detected 

Reference: Own source. 

 

Carbohydrates are the major component of guaraná peels. The content of insoluble fiber 

in guaraná peels was 21.6 g/100g. Dias et al. (2020) determined the chemical composition of 

fruit peels, and found that fiber was the major component present in orange and passion fruit 

peels. Furthermore, Ajila et al. (2010) reported 32.1 g/100 of insoluble fiber in mango peels, 

which was higher than the content found in guaraná peels. 

Guaraná peels had lower concentrations of lipid (1.7 g/100g) and protein (2.3 g/100g) 

than those reported by Romelle et al. (2016). They studied the composition of selected fruit 

peels, which ranged from 3.36 to 12.61 g lipid/100g dry peel and 2.8 to 18.06 g protein/100g 

dry peel. Mallek-Ayadi et al. (2017) found the lipid (2.1 g/100g dry peel), protein (7.5 g/100g 

https://www.sciencedirect.com/science/article/pii/S0308814616317952#!
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dry peel), and ash (3.7 g/100g dry peel) contents of melon peels, to be higher than in guaraná 

peels, although, comparatively, the differences are subtle.  

The elevated content of minerals in guaraná peels indicates that this material can be 

utilized to produce supplements and nutraceuticals. Among macro-minerals, guaraná peels 

showed the highest content of potassium, which acts as a regulator of physiological body 

processes (Lindinger & Cairns, 2021). Potassium is a mineral, which together with sodium and 

chlorine are typical electrolytes found in the body, in addition to being one of the most 

important elements of cell cytoplasm (Mulkidjanian et al., 2012).  

Singh et al. (2016) reported the composition of some fruit peels minerals and their 

content varied from 1.3 to 4.4 g K/kg, 0.5 to 3.2 g Ca/kg, and 0.5 to 1.2 g Mg/kg. Regarding 

micro-minerals, the authors reported contents ranging from 1.8 to 2.1 mg Cu/kg, 2.1 to 31.9 mg 

Fe/kg, 1.7 to 3.3 mg Mn/kg, and 1.3 to 9.8 mg Zn/kg. Comparing those results with the current 

study (Table 3), guaraná peels had higher concentrations of the same minerals. 

Furthermore, several parameters may influence the mineral composition of guaraná 

peels, such as the environmental/soil conditions, and the ripening process. Benmeziane et al. 

(2018) reported that wastes of cantaloupe processing had similar levels of potassium, but 

guaraná peels showed a 5-fold higher level of iron.  

Comparing the values found in this study with those found by Gondim et al. (2005), 

guaraná peels had higher levels of all minerals than avocado, banana, melon, papaya, passion 

fruit, and pineapple peels. It is worth mentioning the exception to the levels of calcium and zinc 

determined in tangerine peels (4.8 g Ca/kg and 28.3 mg Zn/ kg, respectively), which were 

higher than those found in the current work.  

The caffeine (0.60 ± 0.01 mg/g) and theobromine (0.55 ± 0.01mg/g) contents in guaraná 

peels were determined using HPLC-DAD analysis. Theophylline was not detected in the 

sample. Caffeine (1,3,7-trimethylxanthine) and theobromine (3,7-dimethylxanthine) are purine 

alkaloids, which are commonly extracted using water, organic solvent, or their combination 

(Nguyen & Nguyen, 2017). Since the raw material was washed with water at the reception, the 

actual concentration of caffeine and theobromine may be affected. The health properties of 

these bioactive compounds are largely evidenced and associated with stimulant effects, 

improvement of cognitive functions, and anti-obesity activity (Carrageta et al., 2018, Santana 

et al., 2018), demonstrating the potential benefits of the exploration of guaraná peels.  
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3.3.2 Carotenoid profile 

 

It was determined that the pigments imparting the red-orange color to guaraná peels are 

carotenoids. A LC chromatogram extract at 450 nm shows the major carotenoid peaks found in 

guaraná peels. As illustrated in Figure 10 among the peaks separated, 2 were confirmed with 

authentic standards, and an additional 3 were identified according to the UV-vis spectra, relative 

retention time using standards, and accurate mass (< 10 ppm) using a QTOF.  

 

Figure 10. UHPLC-DAD chromatogram of lipophilic extract of guaraná peels, 

extracted at 450 nm 

 

Reference: Own source. 

 

Chromatograms of saponified and unsaponified guaraná peels extracts were compared, 

with no noticeable increase in xanthophyll peaks in after saponification, indicating that in 

guaraná peels most xanthophylls are in a free form. Thereby, the chromatogram in Figure 10 

represents the carotenoids profile of the unsaponified extract. 
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The guaraná peels displayed total carotenoid content of 65.90 ± 0.4 µg/g, obtained by 

the sum of the individual carotenoids determined by the HPLC. All-trans-β-carotene was the 

main carotenoid with 30.8 ± 0.2 µg/g, followed by cis-β-carotenes (17.8 ± 0.01 µg/g) and lutein 

(17.3 ± 0.2 µg/g). A higher content of β-carotene was recovered in the trans form compared to 

the cis form, as the ratio All-trans-β-carotene/cis isomer was approximately 2:1. This 

corroborates with the fact that most carotenoids are found in nature in trans (Z) configuration. 

Furthermore, considering that guaraná peels were dried, the heating may have induced the 

isomerization of carotenoids. Trans double bonds are susceptible to isomerization, leading to 

cis (E) conformation (Honda et al., 2020). 

Previous work has suggested that lutein has may impart benefits against age-related 

macular degeneration (Koushan et al., 2013). β-Carotene, the most potent provitamin A 

carotenoid plays an important role in metabolic processes of the human body (Perera & Yen, 

2007). In this regard, the isomeric forms of β-carotene in guaraná peels, all-trans-β-carotene, 

and cis-β-carotene, can contribute to vitamin A requirements, although the bioequivalency of 

cis-form is 50% lower than trans-form (Sweeney & Marsh, 1973). 

Noronha Matos et al. (2019) reported the preponderance of β-carotene in tucumã and 

peach palm peels. Besides, all-trans-β-carotene was the main carotenoid found in mango peels 

(Del Pilar Sánchez-Camargo et al., 2019), and lutein, α-carotene, and β-carotene were main 

carotenoids in banana peels (Fu et al., 2018). Analyzing fruits from the Amazon region, De 

Rosso & Mercadante (2007) evaluated the carotenoid profile of several fruits and found all-

trans-β-carotene as the major carotenoid present. The authors also reported that lutein was 

identified in buriti, marimari, palm oil, physalis, and tucumã.  

Although chemical synthesis is still the main route to produce additives and supplements 

for foods and pharmaceutical products, studies to obtain carotenoids from natural sources are 

becoming more frequent (Britton et al., 2009). However, when a natural extract is being 

obtained from a complex matrix, there are challenges to be investigated such as possibilities of 

carotenoid recovery, as well as the bioactive potential after the extraction. Considering the 

valuable composition present in guaraná peels, this study also incorporates carotenoid 

extraction, and its antioxidant capacity of the extracts, aspects that are essential for future 

application of these phytochemicals.  

 

3.3.3 Screening of potential solvents 
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The extraction process of bioactive compounds with organic solvents is one of the most 

used techniques, immersing a solid within a solvent system.  It is important to consider 

miscibility with the soluble compounds and the ability to remove compounds of interest. The 

extractability of carotenoids from guaraná peels with different solvents, temperatures, and times 

are described and results illustrated in Table 4 and Figure 11. 

 

Table 4. P-value of different parameters of extraction on the total carotenoid content using a 

three-way ANOVA model 

Parameters P-value 

Solvent   < 0.001 

Time < 0.001 

Temperature < 0.001 

Temperature * Solvent 0.012 

Temperature * Time 0.022 

Solvent * Time < 0.001 

Solvent * Time * Temperature 0.072 

Reference: Own source. 

 

A three-way analysis of variance (ANOVA) was carried out to test the effect of each 

variable on the extractability of carotenoids. The resulting P-values are shown in Table 4. The 

overall effects were significant (P < 0.05) for all model factors and two-way interactions, except 

for the three-way interaction of temperature, solvent and time. These results show that each of 

factors, and their combinations significantly affected the extraction of carotenoids.  

Extraction is the stage that defines the recovered content of bioactive compounds in 

materials. However, the extraction efficiency depends on time, temperature, and solute-solvent 

interaction (Azmir et al., 2013). Specifically, concerning carotenoid extraction, changes in pH, 

heating, exposure to light, as well as the presence of oxygen and oxidizing agents can promote 

their degradation and influence the recovery yield (Janiszewska-turak, 2017). Thus, factors 

such as the presence of light, oxygen, agitation, and the size of the guaraná peels particles were 

considered to maximize the recovery of compounds of interest during extraction. 
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Figure 11. Kinetics of extraction of total carotenoids from guaraná peels using different 

solvents at (A) 25 °C and (B) 50 °C. , Hexane; , Ethanol; , Ethyl acetate; , 

Ethanol:Hexane; , Ethanol: Ethyl acetate. () spline fitting 

 

Reference: Own source. 

 

3.3.3.1 Effect of solvents 

 

Carotenoids are classified according to polarity: carotenes (nonpolar), and xanthophylls 

(more polar than carotenes). The efficiency of conventional extraction can be attributed to the 

relative polarities of the solvents used, for example, hexane (0.009), ethyl acetate (0.228), and 

ethanol (0.654), comparing to water (1.0), where the numbers next to each solvent indicate their 

relative polarities (Reichardt, 2003). According to Craft & Soares (1992), different organic 

solvents act giving to the carotenoid polarity range. They reported the solubility of lutein and 

β-carotene in several solvents based on the relative absorptivities and maximum absorption 

wavelength of these carotenoids. Hexane was the least soluble solvent for lutein, and 

acetonitrile and methanol, for β-carotene. 

In Figure 11, higher total carotenoid content was obtained with the mixtures 

ethanol:hexane and ethanol:ethyl acetate rather than pure ethanol, hexane, and ethyl acetate 

solvents. The combination of polar solvents, as ethanol, with non-polar solvents, e.g. hexane, 

may have favored the increased solubility of β-carotene. Pure polar solvents, on the other hand, 
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increased the solubilization of more polar carotenoids (lutein), in agreement with results from 

Strati & Oreopoulou (2011b).  

It is possible to notice that the mixture of the solvents leads to an improvement in the 

extraction of β-carotene compared to ethanol, and an increase in the extraction of lutein in 

comparison to hexane. These results are also reflected in the calculated Hansen solubility 

parameters (Table 5). From an experimental standpoint, according to Benmeziane et al. (2018), 

the polarity of solvents can promote the enhancement of the permeability of the cell walls, 

where carotenoids are localized. Regarding the properties of solvents, hexane had a higher 

affinity with β-carotene compared to lutein, and this may be associated with the number of 

hexane carbons and the chemical structure of β-carotene (Alvarenga et al., 2020; Scharlack et 

al., 2017). This characteristic can favor an increase in the solubility and, thus, lead to a superior 

extractability. Conversely, polar solvents, ethanol and ethyl acetate, interacted more easily with 

lutein, and this is due to the hydroxyl and carbonyl groups in the chemical structure of the 

solvents, respectively, and the hydroxyl present in the lutein structure. 

 

Table 5. Hansen solubility parameters and distances (Ra) between β-carotene, lutein, and 

solvents, at 25 °C 

Solvents δD 

(MPa)1/2 

δP 

(MPa)1/2 

δH 

(MPa)1/2 

δT 

(MPa)1/2 

Ra 

β-carotene 

Ra 

Lutein 

Hexa 14.90 0.00 0.00 14.90 5.3 8.7 

Ethaa 15.80 8.80 19.40 26.52 19.7 13.0 

EtAcea 15.80 5.30 7.20 18.15 7.8 3.9 

Etha:Hex 15.40 4.84 10.67 19.35 10.6 3.8 

Etha:EtAce 15.80 6.95 12.93 21.57 13.2 6.9 

Solute       

β-caroteneb 17.40 0.80 1.70 17.50   

Luteinc 15.40 1.80 8.47 17.53   

a Barton (1983). b Ozel and Gogus (2014). c Cosby et al. (2020)  

Hex= Hexane; Etha= Ethanol; EtAce= Ethyl Acetate; Etha:Hex= Ethanol:Hexane; Etha:EtAce= Ethanol:Ethyl 

Acetate; δD= dispersion solubility parameter; δP= polar solubility parameter; δH= hydrogen bonding solubility 

parameter; δT= total solubility parameter; Ra= distance. 
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The δP and δH parameters calculated for hexane were closer to the parameters calculated 

for β-carotene than those for lutein. This is also reflected in the calculated values of Ra for β-

carotene, which were lower for hexane, when compared to those calculated for the other 

solvents. Alvarenga et al. (2020) reported that solvents characterized by hydrocarbon chains 

showed HSP values close to the β-carotene parameters, specifically considering the δP and δH 

parameters. Conversely, ethyl acetate and ethanol:hexane, had  δH values closest to the lutein 

value. Therefore, there are mostly interactions via hydrogen bonds between them, resulting in 

lower values of Ra between lutein and the ethyl acetate and ethanol:hexane solvents, compared 

to the others utilized in the research.  

Yara-Varón et al. (2016)  examined the predictive solubility of carotenoids in different 

solvents at 65°C. Considering their results, among the pure solvents utilized in the recovery of 

guaraná peels carotenoids, hexane exhibited a 100% probability of complete solubilization of 

β-carotene, and only 4.3% for lutein; ethanol exhibited a 2.5% probability to solubilize β-

carotene and 100% for lutein; ethyl acetate showed 100% for both carotenoids. Taking into 

account the different carotenoids present in the guaraná peels, as well as those solubility 

parameters and the synergy among solvents, the mixtures ethanol:hexane and ethanol:ethyl 

acetate displayed to have the maximum recovery of the total carotenoid content during the 

extraction process. Overall, based on these results, the polarity of solvents played a crucial role 

in the yield of carotenoid content and extraction time. 

 

3.3.3.2 Effect of time 

 

Extractability of carotenoids increased with longer times, and was at its minimum for 

all solvents and temperatures at 2 hours (Figure 11). The increase in solute-solvent interactions 

at high temperature over time, favor a decrease in the surface tension of the solvent, which 

favors the extraction of the solute (Mustafa & Turner, 2011). One of the conclusions from the 

present study is that the extraction rate depend on the solvent used, as well as on the process 

temperature.  

