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RESUMO  

A demanda do mercado consumidor por ingredientes e produtos alimentícios 

provenientes de fontes naturais, ricos em bioativos, e obtidas através de tecnologias 

inovadoras que promovam menores impactos sobre os recursos naturais tem 

impulsionado o desenvolvimento de novos produtos e processos. Assim, o objetivo dessa 

tese foi estudar novas rotas e perspectivas de processamento da matriz vegetal Genipa 

americana L. utilizando a tecnologia de ultrassom de alta intensidade para obtenção de 

novos produtos. Os frutos verdes de jenipapo contêm genipina, um iridoide precursor de 

compostos de cor azul, o qual também apresenta capacidade antioxidante, anti-

inflamatória e de inibição de células carcinogênicas. A tecnologia de ultrassom de baixa 

frequência e alta potência, por sua vez, tem sido utilizada no projeto de processos 

eficientes e limpos. Desta forma, na primeira etapa, estudou-se a viabilidade técnica e 

econômica da obtenção de um extrato etanólico rico em genipina a partir de diferentes 

configurações de processos de extração assistido pelo ultrassom. Os impactos da 

aplicação de ultrassom foram avaliados por meio da utilização de processos não térmicos 

e térmicos sob as mesmas condições de energia específica. Processos térmicos (18 W) 

tiveram um melhor desempenho na extração do composto alvo e foram economicamente 

mais viáveis em comparação aos não-térmicos (1.5 W). Embora os processos utilizando 

maior potência acústica tenham aumentado a temperatura do sistema, eles favoreceram a 

difusão e, consequente, extração da genipina sem contribuir para degradação do precursor 

corante. Posteriormente, avaliou-se o efeito da energia específica (0,06, 0,10, 0,17 e 0,25 

kJ/g) fornecida pelo ultrassom sobre a obtenção de um corante natural azul em uma única 

etapa. Para isso o sistema coloidal do leite foi utilizado como solvente, fonte de aminas 

primárias para reação de reticulação com a genipina e carreador dos compostos de 

coloração azul produzidos. A energia acústica assistiu à extração da genipina, sua 

reticulação com as proteínas do leite e a formação de um corante mais azul e 

cineticamente estável. Da mesma forma, seguindo a demanda por produtos livres de 

matérias-primas de origem animal, o desempenho de extratos vegetais de arroz, aveia, 

amendoim e amêndoa foram avaliados em substituição ao leite para a produção de 

corantes naturais azuis. Nesta etapa, o impacto do tratamento de termosonicação aplicado 

aos extratos vegetais sobre a qualidade tecnológica dos corantes foi avaliado. O extrato 

vegetal obtido de amêndoas foi o que apresentou as melhores características químicas e 

físicas para carrear o corante azul. Além disso, a termosonicação favoreceu a 

estabilização cinética dos corantes líquidos obtidos. Por fim, avaliou-se a aplicação do 

novo produto obtido a partir do extrato de amêndoa em uma bebida vegetal. Avaliou-se 

o tratamento dessa bebida através da termosonicação aplicada em diferentes potências 

acústicas (4,6, 8,5 e 14,5 W) e tempos de tratamento (5, 10 e 15 min). Todos os 

tratamentos avaliados preservaram a atividade antioxidante da bebida, porém os mais 

intensos (8,5 e 14,5 W por 10 e 15 min) promoveram a degradação de alguns ácidos 

graxos e compostos voláteis. Dessa forma, a partir de frutos verdes de Genipa americana 

L. foi possível estabelecer novas rotas empregando a tecnologia de ultrassom de alta 

intensidade para produção de corante natural azul. Além disso, nós demonstramos a 

viabilidade técnico-econômica da extração assistida por ultrassom para a produção de um 

extrato etanólico rico em genipina e a estabilidade do corante produzido a partir das 

proteínas de amêndoa frente a tratamentos de termosonicação que aplicaram energia 

acústica e térmica.  