In the first 2 hours, the total carotenoid content consists of the compounds extracted 

mainly from the surface of the guaraná peels particles. After the soaking period, in which the 

solvents impregnate part of the matrix, the system displayed a high concentration for 4 hours 

of extraction. This result is indicated by the inflection point observed in Figure 11. The 

oscillation in the data observed at 6-8 hours extraction is mainly due to experimental 
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uncertainties. The increment of the total carotenoid content in the extract phase may be 

attributed to the internal diffusion of the solvent and dissolution of the solute present inside the 

particles, i.e., due to an improved mass transfer, over time. 

Indeed, the increment of residence time was a parameter that favored further mass 

transfer through the sample and induced a positive effect on the recovery of the bioactive 

compounds. Moreover, there was a tendency to reach higher concentrations after 24 h 

extraction. However and from a practical and economic standpoint, the extraction time should 

be set between 4-6 h to reduce energy costs and the negative effects arising from extended 

processing times. 

 

3.3.3.3 Effect of temperature 

 

Regarding the impact of the extraction temperature, the recovery of carotenoids 

obtained at 50 °C was higher (P < 0.05) than the extraction at 25 °C. Although heat can promote 

degradation and isomerization of carotenoids, it can also promote the extraction of these 

compounds (Strati & Oreopoulou, 2011a; Shi et al., 2008). The increase of temperature can 

improve the solubility, as well as the solvent diffusion rate into the guaraná peels, due to 

decreased viscosity of the solvent during the process.  

Sánchez-Camargo et al. (2019) reported that the temperature can influence the solubility 

parameters, depending on the solvent. The increase in temperature increased the extractability 

of the carotenoids for all different solvents. In this case, the temperature effect was positive, as 

the moderate heating at 50 °C did not lead to the degradation of the carotenoids, regardless of 

being thermosensitive components.  

Ethanol performed close to the best solvent systems tested, besides, it is recognized as 

safe and obtained from renewable sources. There is a current trend to extract bioactive 

compounds from by-products through green extraction. Therefore, ethanol was chosen for an 

additional study with a view on industrial application, mainly motivated by the utilization of an 

environmentally friendly solvent (Chemat et al., 2012). 

 

3.3.4 Guaraná peel ethanolic extract characterization 

 

Since the evidence indicates that carotenoids provide health benefits, guaraná peels 

ethanolic extract could be a material of interest for application in food products. Considering 
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its potential use, this extract was characterized, regarding its composition and antioxidant 

properties. As expected, the moisture content of guaraná peels ethanolic extract (1.35 ± 0.01 

g/100g) was low. It was derived from remaining moisture in the dried peels (Table 3). The lipid 

and protein content, were 1.93 ± 0.03 g/100g and 0.34 ± 0.03 g/100g, respectively. According 

to Mhemdi et al. (2016), the polarity of ethanol favors the recovery of polar composites, such 

as water and proteins. 

The ethanolic extract of guaraná peels had total phenolic content of 8.56 mg GAE/g, 

and this component can perform an important role in neutralizing free radicals. The phenolic 

groups can serve as a source of hydrogen atoms from hydroxyl terminals or can act as metal 

chelator, avoiding oxidation reaction in a medium. However, other substances can reduce 

Folin−Ciocalteau’s reagent, as well as phenolics, such as reducing sugars and proteins (Ikawa 

et al., 2003). Consequently, this result can also be attributed to the presence of these 

components, which may overestimate the phenolic content in the ethanolic extract. 

The results in the present study were higher than those described by Gómez- Mejía et 

al. (2019). They demonstrated the phenolic compounds content of orange (3.9 mg GAE/ g), 

lemon (5.9 mg GAE/ g) and clementine (5.5 mg GAE/ g) peels, from extractions with 

ethanol:water solution. Babbar et al. (2011) reported 3.8, 17.5 and 24.6 mg GAE/ g of the total 

phenolic content in banana, kinnow and lychee peels, respectively, obtained with methanolic 

extraction.  

The phenolic compounds and carotenoids present in guaraná peels contribute to the 

antioxidant capacity of foods. Those components have distinct mechanisms of action (Moo-

Huchin et al., 2014). For this reason, to determine the antioxidant potential of the ethanolic 

extract, it was essential to evaluate this property based on methods that may better associate to 

those different mechanisms, even when the pathways are not completely clarified. Table 6 

shows the antioxidant capacity of the ethanolic extract of guaraná peels, expressed as Trolox 

Equivalents (TE, µmol Trolox/ g sample) by the ABTS, ORAC, FRAP, and DPPH assays. 

These methods are generally used to investigate the antioxidant ability of food in vitro. 

The extraction conditions selected for obtaining ethanolic extracts for further analysis 

were (i) the temperature with better carotenoid extractability, which was 50 °C; and (ii) the 

extraction time, which was 4h. These experimental conditions impacted the antioxidant 

properties, of the extracts considering the high carotenoid content in addition to the phenolic 

compounds recovered under these conditions. Similarly, Mokrani & Madani (2016) reported 

that the antioxidant properties of peach fruit were influenced by the high content of bioactive 
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compounds recovered, as a consequence of the temperature and time conditions of the 

extraction process. 

 

Table 6. Antioxidant capacity of ethanolic extract by ABTS, ORAC, FRAP, and DPPH assays 

from guaraná peel powder 

Assays Antioxidant capacity 

(µmol Trolox equivalent/g guaraná peel powder) 

ABTS 62 ± 2 

ORAC 76 ± 3 

FRAP 1.16 ± 0.02 

DPPH 3.0 ± 0.1 

Reference:Own source. 

 

The presence of compounds in guaraná peels extract contributed to the capacity to 

quench ABTS radicals. This mechanism is based on the single-electron transfer reaction, which 

is displayed through a color variation as the oxidant is reduced. The experiments was performed 

at a wavelength of 744 nm that is outside of the spectra of carotenoids and phenolics. Hence, 

the presence of antioxidant residues in the analyzed system did not influence the estimation of 

ABTS concentration. In agreement with these results, Re (1999) reported the high efficiency of 

this assay to assess the antioxidant capacity of carotenoids. By comparing the results obtained 

with other fruit peels, Babbar et al. (2011) reported the antioxidant activity of banana, kinnow 

and lychee peels extracts obtained by the ABTS method as 22.7, 206.8 and 145.7 µmol Trolox 

equivalent/ g, respectively. Also, when assessing the antioxidant activity of 11 tropical fruits 

from Mexico (Can-Cauich et al., 2017), guaraná peels extract exhibit a higher antioxidant 

capacity than dragon fruit, white and black sapote, mamoncillo, custard apple, and sapodilla. 

The ORAC assay depends on the ability of the antioxidants present in the guaraná peels 

ethanolic extract to inhibit the degradation of fluorescein caused by the radical of 2,2′-azobis 

(2-amidinopropane) (APPH). This technique is especially useful for extracts consisting of 

multiple components, and when different reaction mechanisms are involved (Huang et al., 

2005). The ORAC values obtained in our study was higher than the range reported by Thaipong 

et al. (2006) for guava fruit (18-32 μmol TE/ g); but, it was lower than the result obtained by 

Batista et al. (2017) for red-jumbo peels (135.47 μmol TE/ g). 
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It is important to mention that the United States Department of Agriculture (USDA) 

disregarded the ORAC Database for selected foods. The removal of this information was based 

on the fact that antioxidant capacity values obtained through ORAC assay can not be associated 

with the effects of certain bioactive compounds on human health (USDA, 2010). However, the 

in vitro analytical method may be used as a measurement tool for antioxidant capacity. Thus, 

considering the exploratory process, this test was performed as an indicator of the antioxidant 

potential and complement data for research. 

The result found for the antioxidant activity by the FRAP assay was relatively low when 

compared to the results obtained by Sethi et al. (2020), which FRAP values ranged from 50-

192 µmol Trolox equivalent/ g of apples peels. According to Müller et al. (2011), FRAP activity 

is affected by the presence of conjugated double bonds (CDBs). In acyclic carotenoids with 

enough CDBs, the orbital overlap with that of the chromophore favoring the formation of more 

stable radicals with significant activity to reduce Fe+3 into Fe+2. Nevertheless, the presence of 

β-ionone rings on both sides of all-trans-β-carotene, cis-β-carotene, and lutein major 

carotenoids found in guaraná peels, possibly prevented these components from reacting with 

the di-TPTZ ferric complex. This issue was also reported by Wang et al. (2010) and Wojdyło 

et al. (2018). 

The antioxidant capacity of the ethanolic extracts measured by the DPPH assay showed 

an average value of 3.00 μmol TE/ g. Carotenoids are not able to eliminate the DPPH radicals. 

Also, the activity was evaluated at 515 nm, and some carotenoids might present an absorption 

spectrum that coincides with that of DPPH, interfering with the absorbance measurements. 

Thus, the composition of guaraná peels ethanolic extract may affect the measurement of DPPH 

free radical-scavenging, besides the ionone rings of carotenoids structure can reduce the 

resonance effect. 

The use of ethanol as a solvent can extract hydrophilic compounds, such as phenolics, 

in addition to carotenoids, and they can act synergistically. Regarding these compounds, it was 

possible to compare antioxidant activity determined by DPPH for guaraná peels with the results 

demonstrated by Can-Cauich et al. (2017), which ranged from 1.6 to 483.9 µmol TE/ g for 

methanolic extracts obtained from dragon fruit and green sugar apple peels, respectively. 

Considering other materials rich in bioactive compounds, the antioxidant capacity of 

coffee by-products was higher compared to guaraná peels. The authors reported values ranging 

from 387 - 1083 µmol TE/g and 387 - 1454 µmol TE/g using the ABTS and FRAP assays, 

respectively applied to the main fractions of the residue generated (Jiménez-Zamora et al., 
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2015). It was cited that the antioxidant capacity of the material could be associated with 

melanoidins and phenolic content. Similarly, the antioxidant potential of cocoa by-products was 

investigated by Martínez et al. (2012). Values ranging from 2.48 - 22.93 μmol TE/g by the 

ABTS method, 0.67 - 4.69 μmol TE/g by the FRAP method, and 1.57 – 33.93 μmol TE/g by 

the DPPH method were reported. Regarding FRAP and DPPH assays, these results are similar 

to those obtained in this study. However, by using the ABTS test, guaraná peels had 3 – 8-fold 

higher values than the cocoa by-products. In this case, their antioxidant capacity was attributed 

to polyphenolic compounds, including catechin, epicatechin, and procyanidin B2. Conversely, 

Okiyama et al. (2018) reported higher results for the antioxidant capacity of the dried cocoa 

shell when compared to guaraná peels, with values ranging from 47 – 84 μmol TE/g determined 

by the FRAP assay and 36 - 64 μmol TE/g by the DPPH assay. The authors associated the 

antioxidant potential with the total flavanols content present in the sample. 

The results obtained by the ABTS and ORAC tests indicated that the guaraná peels have 

compounds that convert free radicals into stable products. Likewise, Cândido et al. (2015) 

reported that the ORAC and ABTS methods can provide better estimates of antioxidant capacity 

for food matrices with a high content of carotenoids. On the other hand, the results obtained by 

FRAP and DPPH tests suggested that the techniques are not adequate to determine the 

antioxidant potential of bioactive components of guaraná peels ethanolic extracts. It is worth 

mentioning that the antioxidant potential of a fruit matrix has different activities according to 

the method used. 

 

3.4 Conclusions 

The composition of guaraná peels includes insoluble fibers, macro- (Ca, K, and Mg) and 

micro- (Cu, Fe, Mn, and Zn) minerals, caffeine, theobromine, phenolic compounds, and 

carotenoids, all-trans-β-carotene, cis-β-carotene, and lutein. Carotenoid extractability was 

modified by the choice of the solvent, and by adjusting time and temperature during the process. 

The extraction using ethyl acetate-ethanol, for 24 hours at 50 °C was the better condition for 

achieving the highest recovery of carotenoids, considering the synergistic effect among 

solvents. 

However, ethanol performed close to the mixtures and was used as the solvent for 

further analysis, considering the low toxicity, which allows obtaining a safe extract for food 

applications. The ethanolic extract of guaraná peels showed a high antioxidant capacity 
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determined by the ORAC and ABTS assays. The obtained data highlight the importance of 

recovering these bioactive compounds from a currently underutilized by-product, which has a 

great antioxidant property. Furthermore, our findings support the use of guaraná peel extracts 

with demonstrated antioxidant potential for further developments in functional foods. 
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ABSTRACT 

Guaraná by-products are rich in carotenoids featured with strong antioxidant capacity and 

health-promoting benefits. However, these compounds are highly susceptible to oxidation and 

isomerization, which limits their applications in foods. This research aimed to encapsulate 

carotenoid-rich extract from reddish guaraná peels by spray drying (SD), chilling (SC), and 

their combination (SDC) to form microparticles. The physicochemical properties of the formed 

microparticles were characterized and their storage stability was evaluated over 90 days. Water 

activity values of SD microparticles increased during storage, whereas SC and SDC 

microparticles were more stable. Besides, microparticles exhibited color variation and size 

increase over time. Carotenoid degradation was better described by a first-order kinetics for 

most treatments. Considering the higher carotenoid content and its stability, a formulation from 

each process was selected to further analysis. Scanning electron micrographs revealed spherical 

shape and absence of cracks on the microparticles' surface, as well as the size heterogeneity. 

SD increased the oxidative stability of carotenoid-rich extract by at least 52-fold, SC by 3-fold, 

and SDC by 545-fold. The analysis of thermograms suggested that the carrier and process of 

encapsulation influence the powder’s thermal behavior. Water sorption data from Dynamic 

Vapor Sorption (DVS) of SDC microparticles depended on the blend of carrier agents (gum 

arabic and hydrogenated vegetable fat) during the process. The innovation proposed for 

carotenoid encapsulation by the combination of spray drying and spray chilling has beneficial 

aspects from a technological perspective, which could be applied as a promising alternative to 

protect bioactive compounds. 

 

Keywords: Microencapsulation; storage stability; carotenoid degradation; gum arabic; 

hydrogenated vegetable fat. 

 

 

4.1 Introduction 

 

The use of by-products from agro-industrial processes has been growing over recent years 

as a strategy to valorize them and reduce environmental threatens. Fruit and vegetable peels, 

seeds, and pomace are all by-products of their processing. They display great potential as 

starting materials for extraction of bioactive compounds (Da Silva et al., 2020). One of the more 

representative is guaraná, a Brazilian plant native to the Amazon basin, whose seeds and peels 
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are rich in alkaloids (caffeine, theobromine, and theophylline), polyphenols (catechin, 

epicatechin, and epicatechin gallate), and carotenoids (β -carotene and lutein) (Santana, Zanini, 

& Macedo, 2020; Pinho et al., 2021). 

Carotenoids are natural pigments present in plants and other photosynthetic organisms, 

and often used as food colorants. They also possess antioxidant capacity, and has been 

demonstrated to act as an anticancer agent, immune response stimulant, and pro-vitamin A 

activity promoter (During & Harrison, 2007; Liu et al., 2014; Chuyen & Eun, 2017; Milani, 

Basirnejad, Shahbazi, & Bolhassani, 2017; Medeiros et al., 2019; Cano, Gómez-Maqueo, 

García-Cayuela, & Welti-Chanes, 2017; Fraser & Bramley, 2004). However, carotenoids are 

easily oxidized or isomerized in the presence of oxygen, light, metals, and heat during 

processing and storage, leading to reduced color and bioactivity (Rodriguez-Amaya, 2001). 

Encapsulation is the most widespread approach to preserve the bioactivity of oxygen- and 

light-sensitive compounds, mask unpleasant tastes, and control releases (Sartori, Consoli, 

Hubinger, & Menegalli, 2015). A process commonly used for the encapsulation of carotenoids 

is spray drying (Troya, Tupuna-Yerovi, & Ruales, 2018; Anthero, Bezerra, Comunian, 

Procópio, & Hubinger, 2020; Santos, Rubio, de Carvalho Balieiro, Thomazini, & Favaro-

Trindade, 2021). This process turns a liquid feed material, which is composed of an ingredient 

(core) and a carrier agent, into powder followed by the liquid atomization and high-temperature 

drying. The efficiency of encapsulation in spray drying depends mainly on the types of carrier 

and core materials, and the operating conditions (Islam, Kitamura, Yamano, & Kitamura, 2016).  

Water-soluble polymers such as modified starches, whey protein, maltodextrin, and gum arabic 

are the well-known and used carrier materials (Selim, Tsimidou, & Biliaderis., 2000; Souza et 

al. 2018; Carneiro, Tonon, Grosso, & Hubinger, 2013). Among them, gum arabic is extensively 

employed for the spray-drying of bioactive compounds, due to its emulsification capacity, high 

solubility, low viscosity, non-toxicity, and ideal retention properties.  

Spray chilling is an alternative for stabilizing sensitive compounds such as carotenoids. 

Unlike spray drying that operates at high temperatures, the formation of lipid microparticles 

trapping bioactive compounds by spray chilling is at low temperatures. This would induce less 

heat resulting in a smaller extent of degradation of these compounds (Okuro, de Matos Junior, 

& Favaro-Trindade, 2013; Chambi, Alvim, Barrera-Arellano, & Grosso, 2008; Sillick & 

Gregson, 2012). However, the technique has relatively low encapsulation efficiency and 

degradation of lipid carrier may occur. Different types of materials, such as hydrogenated 

vegetable fat, fatty acids and/or waxes are used as encapsulating agents to produce solid lipid 
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microparticles by spray chilling. Due to its lower price and high availability, hydrogenated 

vegetable fat is more appropriate than other lipids for this application (Zuidam & Shimoni, 

2010; Consoli, Grimaldi, Sartori, Menegalli, & Hubinger, 2016). 

The combination of spray drying and chilling has been shown to better preserve bioactive 

components considering the presence of double-wall coverage. For example, Arslan-Tontul & 

Erbas (2017) observed higher gastric and thermal resistance of the particles containing 

prebiotics produced by the combination of spray drying and chilling than processing 

individually. Fadini et al. (2018) reported similar findings on the protection of functional oils 

when using the combined technologies. However, whether this applies to carotenoids remains 

unknown. The current study aimed to produce and compare microparticles containing 

carotenoids-rich extract from guaraná peels by spray drying, chilling, and their combination. 

The microparticles were monitored during storage in terms of water activity, size, color 

parameters and carotenoid stability. The physicochemical properties of microparticles 

including morphology, water sorption, thermal, and oxidative stability of carotenoids were also 

measured.  

 

 

4.2 Material and Methods 

4.2.1 2.1 Materials 

 

Guaraná fruits were provided by the Executive Commission of the Rural Economic 

Recuperation Plan in Cacao (Taperoá, Bahia, Brazil). Gum arabic (Acacia gum - Nexira, Brazil) 

was used as the carrier in the spray drying process. Microparticles obtained by spray chilling 

were produced using Al Home P54 hydrogenated vegetable fat with a melting point of 54 °C 

(Cargill, Itumbiara, Goiás, Brazil) as carrier material. Microparticles obtained by the 

combination of spray drying and chilling were prepared using gum arabic as the first wall 

material, and the hydrogenated vegetable fat as the second coating. Ethanol (purity ≥ 99%) was 

purchased from Êxodo Científica (Sumaré, Brazil). Petroleum ether (30-70 fraction) and 

magnesium chloride (MgCl2.6H2O) were acquired from Synth (Diadema, Brazil). 

 

4.2.2 Production of carotenoid-rich extract from guaraná peels 
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Guaraná fruits were supplied by The Executive Commission for Cocoa Cultivation 

Planning - CEPLAC (Taperoá, Bahia, Brazil). The peels were detached from seeds and pulp 

and then washed with water. The guaraná peels were dried in a convective oven (Marconi, 

MA035/1152) at 50 °C for 18 h and stored at −20 °C until further analysis. To extract 

carotenoids, the peels were mixed with ethanol in a ratio of 1:10 (peel: solvent, w/v). The 

mixture was shaken (Orbital Shaker Marconi, MA420, Piracicaba, SP) for 4 h at 50 °C and 

centrifuged at 7,168×g for 10 min (Pinho et al., 2021). Sunflower oil was added to the 

supernatant in a final concentration of 3% and mixed to minimize the carotenoid degradation 

observed during preliminary experiments. The final concentration of 3% of the oil was selected 

considering the liquid-liquid equilibrium for the system composed of sunflower oil and ethanol 

(Cuevas, Rodrigues, Gomes, & Meirelles, 2010). Afterwards, the material was concentrated 

using a rotary evaporator (TE-211 Tecnal, Piracicaba, Brazil) at 48 ± 2°C to 20 % of the initial 

volume. The concentrate was named as “carotenoid-rich extract”.  

 

4.2.3 Production of microparticles from the carotenoid-rich extract 

 

Carotenoid-rich extracts were mixed with carrier materials at different proportions for 

particle production by spray drying and chilling. Microparticles obtained by the combination 

of spray drying and chilling were prepared using spray-dried microparticles as core and 

hydrogenated vegetable fat as carrier material as shown in Table 7. 

Microparticles obtained by spray drying, chilling, and the combination of spray drying 

and chilling are shown in Attachment C. 

 

4.2.3.1 Microparticles obtained by Spray Drying (SD) 

 

An emulsion was prepared by the mixing of carotenoid-rich extract and gum arabic 

solution (20%), v/v, using Ultra-Turrax ® IKA T25 (Labotechnic, Staufen, Germany) at 

11,200×g for 3 min. The emulsion was atomized according to Rocha, Fávaro-Trindade, & 

Grosso (2012) with slight modifications on the drying temperature. A spray dryer (Model MSD 

1.0, Labmaq do Brasil, Ribeirão Preto, Brazil) equipped with a spray nozzle of 1.2 mm was 

used, with an inlet air temperature of 140 °C, an air speed of 2.5 m/s, a feed flow of 10 mL/min 

and an air pressure of 8.4 kgf/cm2. During the drying procedure, the emulsion was kept under 

magnetic stirring. 
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4.2.3.2 Microparticles obtained by Spray Chilling (SC) 

 

Solid lipid microparticles were produced by spray chilling according to Pelissari et al. 

(2016). A dispersion was prepared from different proportions of carotenoid-rich extract and 

high melting point hydrogenated vegetable fat, using Ultra-Turrax ® IKA T25 (Labotechnic, 

Staufen, Germany) 11,200×g for 3 min at 64°C. The mixture was atomized using the same 

spray dryer equipment (Model MSD 1.0, Labmaq do Brasil, Ribeirão Preto, Brazil) coupled to 

a spray nozzle of 1.2 mm with a 1.0 kgf/cm2 air pressure and a feed flow of 40 mL/min at 13°C. 

 

4.2.3.3 Microparticles obtained by the combination of spray drying and chilling (SDC) 

 

SD33 formulation was firstly prepared by spray drying as described previously (Section 

4.2.3.1). SDC microparticles were then produced by dispersing SD33 microparticles into 

hydrogenated vegetable fat (w/w) at 11,200×g for 1 min at 64 °C. The atomization conditions 

used were the same as described previously for the spray chilling process. 

 

Table 7. Formulation and composition of microparticles produced by spray drying (SD), 

chilling (SC), and the combination of spray drying and chilling (SDC) 

Formulation Core (%) Carrier material (%) 

 Extract Gum Arabic solution  

SD20 20 80 

SD25 25 75 

SD33 33 67 

 Extract Hydrogenated vegetable fat 

SC20 20 80 

SC30 30 70 

SC40 40 60 

 SD33 microparticles Hydrogenated vegetable fat 

SDC10 10 90 

SDC20 20 80 

Reference: Own source. 
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4.2.4 Characterization of microparticles and storage stability  

 

The powders were placed in vials and kept in desiccators containing saturated 

magnesium chloride solution to create a storage environment of 33 ± 5 % relative humidity 

(RH), at 25 ± 5 °C for 90 days. Water activity, color, mean diameter, and particle size were 

determined at the beginning (time 0) and the end (after 90 days) of storage. The total carotenoid 

content of the samples was evaluated every 15 days as recommended by Tonon, Brabet, & 

Hubinger (2010). The analyzes were carried out under dark conditions. 

 

4.2.4.1 Water activity 

 

Powder water activity (aw) was measured utilizing Aqualab equipment (Series 3 TE - 

Decagon Devices, USA) at room temperature. Measurements were conducted in triplicate. 

 

4.2.4.2 Instrumental color analysis 

 

The color parameters L (luminosity), a* (red - green) and b* (yellow - blue) of the 

samples were evaluated using a portable colorimeter (Mini Scan XE Plus - Hunterlab, USA). 

Measurements were executed in triplicate. 

 

4.2.4.3 Particle size and distribution 

 

The particle size distribution and the mean diameters of the particles were investigated 

using laser diffraction equipment (SaldI-201-V, Shimadzu, Kyoto, Japan). Ethanol was used as 

a dispersant for microparticles obtained by spray drying, and distilled water for microparticles 

produced by spray chilling and their combination. Measurements were performed in triplicate. 

 

4.2.4.4 Determination of total carotenoid content in the non-encapsulated and 

encapsulated extract 

 

The total carotenoid content was quantified by a spectrophotometric method as 

described by Rodriguez-Amaya (2001) using a UV-VIS Spectrophotometer (Genesys 10S 

Thermo Scientific, São Paulo/SP, Brasil) at 450 nm.  
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Carotenoids were extracted following Pelissari et al. (2016) with slight modifications regarding 

the solvents used. Carotenoids-rich extract and SD microparticles were dispersed in hexane, 

while SC and SDC in petroleum ether. The mixtures were agitated for 1 min and kept in an 

ultrasound bath (USC-1400, Unique, Indaiatuba, Brazil) for 20 min. Distilled water was then 

added and agitated (Multi Reax, Heidolph Instruments, Schwabach, Germany) during 2 min. 

They were then centrifuged at 4930×g for 10 min and the supernatants (hexane or petroleum 

ether rich phases) were transferred to cuvettes. The total carotenoid content was determined 

according to the following Eq. (6): 

 

𝐶 = 𝐴 ∗ 𝑉 ∗ 104 𝐴𝑏𝑠1𝑐𝑚
1% ∗ 𝑚⁄                                                                                               (6) 

 

Where 𝐶 (μg g)⁄  corresponds to the total carotenoid content; 𝐴 (nm) is the absorbance 

of the sample at 450 nm;  𝑉 (mL) is the final volume; 𝐴𝑏𝑠1𝑐𝑚 
1%  is the extinction coefficient of 

β-carotene, which in petroleum ether has a value of 2592 cm-1 (Rodriguez-Amaya, 2001), and 

in hexane of 2560 cm-1 (Hart & Scott, 1995); 𝑚 is the sample mass (g). The determinations 

were performed in triplicate. 

 

4.2.4.5 Encapsulation efficiency (EE) 

 

The encapsulation efficiency (%) was calculated as a ratio between the total carotenoid 

content present in the microparticles (C0) and the total carotenoid content in the feed materials 

(C𝐹𝑀) before atomization, by Eq. 7 (Sartori, Consoli, Hubinger, & Menegalli, 2015; Alvim, 

Stein, Koury, Dantas, & Cruz, 2016). Microparticles production were conducted in triplicate. 

 

𝐸𝐸 (%) =  (C0 C𝐹𝑀) ∗ 100⁄                                                                                                    (7) 

 

4.2.4.6 Kinetic of carotenoid degradation 

 

The degradation of carotenoids during storage can be modeled by kinetic equations, which 

describe the reactions that may occur in the system. The kinetics and the corresponding reaction 

rate constants ko and k1 were evaluated following zero- and first-order kinetics described by 

Eqs. 8 and 9, for non-encapsulated and encapsulated carotenoid-rich extract. The half-life of 

the first order reaction was calculated according Eq. 10 (Xiao et al., 2018). 
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𝐶 𝑡 − 𝐶0 = − 𝑘0 ∗ 𝑡                                                                       (8)          

−𝑙𝑛 𝐶𝑡 𝐶0⁄ = 𝑘1 ∙ t (9) 

𝑡1/2 = ln 2 𝑘1⁄   (10) 

 

Where 𝐶0 (μg/g) is the initial carotenoid content (time 0), 𝐶𝑡 (μg/g) is the content at the 

analysis time, and t (days) is the time. The reaction rate constants for zero ko (µg/ (g*s)) and 

first k1 (1/s) -order were based on linear plots of (Ct–Ct,0) vs. t and ln (Ct/Ct,0) vs. t, respectively. 

The kinetics analysis was carried out using the program Origin Pro 8.5. 

 

4.2.4.7 Carotenoid retention (CR) 

 

Carotenoid retention (%) was determined according to the following equation:   

 

𝐶𝑅 = (𝐶90 𝐶0⁄ ) × 100                                                                                                             (11) 

 

Where 𝐶90 (μg/g) is the carotenoid concentration after 90 days of storage, whereas 𝐶0 

(μg/g) is the initial carotenoid concentration in the microparticles. 

 

4.2.5 Analysis of selected microparticles 

 

To further analyze the characteristics of the microparticles, three formulations were 

selected. SD33, SC40, and SDC20 were chosen mainly based on results of the total carotenoid 

content and reasonable stability during storage. They were evaluated in terms of their 

morphology, oxidative stability, thermal properties, and water vapor sorption as described in 

the following sections. 

 

4.2.5.1 Scanning electron microscopy (SEM) 

 

The SD, SC, and SDC microparticles were placed on a double-sided carbon adhesive 

tape (Ted Pella Inc., Redding, EUA), they were coated with gold and analyzed using the 
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Benchtop Microscope Hitachi TM 300 (Tokyo, Japan) scanning electron microscope. SEM 

images of the powders were captured at an accelerating voltage of 15 kV.  

 

4.2.5.2 Oxidative stability 

 

The oxidative stability of powders was conducted according to De Leonardis & 

Macciola (2012). Microparticles (2.0 g) were heated from 25 °C to 120 °C under 20 L/h airflow, 

using Rancimat equipment (model 873, Metrohm, Herisau, Switzerland). The analyses were 

carried out in duplicate and results were expressed as oxidation induction time.  

 

4.2.5.3 Differential scanning calorimetry (DSC) 

 

Thermal properties of microparticles were evaluated using differential scanning 

calorimetry (DSC 2500, TA Instruments, New Castle, Delaware, USA.). Samples were weighed 

(~ 5 mg) into aluminum pans, sealed, and put into DSC. An empty pan was used as a reference. 

Samples were equilibrated at 25 °C for 2 min, ramped to 300 °C at a rate of 10 °C/min, 

isothermal for 2 min and then cooled to 25 °C at a rate of 30 °C/min (Xu et al., 2021). Data 

collection and analysis were conducted using Trios software (TA Instruments). Triplicates were 

run for each sample and the average result was shown. 

 

4.2.5.4 Dynamic vapor sorption (DVS)  

 

The water vapor sorption of the microparticles was conducted using a Dynamic Vapor 

Sorption instrument (Surface Measurement Systems Ltd., Allentown, PA). The airflow in the 

DVS was compressed nitrogen flowing at 200 mL/min. The changes in sample mass at various 

relative humidity (between 0% and 90%) were recorded continuously at 25 °C using the DVS 

Analysis Macro V6.1 software. Each sample was run in duplicate. 

 

4.2.6 Statistical analysis 

 

Data were examined by analysis of variance (ANOVA) and Tukey's test, at the 5% level 

significance, using the statistical program SAS (Statistic Analysis System) version 9.2.  
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4.3 Results and Discussion 

4.3.1 Characterization of microparticles and their changes during storage  

4.3.1.1 Water activity (aw)  

 

The aw of microparticles produced by spray drying, chilling, and their combination 

loaded with carotenoid-rich extract are shown in Table 8. SD microparticles had the lowest aw, 

and this was probably due to larger water evaporation at the high inlet temperature (140 °C) 

during atomization. After storage, aw increased due to the particle hygroscopicity (water uptake) 

as consequence of gum arabic used as carrier material. In this system, the molecular mobility 

increased, and the powder absorbed water until reaching the equilibrium condition, at an 

intermediate relative humidity of 35 - 40% at 25 °C. The water activity of SD microparticles 

was below the minimum value of 0.60, which corresponds to a satisfactory condition to avoid 

microbial growth. It is worth mentioning that even during storage, these results demonstrated 

great stability of the samples.  

SC microparticles had aw (0.80 - 0.95) higher than those of the SD and SDC 

microparticles (0.41 – 0.52), and they varied with formulations. These aw values measured are 

in agreement with the aw range reported by Labuza (1971), from 0.30 to 1.0, which is associated 

to the susceptibility of the highest lipid oxidation rate. Silva et al. (2018) presented similar 

results, with water activities ranging from 0.91 to 0.98, for solid lipid microparticles loaded 

with probiotics produced by spray chilling. 

 

4.3.1.2 Color parameters 

 

Color coordinates L*, a*, and b* were examined during storage time, as an indicative 

parameter on the chemical stability of carotenoids encapsulated within SD, SC, and SDC 

microparticles (Table 8). SD20, SC20, and SDC10 microparticles showed higher luminosity, 

compared to the other treatments obtained by the same process. This was due to the higher 

content of gum arabic and/or hydrogenated vegetable fat, and lower concentration of extract/SD 

microparticles in their formulations. During the stability test, the lightness of the SD 

microparticles increased. This can be associated with carotenoid degradation, which leads to 

the changes in the color intensity of the microparticles. McClements (2002) reported that the 

increase in particle dimensions caused by aggregation and/or morphology, is likely to influence 

the light scattering efficiency of the samples, affecting their lightness. 
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Regarding the color parameter a*, all the microparticles had positive values, which 

implies the subtle redness of all samples. A relatively superior magnitude of a* was observed 

for the SD33 microparticles, indicating more redness compared to others. The formulation was 

composed of a high proportion of extract, and the evaporation of carrier solution during spray 

drying led to the concentration of carotenoid within the microparticles.  

For the color parameter b*, all formulations displayed a noticeable decrease in this 

aspect during storage. Indeed, the intensity change of the yellow/orange color (ΔC*) of the 

microparticles during storage followed the ascending order: SC30=SDC10 < SC20=SDC20 < 

SD20=SC40 < SD25 < SD33. These findings suggest that the encapsulated carotenoids are 

more stable in lipid microparticles (SC and SDC) obtained by spray chilling and the 

combination of processes.  

 

4.3.1.3 Mean diameter and particle size distribution 

 

Volume weighted mean diameters (D4,3) and particle size distribution are shown in 

Table 8 and Figure 12, respectively.  SD20 microparticles showed a significantly larger mean 

diameter than those estimated for the SD25 and SD33 microparticles. During storage, the size 

of SD microparticles had a slight increase, which can be due to their agglomeration promoted 

by the adhesion forces. In this system, surely moistened microparticles collided and remained 

bonded, creating agglomerates. 

Comparing samples obtained by spray chilling, the average sizes varied over 90 days. 

In the spray chilling process, operating conditions such as temperature, pressure, cooling air 

speed, feed flow, and spray nozzle diameter may affect particle size and mean diameter. In 

addition, intrinsic parameters, such as the composition of lipid carrier, and the ratio of the feed 

matrix (bioactive ingredient:carrier) can also affect the size of the microparticles (Fávaro-

Trindade, Okuro, & de Matos Jr, 2015). 
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Table 8. Characterization of microparticles produced by spray drying (SD), chilling (SC), and their combination (SDC) before and after storage 

 

Values are mean ± standard error (SE) (n = 3–4 analytical replicates). Different uppercase letters in a column represent a significant difference between 0 and 90 days with the 

response for formulations. The different lowercase letters in a row mean that there is a significant difference among formulations by the Tukey test at the 5% level of significance.  

SD: microparticles obtained by spray drying; SC: microparticles obtained by spray chilling; SDC: microparticles obtained by spray drying and chilling combination. Numerical 

suffix means the proportion of core:carrier material of each formulation. 

Reference: Own source. 

Response Time 

(day) 

SD20 SD25 SD33 SC20 SC30 SC40 SDC10 SDC20 

aw 0 0.132 ± 0.004h,B 0.210 ± 0.001f,B 0.161± 0.005g,B 0.913 ± 0.001a,B 0.872 ± 0.002b,B 0.801 ± 0.002c,B 0.47 ± 0.01d,B 0.412 ± 0.003e,B 

90 0.456 ± 0.002e,A 0.449 ± 0.001e,A 0.418 ± 0.003e,A 0.953 ± 0.004a,A 0.897 ± 0.006b,A 0.833 ± 0.008c,A 0.52 ± 0.01d,A 0.468 ± 0.008e,A 

 

 

 

Color 

parameters 

L* 

0 80.61 ± 0.01d,B 76.44 ± 0.01f,B 74.11 ± 0.01h,B 84.15 ± 0.01a,A 82.51 ± 0.24b,A 79.20 ± 1.82e,A 81.26 ± 0.02c,B 74.39 ± 0.01g,B 

90 81.46 ± 0.01b,A 78.80 ± 0.01c,A 75.18 ± 0.01f,A 76.31 ± 0.01d,B 75.63 ± 1.42e,B 71.01 ± 2.29h,B 81.75 ± 0.01a,A 75.12 ± 0.01g,A 

a* 

0 1.08 ± 0.04d,A 2.06 ± 0.03b,A 4.05 ± 0.02a,A 0.79 ± 0.02e,B 0.84 ± 0.26e,B 1.97 ± 016b,B 0.14 ± 0.02f,A 1.81 ± 0.05c,A 

90 0.51 ± 0.03f,B 1.04 ± 0.02e,B 3.17 ± 0.04a,B 1.08 ± 0.03e,A 1.42 ± 0.02c,A 2.29 ± 0.07b,A 0.06 ± 0.01g,B 1.60 ± 0.06d,B 

b* 

0 23.07 ± 0.02g,A 33.39 ± 0.05b,A 39.68 ± 0.02a,A 27.29 ± 0.05e,A 24.12 ± 0.59f,A 30.76 ± 1.47d,A 20.35 ± 0.05h,A 31.04 ± 0.08c,A 

90 20.36 ± 0.05g,B 29.62  ± 0.02b,B 35.12 ± 0.07a,B 24.07 ± 0.09e,B 23.39 ± 0.03f,B 25.27 ± 0.07d,B 19.89 ± 0.06h,B 29.02 ± 0.10c,B 

Mean Diameter      

(µm) 

0 16.2 ± 0.3d,B 10.8 ± 0.2e,A 10.9 ± 0.6e,B 59  ± 2b,B 56.6 ± 0.4b,B 52  ± 1c,B 73 ± 1a,A 60 ± 1b,B 

90 20  ± 1c,A 13 ± 2 c,A 15 ± 2c,A 74 ± 2b,A 71.3 ± 0.8b,A 71.7 ± 0.8b,A 75 ± 2 b,A 96 ± 2a,A 



 
 

130 
 
 

Figure 12. Particle size distribution of microparticles produced by spray drying, chilling, 

and their combination. A, B, and C: microparticles obtained by spray drying with 20, 25, 

and 33% proportion core:carrier material, respectively; D, E, F: microparticles obtained by 

spray chilling with 20, 30, and 40% proportion core:carrier material, respectively; G and 

H: microparticles obtained by spray drying and chilling combination with 10 and 20% 

proportion core:carrier material, respectively 

 

Reference: Own source 

 

SDC10 microparticles were larger than the SDC20 ones after freshly prepared. The 

mean diameter of the microparticles increased continuously throughout the storage (P < 0.05), 

especially for the SDC20 formulation. Microparticles produced by spray chilling are classified 

as matrices types, where the compound to be protected are entrapped all over the volume of the 

particle. In the SDC microparticles case, the structure is surrounded by hydrogenated vegetable 

fat (carrier) and SD microparticles (core). Regarding the observed broad range of the diameter 
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after storage for the SDC20 microparticles, it is hypothesized that the microparticle composition 

may promote the agglomeration among them.  

Overall, size distribution curves of all formulations exhibited a unimodal pattern before 

and after storage at 25 °C. Microparticles obtained by SD showed smaller sizes compared to 

the SC and SDC microparticles, even though the same nozzle was used for atomization in all 

methods. The smaller droplet size of the emulsion in the feed material and the operational 

parameters, such as high temperature and pressure, might facilitate solvent evaporation and 

shorten coat formation time during the atomization by spray drying. In the spray chilling 

process, there is heat transfer between cold air and the molten feed material, in which the droplet 

maintains the original size formed during solidification at low temperature. 

Particle size is a physical property relevant to many food applications, and it is related 

to the food sensory attributes of the food products when powders are incorporated (De Lara 

Pedroso, Thomazini, Heinemann, & Fávaro-Trindade, 2012). Hansen, Allan-Wojtas, Jin, & 

Paulson (2002) proposed particle size less than 100 μm would not affect the food sensory 

quality. According to this, the microparticles produced by spray drying, chilling, and their 

combination investigated in the current study had ideal sizes for practical applications. 

However, from a technical aspect, SD microparticles had the most applicable size for food 

supplementation. Besides the particle size, the composition of microparticles produced by the 

different methods would also affect their applications. For example, SD powders could be used 

to disperse and protect carotenoids in an aqueous product processing, while the SC and SDC 

powders could be more preferable to be used in a non-aqueous medium. 

 

4.3.1.4 Encapsulation efficiency (EE) 

 

The EE of microparticles produced through spray drying, chilling, and their combination 

are shown in Table 9. The samples showed high EE, ranging from 90 to 100% for SD, 90 to 

97% for SC, and 82 to 94% for the SDC techniques, which demonstrated the greater 

entrapment of the carotenoid content in the microparticles. 

The slight carotenoids loss observed in SD samples might occur during the atomization 

step, in which these components possibly have adhered to the drying chamber wall during the 

heat processing. Whereas in SC treatments, the degradation of carotenoids may be attributed to 

the fact that the hydrogenated vegetable fat was kept at 64 °C during the processing time, which 
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involved homogenization to atomization. Although spray chilling is a technique that produces 

microparticles at low temperatures, it has the drawback to maintaining the fat used as a carrier 

in a melted status throughout processing. Additionally, the exposure to environmental 

conditions, such as light and oxygen, may have triggered some oxidation of the pigments.  

 

Table 9. Encapsulation efficiency (%) of microparticles obtained by spray drying, chilling, and 

their combination 

Formulation Encapsulation efficiency 

(%) 

SD20 96 ± 7ab 

SD25 100 ± 2a 

SD33 90 ± 2bc 

SC20 96 ± 2ab 

SC30 97 ± 1ab 

SC40 90 ± 1bc 

SDC10 82 ± 7c 

SDC20 94.4 ± 0.5ab 

SD: microparticles obtained by spray drying; SC: microparticles obtained by spray chilling; SDC: microparticles 

obtained by spray drying and chilling combination. Numerical suffix means the proportion of core/carrier material 

of each formulation. Different letter on the superscripts denotes significance among the data in the same column 

(P < 0.05).  

Reference: Own source 

 

Concerning the SDC microparticles, they showed lower EE compared to the others. 

Lipids can exhibit three types of crystal polymorphic phases, which include alpha (α), beta-

prime (β′), and beta (β), varying from the least to a more stable form (Müller, Radtke, & 

Wissing, 2002; Ghotra, Dyal, & Narine 2002). Thus, the carrier material can solidify in distinct 

crystallization patterns during the spray chilling processing. Through atomization at low 

temperatures via rapid cooling, the solidification of microparticles composed of gum arabic and 

hydrogenated vegetable fat may generate an arrangement of lipid crystals unable of trapping 

part of bioactive compounds. As a result, the achieved arrangement probably led to the 

expulsion of carotenoids and their loss during production. Similar finding was reported by 

Navarro-Guajardo et al. (2018).  
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4.3.2 Chemical stability of non-encapsulated and encapsulated carotenoid-rich extract 

 

The carotenoid retention of non-encapsulated extract, SD, SC, and SDC particles upon 

storage is shown in Figure 13 and was calculated by Equation 6. It was observed that 

carotenoids were degraded to a large extent during storage, despite reasonable storage 

conditions and the exclusion of light. Samples obtained by SD, SC, and SDC had retentions 

ranging from 97 to 68%, 99 to 84%, and 99 to 75%, respectively.  

 

Figure 13. Carotenoid retention (%) in non-encapsulated extract and microparticles 

obtained by spray drying, chilling and their combination, during 90 days of storage at 

25°C. SD: microparticles obtained by spray drying; SC: microparticles obtained by spray 

chilling; SDC: microparticles obtained by spray drying and chilling combination. 

Numerical suffix means the proportion of core:carrier material of each formulation 

 

Reference: Own source 
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Losses increased continuously through the 90 days storage time, although the 

encapsulation processes provided protection of the total carotenoids when compared to the non-

encapsulated extract. However, microparticles obtained by SC and SDC displayed higher 

effectiveness among the three encapsulating matrices to preserve the carotenoids, which 

indicates that the composition of carriers impacts on the stability of those active components. 

This result was in agreement with the color change observed in the different powders. 

The entrapment of oxygen within the carrier matrix during storage might contribute to 

the oxidation of the carotenoids in the powders. Besides, isomerization may also affect the 

stability of these compounds. Khoo, Prasad, Kong, Jiang, & Ismail (2011) and Provesi, Dias, 

& Amante (2011) claimed that light and temperature are the major causes of carotenoids’ 

isomerization. Rodriguez-Amaya (2002) reported that degradation of carotenoids during 

storage were mainly caused by enzymatic and non-enzymatic oxidation, which correlates with 

the oxygen level and the carotenoid molecular structure.  

The kinetics of the carotenoid degradation was investigated and is presented in Table 

10. Data were fitted to the zero- and first-order kinetics based on the carotenoid content during 

storage. Total carotenoid retention decreased remarkably, and the degradation rate can be seen 

from the correlation coefficient (R2) and the corresponding k values. For the zero-order model, 

R2 ranged from 0.610 to 0.957, and the k0 value varied from 0.021 to 1.558 µg/ (g*s). 

Reasonable values of R2 (0.755 - 0.940) combined to lower k1 values (0.001 - 0.006 1/s) were 

associated with suitable fitting, which was better achieved following a first-order kinetics. The 

structural characteristics of the microparticles led to different results for the kinetic parameters, 

among formulations obtained by spray drying, chilling, and their combination. Therefore, 

according to these aspects, the microparticles produced by spray chilling showed superior 

protective capacity, ensuring greater stability of the carotenoids over 90 days. 

Similarly, some studies have described carotenoids degradation as first-order reaction 

(Bechoff et al., 2010; Achir, Randrianatoandro, Bohuon, Laffargue, & Avallone, 2010; 

Desobry, Netto, & Labuza, 1997; Zepka, Borsarelli, da Silva, & Mercadante 2009). Song, 

Wang, Li, & Liu (2017) reported that a first-order kinetics was used to describe the degradation 

of lutein and β-carotene during microwave-vacuum drying. They proposed that the decrease in 

carotenoids content was attributed to isomerization and oxidation reactions, yielding products 

as cis isomers and epoxides. Besides, Xiao et al (2018) compared R2 values for three reactions 
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at 25, 35, and 45°C, and revealed that the degradation of all-trans-lutein, β-cryptoxanthin, and 

β-carotene was best described by a first-order kinetics. 

Taken together, the total carotenoid concentration in the microparticles was considered 

as an indicator to assess the stability of powders during storage, and the feasibility of using 

these samples for food applications. These results were used before the next steps, in which 

further investigation unravels more details about the formulations from the different processing. 

 

Table 10. Rate constants (k0 and k1values), coefficients of determination (R2) and half-life 

periods (t 1/2) for degradation of non-encapsulated and encapsulated carotenoid-rich extract 

obtained by different process, during storage in dark at 25°C 

Sample Zero-order First-order t 1/2 (days) 

 k0 

(µg/(g*s)) 

R2 k1 (1/s) R2  

Non encapsulated 

extract 

1.558 0.957 0.006 0.857 108.08 

SD20 0.089 0.911 0.003 0.901 236.93 

SD25 0.176 0.844 0.003 0.847 212.20 

SD33 0.284 0.805 0.004 0.783 168.07 

SC20 0.025 0.925 0.001 0.919  606.36 

SC30 0.035 0.909 0.001 0.792 581.55 

SC40 0.075 0.949 0.001 0.859 546.95 

SDC10 0.021 0.610 0.003 0.755 316.59 

SDC20 0.058 0.942 0.003 0.940 223.45 

SD: microparticles obtained by spray drying; SC: microparticles obtained by spray chilling; SDC: microparticles 

obtained by spray drying and chilling combination. Numerical suffix means the proportion of core:carrier material 

of each formulation. 

Reference: Own source. 

 

4.3.3 Characterization of selected microparticles by morphology, thermal properties, 

and moisture sorption 

4.3.3.1 Scanning electron microscopy (SEM) 
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Scanning electron micrographs of SD33, SC40, and SDC20 microparticles loaded with 

carotenoids are illustrated in Figure 14. The SD33 microparticles had different sizes with 

irregular spherical shapes, and no cracks were found at the outer surfaces, which is important 

to prevent gas permeability that may affect carotenoids protection. The concavities on the 

surface are associated with the rapid solvent evaporation and higher pressure inside the 

microparticles at high temperatures during the atomization (Medina-Torres et al., 2016). 

According Elik, Yanık, & Göğüş (2021), temperatures range between drying inlet air and 

powders lead to wrinkle surface on the particle. This could be attributed to the initial expansion 

by the incorporation of air in the particle, followed by the contraction in the colder chamber of 

the equipment. Bhusari, Muzaffar, & Kumar (2014) proposed that the concavities in the 

microparticles containing gum arabic may be linked to the protein fraction in the molecule.  

 

Figure 14. Scanning electron micrographs (1.0k × magnification) of microparticles obtained 

by A: spray drying (SD33), B: spray chilling (SC40) and C: Spray drying and chilling 

combination (SDC20). Numerical suffix means the core:carrier material ratio of selected 

formulation 

 

Reference: Own source 

 

SC40 and SDC20 microparticles showed spherical shapes with different sizes. The 

differences demonstrated that the addition of SD powders into the hydrogenated vegetable fat 

carrier affected their morphologies, mainly on the surface of the microparticles. The SC40 

powders showed some agglomeration and an irregular surface with some pores. From the 

technological standpoint, these physical properties could cause a reduction the powders flow 

ability. Besides, holes on the microparticles surface can increase the exposition of carotenoids 

to the oxygen, reducing the powder functionality. Regarding the SDC powders, the 

morphological analysis showed a smooth surface with a high level of agglomeration. This may 



 
 

137 
 
 

be related to the complex carrier matrix formed by the combination of gum arabic and 

hydrogenated vegetable fat and its water holding capacity. The collision of microparticles might 

induce the agglomeration; besides, incomplete solidification of carrier material could also 

happen and led to the formation of partially melted microparticles favoring the agglomeration. 

 

4.3.3.2 Oxidative stability 

 

Rancimat method is widely used to investigate the oxidative stability of oil/lipid-

containing samples (Choe & Min, 2006). The technique is based on the measurement of the 

induction period (IP) linked to the formation of the certain components when the lipid samples 

are oxidized under heating (with a temperature higher than 100 °C) and under a constant 

aeration flow (20 L/h). In the present research, the higher the IP of the encapsulated extract 

compared to the non-encapsulated, the better is the stability of the carotenoids within the 

microparticles. The data of the non-encapsulated extracts, which contain oil in its formulation 

and for the selected microparticles are presented in Table 11.  

The findings indicated that under the conditions applied in the test the carotenoid-rich 

extract is highly sensitive to oxidation. The oxidative stability improved significantly (P < 

0.05), when microparticles prepared using different carriers were assessed in a comparative 

approach. It was observed that spray drying encapsulation increased the thermal stability of the 

extract by at least 52-fold, spray chilling by 3-fold, and their combination by 545-fold, 

confirming the ability of the encapsulated microparticles to protect sensitive compounds against 

degradation. From SD encapsulation, the microparticles obtained are composed of a resistant 

shell, which has limited gas transfer. Regarding SC40 microparticles, although they had a lower 

IP compared to the other microparticles, they showed a high level of carotenoid retention after 

90 days (Figure 13). The storage conditions (25 °C and ~35% HR), did not affect their stability. 

However, when the Rancimat test was used on the SC40 microparticles, the drastic treatment 

at high temperatures (120 °C) and high flow oxygen exposure caused morphological changes, 

increased surface area, and exposition of the lipid matrix and carotenoids, which led to a rapid 

carotenoid degradation. When evaluating the effect of the microencapsulation combined 

techniques on oxidative stability, it was observed the lack of porosity of the wall on the surfaces 

of SDC20 microparticles indicating a complete coverage. This structure could have created a 

sturdier and dense shell matrix that reduced oxygen permeability to the microparticle core.  
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Table 11. Oxidation induction period of non-encapsulated and encapsulated carotenoid-rich 

extract, evaluated by Rancimat, at 120 °C 

Sample Induction time (h) 

Non encapsulated extract 0.04 ± 0.00d 

SD33 2.10 ± 0.01b 

SC40 0.11 ± 0.02c 

SDC20 21.8 ± 0.3a 

SD33: microparticles obtained by spray drying; SC40: microparticles obtained by spray chilling; SDC20: 

microparticles obtained by spray drying and chilling combination. Numerical suffix means the core/wall material 

ratio of the selected formulation. Values with the same lower case letter are not statistically different (P > 0.05). 

Reference: Own source. 

 

4.3.3.3 Differential scanning calorimetry (DSC) 

 

DSC is a technique used to evaluate the thermal properties of bioactive compounds in 

matrices, detect melting points, and record variations in the crystal structure via the 

displacement or disappearance of the endothermic peaks in the material analyzed (Rutz, Borges, 

Zambiazi, da Rosa, & da Silva, 2016). DSC curves shown in Figure 15 represent the thermal 

profile of the different microparticles obtained by the different used encapsulation processes. 

Regarding the first endothermic peak for all formulations, in the SD microparticles the 

transition began at 141 °C and ended at 160 °C, with a melting temperature (Tm) of 147°C and 

an enthalpy of 8.3 ± 0.6 J/g powder. The broad curve is assumed to be related to the crystallite 

melting of gum arabic, which agrees with the results of Mothé & Rao (2000). For the SC40 

microparticles, the melting peak started at 39 °C and ended at 61 °C, having a Tm of 52 °C and 

an enthalpy of 86 ± 2 J/g powder. For the SDC20 microparticles, the melting began at 38 °C 

and ended at 59 °C, with a Tm of 51 °C and an enthalpy of 80 ± 2 J/g of. For both samples, 

SC40 and SDC20, those peaks refer to the melting range of hydrogenated vegetable fat that was 

used as a carrier agent.  

Furthermore, among the three encapsulating processes used in this work, SD33, SC40, 

and SDC20 microparticles presented a second peak (highlighted in Figure 15), ranging from 

177 to 200 °C. These peaks are probably associated with the carotenoid melting at high 

temperatures. Similarly, in DSC curve of β-carotene in a powder form, a large endothermic 
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process was reported at about 180 °C (Peinado, Mason, Romano, Biasioli, & Scampicchio, 

2016). Besides, Sy, Gleize, Dangles, Landrier, Veyrat, & Borel (2012) described the melting 

point of carotenoids ranging from 175 to 195°C. Based on the thermograms, the occurrence of 

two peaks suggested the formation of a heterogeneous system, and the changes in thermal 

profile indicate interactions between carrier and core materials. The crystalline structure of 

microparticles suggests higher stability at room temperature and contributes to the protection 

of components against environmental factors (Yan & Zhang, 2014). In this system, the fusion 

enthalpy is related to the energy absorbed to disrupt and breakdown the crystalline lipid 

structure of carrier agent. Therefore, the more homogeneous of the crystalline structure, the 

higher is the energy absorbed to carry out the melting transition. The melting points of each 

microparticles presented particular values, as different process and carriers were assessed to the 

obtainment of powders.  

 

Figure 15. Differential scanning calorimetry (DSC) thermograms of microparticles 

obtained by A: spray drying (SD33), B: spray chilling (SC40) and C: Spray drying and 

chilling combination (SDC20). Numerical suffix means the core:carrier material ratio of 

the selected formulation 

 

Reference: Own source. 

 

4.3.3.4 Sorption Isotherms 

 

Sorption isotherms usually express the relationship between RH and the equilibrium 

moisture content of the sample, at a certain temperature. This data is important in food 

processing activities such as packaging and storage of materials to preserve the quality of 

products. Figure 16 illustrates that SD33 samples showed significant changes throughout the 

whole range of RH used when compared to the other samples. These microparticles were 
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formulated with gum arabic as the carrier material, which has a composition consisting of 

∼98 wt% of polysaccharides and a ∼2 wt % of proteinaceous material (Isobe et al., 2020). 

When exposed to atmospheric conditions of increasing RH the hydrophilic polysaccharide 

domain tend to reach a fast equilibrium moisture with the surrounding environment.  The SC40 

sample showed a lower increase in moisture content, even at relative 95% RH. As expected, 

this sample presented minimum fluctuations in moisture, as the hydrogenated vegetable fat used 

for microencapsulation creates a hydrophobic coating. SDC20, on the other hand, showed a 

slight increase in the moisture content up to 60% RH, and a large increase thereafter. The 

presence of gum arabic and hydrogenated vegetable fat in the microparticles possibly altered 

the balance of hydrophilic/hydrophobic interaction, favoring the two stages of water sorption 

at 25°C. 

Generally, it can be seen that the behaviors of DVS curves were of type III (J shape). It 

is worth noting that in the SD33 microparticles, this behavior was not that obvious. The 

isotherm profile by DVS analysis was a consequence of the physical and/or chemical 

transformations that occurred during the atomization, in addition to the carrier material in the 

microparticles composition. 

 

Figure 16. Sorption isotherms determined by using the dynamic water sorption technique 

of microparticles obtained by A: spray drying (SD33), B: spray chilling (SC40), and C: 

Spray drying and chilling combination (SDC20). Numerical suffix means the core:carrier 

material ratio of the selected formulation 

 

Reference: Own source. 

 

 

4.4 Conclusions  
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The production of microparticles loaded with carotenoids by spray drying, chilling, and 

the combination of both techniques  is an effective approach to maintain the pigment stability 

with a high encapsulation efficiency of 82 to 100%. The mean diameter and size distribution of  

microparticles presented an increase after 90 days; however, even after storage, they were 

within the suitable scale for industrial applications. 

In addition, all formulations exhibited variation in color over storage. The degradation 

kinetics of the carotenoids followed a first-order kinetics for all samples, presumably driven by 

permeation of oxygen into the core of the microparticles. In the study using selected 

formulations from each process, micrographs demonstrated details of the microparticles, which 

included their shape, e.g, with an irregular surface for the SC microparticles and spherical for 

the microparticles prepared with the other treatments. Micrographs also showed the SD and 

SDC samples with a smooth surface, and heterogeneous sizes.  

Although losses in the carotenoid content were noted in the SDC particles, they displayed 

ideal performance regarding thermal properties, oxidative stability, and water sorption. Overall, 

the microencapsulation processes used in the present study not only provides practical options 

to improve carotenoid stability, but also explain the phenomenon behind the pigment 

protection. Further investigations should be conducted to evaluate the carotenoid bioavailability 

within the different matrices obtained from the encapsulation techniques developed in this 

research. 
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5 CHAPTER 5 

___________________________________________________________________________ 

MICROENCAPSULATION OF CAROTENOID-RICH EXTRACT FROM GUARANÁ 

(PAULLINIA CUPANA) PEELS AND STUDY OF MICROPARTICLES 

FUNCTIONALITY THROUGH THEIR INCORPORATION INTO AN OATMEAL 

PASTE 
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ABSTRACT 

 

The peels of guaraná fruit contain abundant carotenoid content, which has demonstrated health 

benefits. However, these compounds are unstable to certain conditions, and their application 

into food products can be restricted considering the processing parameters. This study aimed to 

encapsulate the carotenoid-rich extract from guaraná peels by spray drying (SD), characterize 

the microparticles, investigate their influence on the pasting properties of oatmeal paste, and 

evaluate the effects of temperature and shear on carotenoids stability during the preparation of 

this product. A rheometer with a pasting cell was used to simulate the extrusion conditions. 

Temperatures of 70, 80, and 90 °C and shear rates of 50 and 100 1/ s were the parameters 

evaluated. Microparticles with a total carotenoid content between 40 and 96 µg/g were obtained. 

Over the storage period, the carotenoid stability, particle size, color, moisture, and water activity 

varied according to the core:carrier material proportion used. Afterward, the formulation SD1:2 

was selected to be incorporated in oatmeal, and the paste viscosity was influenced by the 

addition of this powder. β-carotene retention was higher than those of lutein subsequently the 

treatment. The less severe treatment involving a temperature of 70 °C and 50 1/ s shear rate 

exhibited better retention of total carotenoids, regardless the carotenoid-rich extract was 

encapsulated or non-encapsulated. In the other treatments, the thermo-mechanical stress 

significantly influenced the stability of the total carotenoid. These results suggest that the 

addition of encapsulated carotenoids to foods increase their resistance towards processing 

conditions, thus leading to the higher maintaince of bioactivity to develop functional foods. 

 

Keywords: Mechanical stress; thermal stress; β-carotene; lutein; stability. 

 

5.1 Introduction 

Carotenoids are one of the major classes of pigments found in tree leaves, fruits, and 

vegetables. In addition, consumption of these compounds has been considered to bring health 

benefits. According to literature, carotenoids may act as reducing agents for cancer (Micozzi, 

Beecher, Taylor, & Khachik, 1990; Toma, Losardo, Vincent, & Palumbo, 1995; Kumar, 

Hosokawa, & Miyashita., 2013), cardiovascular diseases (Riccioni, 2009; Monroy-Ruiz, 

Sevilla, Carrón, Montero, 2011), and macular degeneration (Gale, Hall, Phillips, & Martyn, 
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2003), as well as antioxidants (Stahl & Sies, 2003) and provitamin A (Olson, 1989). 

Carotenoids' nutritive and coloring properties make them an ideal food additive to develop 

functional products with a desirable appearance.  

The interest in recovering carotenoids from agro-industrial waste has increased, 

considering the high potential of this material to enhance the valorization of by-products. 

Several researchers (Chen & Tang, 1998; Ajila, Bhat, & Rao 2007; de Andrade Lima, 

Kestekoglou, Charalampopoulos, & Chatzifragkou 2019; De Souza Mesquita et al. 2020) have 

reported the extraction of carotenoids from different vegetable wastes. However, guaraná 

residues, generated in the production of soft drinks and food ingredient industries, are rarely 

explored as a possible source of carotenoids. 

Carotenoids are highly susceptible to harsh external conditions, such as high 

temperature and shear, presence of oxygen, light, acidity, and prooxidant agents (Caris-Veyrat, 

Schmid, Carail, & Böhm, 2003; Boon, McClements, Weiss, & Decker 2010; Xiao et al., 2018). 

Encapsulation has emerged as a key step in making the incorporation of these compounds in 

processed foods feasible. In the food industry, spray drying is the most widely used technology 

for the entrapment of bioactive molecules in the form of microparticles. The technique consists 

of atomizing a dispersion or emulsion with the component of interest and drying adjuvants, 

followed by dehydrating the microparticles. This encapsulation facilitates transport, prolongs 

shelf-life, as well as reduces the risk of carotenoid degradation during food processing (Sagar 

& Kumar, 2010; Subtil et al., 2014). 

The development of starchy products includes the investigation of new formulations and 

new processing techniques. The typical technologies used to induce gelatinization and 

texturization of starchy products are those that apply heat and shear simultaneously. During 

gelatinization, starch swells, destabilizes its crystalline structure and loses the birefringence. 

The starch main fractions, amylose and amylopectin, disperse and lead to the production of a 

paste (Ai & Jane, 2015; Wang, Xia, Wang, Ali, & Li, 2019). Once gelatinization, starch is 

susceptible to mechanical stress, which is applied by shear. 

To simulate a pasting environment where temperature and shear are applied, a rheometer 

equipped with a pasting cell was used to produce oatmeal paste enriched with encapsulated 

carotenoids. Thus, this study aimed to prepare a carotenoid-rich extract from guaraná peels, 

encapsulate this extract, investigate the influence of microparticles on the pasting properties of 
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oatmeal, and evaluate the effect of thermo- and mechanical-stress on carotenoids stability under 

different conditions. 

 

5.2 Material and Methods 

5.2.1 Materials 

 

Guaraná fruits were provided by The Executive Commission for Cocoa Cultivation 

Planning - CEPLAC (Taperoá, Bahia, Brazil). The fruit peels were collected, washed with 

water, dried in a convection oven (Marconi, MA035 / 1152) at 50 °C for 18 h (Silva et al., 

2019), milled and stored under dark at -20 °C until further use. 

β-carotene (CAS 7235-40-7) and lutein (CAS 127-40-2) standards were purchased from 

Sigma-Aldrich (Saint Louis, USA). Analytical grade ethanol (CAS 64-17-5), hexane (CAS 

110-54-3), and acetone (CAS 67-64-1) were obtained from Fisher Scientific. 

The microparticles rich in carotenoids produced by spray drying (SD) were prepared 

using gum arabic as carrier material, obtained from Nexira, Brazil. The oat flakes were 

purchased from the Oat Quaker Company, Columbus, USA.  

 

5.2.2 Carotenoid-rich extract preparation 

 

Carotenoid-rich extract preparation from guaraná peels was performed following Pinho 

et al. (2021), using ethanol as solvent, ratio 1:10 (peel: solvent, w/v), during 4 hours at 50°C. 

The concentration of 3% of sunflower oil was added to the extract, to reduce the carotenoid 

degradation detected during preliminary experiments.  The final concentration was determinate 

considering the liquid-liquid equilibrium for the mixture composed of oil and ethanol (Cuevas, 

Rodrigues, Gomes, & Meirelles, 2010). As follow, the material was concentrated using a rotary 

evaporator (TE-211 Tecnal, Piracicaba, Brazil) at 48 ± 2°C to 20 % of the initial volume. The 

concentrated extract was named guaraná peel extract (GPE).  

 

5.2.3 Microencapsulation by spray-drying 
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The formulations were prepared from the ratio 1:2, 1:3, and 1:4 of guaraná peel extract: 

gum arabic in aquos solution (20% w/v), v/v. An Ultra-Turrax ® IKA T25 (Labotechnic, 

Staufen, Germany) was used to mix the formulation at 11,200×g for 3 minutes. The mixture 

was atomized according to Rocha et al. (2012), with modifications. The spray dryer (Model 

MSD 1.0, Labmaq do Brasil, Ribeirão Preto, Brazil) was used coupled with a spray nozzle of 

1.2 mm, with an inlet air temperature of 100 °C, the air drying speed of 2.5 m/s, feed flow of 

10 mL/min, and air pressure of 8.4 kgf/cm2. 

 

5.2.4 Total carotenoid content 

 

The microparticles were blended with hexane for 1 min and ultrasonicated for 20 min 

using an ultrasound bath Branson 1800 (Branson Ultrasonics Corporation, Danbury, CT, USA) 

to extract carotenoids. Absorbances of extracts were measured at 450 nm wavelength and 

recorded using a UV-visible spectrophotometer (Thermo Scientific, Genesys 10S). The β-

carotene standard was used for quantification, and the results were expressed as µg β-carotene/g 

sample (Rodriguez-Amaya, 2001).  

The retention after encapsulation was calculated as a ratio of the total carotenoid amount 

in the microparticles to that in the feed materials before atomization, according to Equation (12) 

 

𝐶𝑎𝑟𝑜𝑡𝑒𝑛𝑜𝑖𝑑 𝑟𝑒𝑛𝑡𝑒𝑛𝑡𝑖𝑜𝑛 (%) =
𝐶𝑎𝑟𝑜𝑡𝑒𝑛𝑜𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑎𝑓𝑡𝑒𝑟 𝑎𝑡𝑜𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛)

𝐶𝑎𝑟𝑜𝑡𝑒𝑛𝑜𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑏𝑒𝑓𝑜𝑟𝑒 𝑎𝑡𝑜𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛)
× 100         (12) 

 

5.2.5 Stability study of microparticles 

 

The samples were placed in glass vials covered with aluminum and stored in desiccators 

containing saturated solutions of magnesium chloride MgCl2 (relative humidity, RH of 32.8%). 

The desiccators were kept at a temperature of 25 °C, and the storage period lasted for 90 days 

under the specified conditions (Tonon, Brabet, & Hubinger, 2010). The samples were evaluated 

every 15 days in terms of carotenoid content and color. Particle size distribution, mean 

diameter, moisture content, and water activity were analyzed at the initial time and after 90 days 

of storage. 
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5.2.5.1 Carotenoid degradation kinetics 

 

The carotenoid stability was determined by comparing the total carotenoid 

concentration at the initial time and over the storage of encapsulated and non-encapsulated 

carotenoid-rich GPE. Previous studies (Hidalgo & Brandolini, 2008; Song et al., 2017) have 

hypothesized the first-order kinetics model to describe the reaction order of carotenoids 

degradation. Thereby, to investigate the stability of our samples, the degradation constant (k) 

and the half-life (t 1/2) were determined following the first-order kinetic, according to Equations 

(13) e (14). 

 

ln(Ct ) / (C0) = - kt          (13)  

 

t1/2 = ln(2)/k           (14)  

 

Where C = carotenoid concentration at time t (μg/g); C0 = initial carotenoid 

concentration (μg/g); t = time (days). 

 

5.2.5.2 Color 

 

The color of microparticles in terms of L*-values (Brightness), a*-values, and b*-values 

were determined using a Hunter Lab Mini Scan XE colorimeter (Reston, Virginia, USA). 

Chroma (color saturation) was calculated (Equation 15), according to Minolta (1994): 

 

𝐶ℎ𝑟𝑜𝑚𝑎 = √(a∗)2 + (b∗)2          (15) 

 

The total color difference (ΔE) was calculated according to Equation 16. 

 

∆𝐸 = √(𝐿0 − 𝐿)² + (a0
∗ − a∗)2 + (b0

∗ − b∗)2       (16) 

 

5.2.5.3 Mean particle diameter 
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Mean particle diameter was performed using the SALD-201V laser diffraction particle 

analyzer, Shimadzu (Kyoto, Japan). Ethanol was used as a dispersing liquid. The measurements 

were conducted at 25 ºC, in triplicate. 

 

5.2.5.4 Moisture content and water activity 

 

The moisture content of the microparticles was carried out in a moisture analyzer model 

MB 35 from Ohaus (Ohio, United States), in triplicate. The results are expressed in percentage. 

The determination of water activity was performed by direct reading, on an Aqualab 

hygrometer, model CX-2T, from Decagon Devices Inc. The readings were performed at 25 ºC, 

in triplicate. 

 

5.2.6 Dynamic vapor sorption (DVS) of microparticles and oat flakes 

 

The water vapor sorption values of the microparticles and oat flakes were performed at 

25 °C using a dynamic vapor sorption instrument (Surface Measurement Systems Ltd., 

Allentown, PA). Under continuous airflow (200 mL/min), the system was pre-equilibrated at 

5% Relative Humidity (RH). The samples were exposed sequentially from 30 to 95% RH. The 

RH transitions and mass variations of the sample were monitored continuously. The moisture 

sorption isotherms were determined using the DVS Analysis Macro V6.1 software. 

 

5.2.7 Thermal properties of oat flakes and oat flakes containing microparticles 

 

The thermal behavior of the oat flakes and oat flakes with microparticles described by 

the following parameters 'onset of gelatinization' (To); 'peak gelatinization temperature' (Tp); 

and 'enthalpy' (J/ g) was analyzed using a Multi-Cell Differential Scanning Calorimeter (MC-

DSC, TA Instruments, New Castle, DE, USA) equipped with the TRIOS software (TA 

Instruments, New Castle, DE, USA). The samples dispersed in water (with a moisture content 

of 80%) were weighed into ampoules and sealed. An empty pan was used as the reference. The 

samples were equilibrated at 5 °C and then heated to 140 °C at a rate of 1 °C/ min. Each sample 

was run in triplicate and the average results are shown.  
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5.2.8 Pasting properties 

 

The oatmeal paste was prepared using the discovery hybrid rheometer 3 (DHR-3, TA 

Instruments Ltd., New Castle, DE, USA) with a pasting cell geometry, to simulate operating 

conditions where temperature and shear are applied during the process. The experiment was 

conducted by mixing (i) oat flakes and distilled water (80% w/ w); (ii) oat flakes blended with 

microparticles (6% w/w), and distilled water (80% w/w); (iii) oat flakes, GPE (6% w/w), and 

distilled water (80% w/w).  

The samples were prepared using the following procedure: (1) Conditioning the sample 

at 25 °C for 2 min; (2) Heating ramp to the selected temperatures of 70, 80 or 90 °C at 5 °C/ 

min with a shear rate of 50 or 100 1/ s; (3) Flow peak hold in the selected temperature and shear 

conditions for 120 s; (4) Cooling ramp to 25 °C at 5 °C/ min; (5) Oscillation frequency at 25 

°C from 0.01 to 10 Hz with a 0.5% strain. The testing parameters and treatments are shown in 

Table 12. 

 

Table 12. Variable parameters evaluated in the preparation of oatmeal paste in DHR-3 

Treatments Parameters 

 Temperature (°C) Shear (1/s) 

70/50 70 50 

80/50 80 50 

90/50 90 50 

70/100 70 100 

80/100 80 100 

90/100 90 100 

Reference: Own source. 

 

5.2.9 Retention of β-carotene, lutein, and total carotenoid content in the oatmeal paste 

 

Total carotenoid content of oatmeal paste containing encapsulated and free GPE was 

analyzed using spectrophotometry, as described in Section 5.2.4. The main carotenoids 

extracted from guaraná peels were β-carotene and lutein (Pinho et al., 2021). The contents of 

the incorporated carotenoids were quantified in the oatmeal paste and the raw material, by high 

performance liquid cromatography (HPLC), to evaluate the effect of the process on the retention 
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of these compounds. Carotenoid extraction was carried out following Kopec et al. (2014), with 

some modifications according to the solvents used. Sequential extractions were performed 

using methanol and the mixture of ethanol: acetone: hexane (1:1:1, v/v/v). The extract was then 

injected into HPLC apparatus Agilent 1260 ultra-high performance liquid chromatograph with 

a diode array detector (UHPLC-DAD), using a C30 column (YMC Inc., 4.6 x 250 mm, 3 μm). 

The solvent system utilized consisted of mobile phase A: 60% methanol, 35% MTBE, 3% 

water, 2% aqueous ammonium acetate (2% w/v), and mobile phase B: 78% MTBE, 20% 

methanol, 2% aqueous ammonium acetate (2% w/v). The HPLC elution program was carried 

out as the following procedure: 0% B to 35.6% B in 9 min, to 100% B during the next 6.5 min, 

maintaining for 3.5 min at 100% B, and equilibrate for 3.5 min at initial conditions, using a 

flow rate of 1.3 mL/min (Cooperstone et al., 2015).  

 The contents of β-carotene and lutein were calculated from their peak areas in 

comparison to standards with known concentration, using a calibration curve. Carotenoid 

retention was determined by comparing their content before and after the pasting process and 

expressed as a percentage.  

 

5.2.10 Statistical analysis 

 

The data were analyzed using ANOVA and Tukey test in SAS statistical software 

(version 8.02, Statistic Analysis System). Significant differences were defined at P < 0.05. All 

data were expressed as means ± Standard Deviation (SD). The pasting process was performed 

in duplicate. 

 

5.3 Results and Discussion 

5.3.1 Total carotenoid content of microparticles 

 

Microparticles rich in carotenoids were produced by spray-drying under three 

formulations to assess the best treatment for further application. Total carotenoid content and 

retention after encapsulation are presented in Table 13. The SD1:2 treatment showed a 

significantly higher carotenoid content compared to the others. This difference was consistent, 
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since the microparticles containing more carotenoid-rich extract in the proportion core:carrier 

material would present higher content of carotenoid.  

The protective effect of carrier material on carotenoid stability after encapsulation, the 

SD1:4 treatment had the lowest retention. Although this sample had the highest carrier material 

proportion, the temperature of atomization was not sufficiently high to evaporate the water and 

dry the microparticles effectively. In consequence, this resulted in the adherence of semi-moist 

powder to the wall of the drying chamber, leading to the additional exposition to the 

temperatures of the process, and degradative reactions of carotenoids.  

 

Table 13. Total carotenoid content and retention in microparticles after spray drying (SD) 

process 

Formulations Carotenoid content 

(µg/g) 

Carotenoid retention     

(%) 

SD1:2 96 ± 1 a 100 ± 1a 

SD1:3 57.6 ± 0.7 b  99.4 ± 0.2a 

SD1:4 40.7 ± 0.9 c 96.7 ± 0.3b 

In formulations, the name is the proportion of the core:carrier material. The results are expressed as the mean 

value ± standard deviation (n = 3). Different letters in the columns represent a significant difference (P < 0.05). 

 

Carotenoids are sensitive compounds as well documented, and the temperature applied 

for the atomization can influence their stability. The high retention observed in SD1:2 and 

SD1:3 was probably associated with the relationship between the suitable degree of heat 

treatment and feed material of these formulations during the process. The finding supports our 

hypothesis that one of the main factors that affect carotenoid retention during encapsulation by 

spray drying is the core: carrier material proportion associated with the operational condition 

of atomization. 

 

5.3.2 Stability study of microparticles during storage 

5.3.2.1 Carotenoid retention 

 

Figure 17 shows the retentions of total carotenoids in the microparticles and free GPE 

during storage under dark at 25 °C. Following 90 days, a carotenoid loss of 45% was found in 



 
 

159 
 
 

the free GPE, whereas only ~30% was observed in the microparticles. It is essential to highlight 

that free GPE considered a control contains sunflower oil, as mentioned in Section 5.2.2. The 

sunflower oil was added to alleviate the significant losses observed in obtaining the extract, 

which certainly protected the carotenoids during storage. 

Regarding the microparticles, the carrier material acts as a physical barrier against 

environmental conditions, and the core was efficiently entrapped using gum arabic. This reduced 

the pronounced degradation of the active component, as observed in the free GPE. However, 

isomerization and/or oxidation of these compounds occured in the encapsulated samples. In this 

system, the high degree of carotenoids unsaturation concomitant with the presence of oxygen 

were the crucial reasons that contributed to their degradation over time. 

 

Figure 17. Total carotenoid retention in free and encapsulated guaraná peel extract (GPE) 

produced by spray drying at a temperature of 100 °C. The formulations represent the 

proportion of the core:carrier material 
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Reference: Own source. 

 

To assess the stability of carotenoids in encapsulated and non-encapsulated GPE, the 

first-order kinetics model was followed, and the results are described in Table 14. In a first-

order mechanism, the reaction rate depends on variations in the amount of only one reactant; in 

this case, the reactants are the carotenoids. All microparticles showed low values for the first-

order rate constant (k), which indicates a reduced degradation, also evidenced by the half-life 
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(t1 / 2). From this aspect, it can be noted that the loss of carotenoids occurred faster in the non-

encapsulated extract than those in the encapsulated. The findings denote that the spray drying 

technique improved the stability of GPE due to the protective potential of the carrier material 

under storage conditions, promoting a longer shelf life. Similar results were reported when the 

carotenoid stability was evaluated in spray-dried samples (Rascón, Beristain, García, & Salgado 

2011; Etzbach et al. 2020). 

 

Table 14. Kinetic parameters for carotenoid degradation in non-encapsulated and encapsulated 

extract during storage 

Sample k (s-1) t 1/2 (days) R2 

Free extract  0.006 108.082 0.811 

SD1:2 0.005 141.924 0.888 

SD1:3 0.005 152.286 0.897 

SD1:4 0.005 144.676 0.874 

Formulation SD (core:carrier material ratio). 

Reference: Own source. 

 

5.3.2.2 Color parameters 

 

The powder’s color, measured by the parameters L*, a*, b*, Chroma, and ΔE (total 

color difference) may indirectly indicate the degradation of carotenoids during the storage. 

Overall, the color characteristics of the samples were influenced by core:carrier material 

concentration in the feed material formulations (Figure 18). Comparing the treatments, an 

increase in the L* values was observed by increasing the ratio of gum arabic solution in the 

samples as following the order: SD14>SD1:3>SD1:2. Besides, the formulations with the 

highest concentration of GPE showed higher values of a* and b*, as expected. Chroma 

represents color saturation, which was in the first quadrant of the CIELab chart, corresponding 

to the vivid red-yellow color. A slight reduction of Chroma was observed in all formulations 

during storage, indicating loss of color intensity and degradation of the pigment, which 

corroborates with the results found in the stability study. 

Regarding the trend for the total color difference, the expression of ΔE values for SD1:2 

(7.31), SD1:3 (6.19), and SD1:4 (5.19) exhibited the overall variation between the samples at 
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initial time and the samples stored 90 days in the absence of light. This result is related to the 

degradation of carotenoids during the period, taking into account the carrier agent (gum arabic) 

offering stability to the component of interest. Indeed, the color variation over storage had some 

influence on the powder quality, considering the colorant property as well as the bioactivity 

capacity of these pigments. 

 

Figure 18. L*, a*, b*, and Chroma parameters obtained for each formulation produced 

by spray drying in instrumental color analysis during storage at 25 °C. The formulations 

denote the proportion of the core:carrier material 

 

Reference: Own source. 

 

5.3.2.3 Mean particle diameter 
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Particle size is an important property for application as an ingredient in food products. 

The microparticle size distribution can be influenced by external and/or internal aspects. The 

conditions used in the spray drying procedure, such as temperature, pressure nozzle, airspeed, 

and feed flow are some of the external factors. Whereas, the feed material formulation and its 

preparation process may act as the internal factors (Favaro-Trindade, Okuro, & de Matos Jr, 

2015). 

Unlike formulations SD1:2 and SD1:3, SD1:4 microparticles exhibited a remarkable 

size variation, in which the median diameter ranged from 9 to 18  μm, over storage (Table 15). 

This phenomenon can be attributed to agglomeration. The hydrophilic active sites of gum arabic 

(carrier material) can absorb water favoring adherence properties of the samples. Due to the 

electrostatic effects and covalent bonds, adhesion between the wetted microparticles occurs, 

and the contact or collision among them can generate new agglomerate structures (Walton & 

Mumford, 1999; Ghosal, Indira, & Bhattacharya, 2010). Considering the higher proportion of 

gum arabic in SD1:4 formulation, the effect of this phenomenon was maximized and reflected 

in the size variation after 90 days. 

 

Table 15. Mean and standard deviation of diameter sizes (μm) expressed in volume for each 

formulation of microparticles obtained by spray drying at 0 and 90 days of storage at 25 °C 

Time (days) Formulations Median diameter (µm) 

0 SD1:2 12 ± 1a 

0 SD1:3 9 ± 2ab 

0 SD1:4 9 ± 1b 

90 SD1:2 15 ± 3a 

90 SD1:3 13 ± 2a 

90 SD1:4 18 ± 5a 

Formulation SD (core:carrier material ratio). The results are expressed as the mean value ± standard deviation 

(n = 3). Different letters in the columns represent a significant difference (P < 0.05). 

Reference: Own source. 

 

The particle size was within the typical range for atomization, which varies from 5 to 

150 µm. Their dimensions were below the value (<100 μm) of particles which have been found 

to cause little or no interference sensory when being added to food. Moreover, this parameter 

may be associated with bioavailability and solubility of the active components entrapped, 



 
 

163 
 
 

considering that the more surface area of the particle the more the bioactivity of the compounds 

(Ezhilarasi, Karthik, Chhanwal, & Anandharamakrishnan 2013). 

 

5.3.2.4 Moisture content and Aw 

 

Moisture and Aw are indicators of drying efficiency and are the main factors that affect 

powder stability. The mean values for these parameters before and after storage are shown in 

Table 16.  

 

Table 16. Moisture and water activity (Aw) of encapsulated carotenoid-rich guaraná peel 

extract 

Time (days) Formulations Parameters 

  Moisture (%) Aw 

0 SD1:2 3.9 ± 0.4d 0.21 ± 0.02c 

0 SD1:3 4.8 ± 0.4c 0.24 ± 0.03c 

0 SD1:4 4.1 ± 0.7cd 0.16 ± 0.02d 

90 SD1:2 6.9 ± 0.3b 0.461 ± 0.007b 

90 SD1:3 8.1 ± 0.3a 0.479 ± 0.006a 

90 SD1:4 8.2 ± 0.1a 0.50 ± 0.02a 

Formulation SD (core:carrier material ratio). The results are expressed as the mean value ± standard deviation 

(n = 3). Different letters in the columns represent a significant difference (P < 0.05). 

Reference: Own source. 

 

After 90 days, the moisture and water activity of the powders increased significantly (P 

< 0.05). This occurred because of the water uptake by powder, during storage under a relative 

humidity of 33% and 25°C. However, even after this period, the samples showed low values of 

water activity. The moisture content and water activity can influence microbial development, 

in addition to enabling biochemical reactions. According to the literature, to avoid microbial 

growth, the water activity of products must be less than 0.60 (Chiou & Langrish, 2007; Tuyen, 

Nguyen, & Roach, 2010); therefore, the powder evaluated may be considered microbiologically 

safe. Besides, Aw values near 0.30 imply that the food products are less sensitive against non-

enzymatic browning and enzymatic activities during storage (Labuza & Dugan, 1971; Álvarez-

Henao et al., 2018). 
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The relevance of powdery ingredients lies in their large application in the food industry. 

The incorporation of microparticles enriched with carotenoids in a model food requires 

investigating the characteristics of powder in general. In this way, it is possible to achieve a 

suitable application considering the convenient features for processing. The findings were 

expected to suggest a reasonable formulation, taking into account the carotenoid content and 

particle behavior. Thus, the formulation SD1:2 was selected to be incorporated in oatmeal paste, 

to better understand the effect of operational conditions on the carotenoid stability and paste 

properties. 

 

5.3.3 Dynamic vapor sorption (DVS) of oat flakes and microparticles 

 

Most materials are sensitive to the presence of water vapor or moisture content in a 

system (Hettrich & Fanter, 2010). Investigation of interactions between water and oat flakes, 

as well as between water and microparticles is essential to improve the conception of the effect 

of the encapsulated GPE incorporation on the characteristics of oatmeal paste. As shown in 

Figure 19, the equilibrium moisture content of the microparticles was 5-fold higher than those 

of oat flakes at RH of 60%. The DVS curves for the samples were type III (non-sigmoidal). 

A sorption moisture isotherm is determined by subjecting a material to different 

increasing relative humidity and monitoring the change in mass due to water absorption. The 

absorption of water depends on the number of available sites in the material capable of binding 

water molecules (Al-Muhtaseb, McMinn, & Magee, 2002; Steenberg & Harris, 1984).  

The structural difference between oat flakes and encapsulated GPE may be correlated 

with their distinct absorption rates. Gum arabic is a complex polysaccharide with a highly 

branched structure, which facilitates polar interactions with water by hydrogen bonds, at room 

temperature (Gabas, Telis, Sobral, & Telis-Romero, 2007). Whereas, the oat flake comprises 

mainly starch and fiber. Starch contains amylose, a linear molecule, and amylopectin, a non-

linear and highly branched molecule (Damodaran, Parkin, & Fennema, 2007; Brett et al., 2009). 

In the crystalline regions of the granule, the intermolecular interactions among the chains are 

very strong and the diffusion of the plasticizer like water is slow at room temperature.  
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Figure 19. Dynamic vapor sorption isotherms of particles produced by spray-drying 

(SD1:2) and oat flakes 

 

Reference: Own source. 

 

5.3.4 Thermal properties 

 

The onset temperature and the peak temperature for oat flakes and oat flakes 

incorporated with encapsulated GPE with a moisture content of 80% are listed in Table 17. The 

thermal properties were significantly affected (P < 0.05) by the addition of microparticles, 

showing a decrease in the enthalpies and a slight increase in gelatinization temperatures. This 

indicates that in samples containing oat flakes and microparticles, the starch was less gelatinized 

which is likely attributed to the decreased availability of water (Díaz-Calderón et al., 2018; 

Eliasson, 1983).  

In the system studied, microparticles and starch competitively bind water to form 

hydrogen bonds. As part of the water is bound to the microparticles with larger water absorption 

capacity, the available water for starch is reduced, which could elevate the starch gelatinization 

temperature due to insufficient hydration and swelling. 

 

 



 
 

166 
 
 

Table 17. DSC gelatinization properties of oat flakes and oat flakes enriched with encapsulated 

guaraná peel extract (GPE) 

Sample Onset Temp. (°C) Peak Temp. (°C) Enthalpy (J/g) 

Oat     53.05 ± 0.01b 60.1 ± 0.3b 3.1 ± 0.1a 

Oat+Encapsulated GPE    54.3 ± 0.6a 61.0 ± 0.3a 2.6 ± 0.1b 

The results are expressed as the mean value ± standard deviation (n = 3). Different letters in the columns represent 

a significant difference (P < 0.05). Reference: Own source. 

 

5.3.5 Pasting properties 

 

The viscosity of the oat flakes starch with and without GPE were investigated during 

the heating-cooling procedure as described in Section 5.2.8, to evaluate their influence on the 

oatmeal paste properties. In Figure 20, at 70 °C or above, gelatinization of the samples was 

observed, showing a rapid increase in viscosity.  

Temperature significantly affected the pasting behavior of the samples. At 70 °C and 80 

°C, the viscosity of oatmeal paste with encapsulated GPE was lower than those sole oatmeal 

without a noticeable peak. This implies smaller extent of starch swelling/gelatinization when 

encapsulated GPE were present. The increase in starch viscosity originates from the swelling 

of starch molecules. Further heating resulted in molecular disorganization and the leaching of 

amylose and amylopectin into the solvent. Shear facilitated the formation of the paste by 

promoting non-covalent interactions between starch molecules, which can be affected by the 

temperature and sample composition (Punia et al., 2020; Taghizadeh et al., 2013; Wang et al., 

2019). 

 Particles produced using gum arabic as the carrier material hindered the 

swelling/gelatinization of the grains. Singh, Geveke, & Yadav (2017) suggested that gum arabic 

might cover the surface of the starch during processing, leading to the reduced interaction 

among neighboring starch granules, which may control the swelling power of starch and 

restricted the increment of viscosity. In this case, the system would require higher temperatures 

to completely gelatinize the starch. Shahzad et al. (2019) reported similar findings. 

At 80 °C, the oatmeal paste with free GPE showed significantly higher peak viscosity 

than the control (only oat flakes and water). This may be attributed to the presence of residual 
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ethanol from GPE in the starch granules, which favors maximum swelling and leads to the 

gelatinization of most of the starch in the system (Farrag et al., 2018). Previous researchers 

(Sun et al., 2021) have reported that an aqueous ethanol medium promoted the formation of 

hydrogen bonds with starch molecules, resulting in stronger gels compared to those prepared 

with pure water. Alternatively, GPE contains high amount of carotenoids. These compounds 

are hydrophobic, which may interact with double helices structures via hydrophobic 

interactions, and contributes to higher viscosity. 
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Figure 20. DHR- 3 pasting curves of oatmeal paste enriched with encapsulated GPE and free GPE. Testing conditions: (A) temperature 70 

°C and shear rate 50 1/s; (B) temperature 80 °C and shear rate 50 1/s, (C) temperature 90 °C and shear rate 50 1/s; (D) temperature 70 °C and 

shear rate 100 1/s; (E) temperature 80 °C and shear rate 100 1/s; (F) temperature 90 °C and shear rate 100 1/s 

 

Reference: Own source. 
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5.3.6 Carotenoid retention 

 

The formulation of foods enriched with active compounds is a matter of concern for the 

food industries, considering the impact of processing on its bioactivity. For this reason, the 

retention of β-carotene and lutein under the thermo-mechanical treatment applied during the 

production of oatmeal paste was investigated. The results are illustrated in Figure 21. 

β-carotene showed high stability with retentions ranging from 59 – 87% under different 

temperature and shear rates, regardless of its status (encapsulated or not). The lutein stability 

was significantly higher in samples enriched with encapsulated GPE than the sample with free 

GPE, varying from 51 – 89%. Regarding the testing conditions, 90 °C and the shear rate 100 

1/s exhibited a larger destructive effect on the carotenoids, either free or in their encapsulated 

treatments. 

 

Figure 21. β-carotene and lutein retentions in oatmeal paste incorporated with 

encapsulated and free guaraná peel extract (GPE) after the process at different conditions 

(temperature/shear rate) 

 

Reference: Own source. 

 

Carotenoids are classified into carotenes and xanthophylls, in which the latter is more 

polar. The first group, comprising pro-vitamin A carotenoids (β-carotene), demonstrated greater 

stability. Higher retention of β-carotene in the aqueous system may be due to its physical 

stability towards environmental conditions. In contrast, the reactivity of xanthophylls, such as 

lutein, was highly affected during food processing by its structure, characterized by the presence 

of oxygen in the molecule chain. The trapped oxygen within the food matrix composed of water 

and oat flakes may contribute to the oxidation of the carotenoids in the free guaraná peel extract, 
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and as a result, this system led to the substantial loss of lutein. Therefore, the encapsulation 

technique reduced the degradation of this component. Dhuique-Mayer et al. (2007) assessed 

the stability of carotenes and xanthophylls from citrus juice upon thermal treatment, and they 

suggested that the former may be less reactive in a polar solvent. Interestingly, on the opposite, 

when the stability of β-carotene and lutein in oil (i.e. a nonpolar solvent) was investigated 

during heat treatment, they found that β-carotene had the highest reactivity (Achir et al., 2010). 

Carotenoids have highly unsaturated chains and are easily to be oxidized. In addition, 

the isomerization of these compounds also affects their stability through food processing 

(Aman, Schieber, & Carle, 2005; Waramboi, Gidley, & Sopade, 2013). During the preparation 

of the oatmeal paste, extrinsic and intrinsic factors can be considered the promoters of 

oxidation/ isomerization reactions. Thermo-mechanical stress, the incidence of light, and the 

presence of oxygen may be the main external reasons contributing to the loss of carotenoids. 

The composition of the food matrix, the physical status of the carotenoid, and the air 

incorporation into the sample may be considered the internal factors affecting the active 

retention (Vásquez-Caicedo, Schilling, Carle, & Neidhart 2007; Rodriguez-Amaya, 2001). 

Indeed, degrading reactions are promoted by the structure of the carotenoid as well as 

the factors mentioned previously. Similar results have been reported by other researchers 

(Gama & Sylos, 2007; Provesi, Dias, & Amante, 2011). 

 

5.4 Conclusions 

Microencapsulation of carotenoid-rich extract from guaraná peels enhanced its stability 

over storage. The sample SD1:2 exhibited promising features among other formulations, 

including high carotenoid content, suitable particle size, and intense color. The addition of 

microparticles rich in bioactive compounds into oatmeal paste increased the onset and peak 

temperature of starch but decreased its enthalpy. Besides, it reduced the viscosity of the system, 

whereas the opposite trend was observed for the samples with free GPE. Overall, the 

gelatinization of oat flakes starch was affected by the decrease of accessible water, due to the 

presence of the microparticles. 

Testing conditions such as temperature and shear, favored heat transfer and oxygen 

incorporation in the system, reducing the total carotenoid content of the samples. In addition, 

the treatment significantly altered the lutein content, when compared to β-carotene. However, 

pigment loss was minimized by encapsulation. 
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The recovery of bioactive components from by-products, such as β-carotene 

(provitamin A) and lutein (recognized as an agent that prevents macular degeneration), revealed 

the importance of the present research on adding value to a waste of a food process encouraging 

sustainable development. In addition, the study of applications of these materials, as suggested 

in the current work, represents a suitable trend for obtaining functional foods. 
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Guaraná peel comprises insoluble fibers, macro-and micro minerals, caffeine, 

theobromine, phenolic compounds, and carotenoids, including all-trans-β-carotene, cis-β-

carotene, and lutein. The ethanolic extract of guaraná peels exhibits a tremendous antioxidant 

capacity assessed by the ORAC and ABTS tests.  

The encapsulation of the carotenoid-rich extract by spray drying, chilling, and 

combining both techniques can protect the bioactive components with high retention ranging 

from 70 to 98% over storage. A slight degradation of encapsulated carotenoids observed in all 

particles evaluated in this study was likely caused by oxidation reactions. 

The resultant microparticles obtained by combining techniques displayed promising 

thermal properties, oxidative stability, and water sorption features. Although the spray chilled 

microparticles presented better retention after 90 days of storage, the spray-dried microparticles 

exhibited good retention, higher encapsulation efficiency and carotenoid content. Thus, these 

particles were selected to be applied in a food matrix model for further evaluation. 

Incorporating microparticles loaded with carotenoids into oatmeal intensified starch's 

onset and peak temperature but reduced its enthalpy. Overall, the gelatinization of oat starch 

was affected lying the presence of the microparticles, primarily due to the decrease of available 

water in the system. The operating conditions influenced the degradation of carotenoids, and 

specifically, the treatment reduced the lutein content compared to β-carotene. However, 

pigment loss was minimized by encapsulation. 

It is worth noting that the particles from each encapsulation technique can be better 

applied according to the food matrix to be enriched. Considering the particles obtained in the 

current study, all had good features for producing functional products. 

In general, this study endorses the initiative to mitigate the environmental waste load by 

reutilizing by-products and adding value to foods. Nevertheless, it was proven that spray-

drying, chilling, and combined techniques consist of robust alternatives to improve the stability 

of carotenoids and offer a longer shelf life. The use of gum arabic, hydrogenated vegetable fat, 

and their mixture as carrier materials exhibit a significant impact on the features of 

microparticles. The quality of food products enriched with bioactive components depends on 

the processing techniques and operating parameters. Investigations focused on the interactions 

between food ingredients upon certain processing conditions open up new insights, which 

disclose phenomena during the application. For this reason, more studies should be conducted 

dealing with the incorporation of encapsulated bioactive compounds in foods. In this 

suggestion, the consumers have an essential role in the acceptance of new products. In addition, 
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the bioaccessibility/bioavailability of these functional foods is a crucial aspect to be evaluated 

to validate their health benefits to the consumers. 
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Microparticles obtained by Spray Drying/Chilling 

Microparticles obtained by Spray Drying 

Microparticles obtained by Spray Chilling 

Formulations:         SD33                    SD25                SD20 

Formulations:         SC40                    SC30                  SC20 

Formulations:                  SDC20                       SDC10 