 

Palavras-chaves: energia acústica, genipina, corante natural azul, produtos não-lácteos. 



 

 

 

ABSTRACT 

New food products and processes have been developed due to the consumer demand for 

food ingredients and products from natural and bioactive sources obtained through 

innovative technologies that promote less impact on natural resources. Thus, this thesis 

aimed to study new routes and perspectives for processing the plant matrix Genipa 

americana L. using high-intensity ultrasound technology to obtain novel products. The 

unripe fruits of genipap are rich in genipin, an iridoid precursor of blue compounds that 

present antioxidant, anti-inflammatory, and inhibiting capacity for carcinogenic cells. 

Low-frequency and high-power ultrasound technology have been used to design efficient 

and clean processes. Thus, the technical and economic feasibility of obtaining an 

ethanolic extract rich in genipin from different configurations of ultrasound-assisted 

extraction processes was studied in the first stage. The impacts of ultrasound application 

were evaluated using non-thermal and thermal processes under the same specific energy 

conditions. Thermal processes (18 W) had a better performance in extracting the target 

compound and were more economically viable than non-thermal processes (1.5 W). 

Although higher acoustic power processes increased the system's temperature, they 

favored the diffusion and, consequently, the extraction of genipin without contributing to 

the degradation of the colorant precursor. Subsequently, the effect of specific energy 

(0.06, 0.10, 0.17, and 0.25 kJ/g) provided by ultrasound on obtaining a natural blue 

colorant in a single step was evaluated. For this, the colloidal milk system was used as a 

solvent, source of primary amines for crosslinking reaction with genipin, and carrier of 

the blue-colored compounds produced. Acoustic energy-assisted the extraction of 

genipin, its crosslinking with milk proteins, and the formation of a bluer and kinetically 

stable colorant. Likewise, following the demand for products free of animal raw materials, 

the performance of plant extracts of rice, oats, peanuts, and almonds was evaluated as a 

substitute to milk for the production of natural blue colorants. In this step, the impact of 

the thermosonication treatment applied to plant extracts on the technological quality of 

the colorants was evaluated. The plant extract obtained from almonds showed the best 

chemical and physical characteristics to carry the blue colorant. Furthermore, 

thermosonication favored the kinetic stabilization of the liquid colorants obtained. 

Finally, we evaluated the application of the almond-based colorant in a plant-based 

beverage. The beverage was processed through thermosonication applied at different 

acoustic powers (4.6, 8.5, and 14.5 W) and treatment times (5, 10, and 15 min). All 

treatments preserved the beverage's antioxidant activity, but more intense treatments (300 

and 400 W for 10 and 15 min) promoted the degradation of some fatty acids and volatile 

compounds. Therefore, we established new routes employing high-intensity ultrasound 

technology to produce natural blue colorants from unripe fruits of Genipa americana L. 

Furthermore, we demonstrated the technical-economic feasibility of ultrasound-assisted 

extraction for producing an ethanolic extract rich in genipin and the stability of the blue 

almond-based colorant against thermosonication treatments that applied acoustic and 

thermal energy. 

 

Keywords: acoustic energy, genipin, natural blue colorant, non-dairy products. 
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1 General introduction  

Consumers are demanding food products with high added value concerning their 

sensory properties and safety. In this sense, plant materials have been evaluated as a 

source of ingredients to produce innovative products. Genipap (Genipa americana L.) is 

a Brazilian fruit with a high content of phenolic compounds and iridoids. Geniposide is 

the major compound in the unripe genipap fruits, representing more than 70% of the total 

iridoids, but it is the genipin that stands out (Bentes & Mercadante, 2014). Genipin has 

an antioxidant capacity; thus, it can act against carcinogenic bladder cells and 

glioblastoma tumor cells (Ahani, Sangtarash, Houshmand, & Eskandani, 2019; Li et al., 

2018). 

Moreover, this iridoid is a precursor of blue color compounds that are produced 

through its crosslinking with primary amines groups (Touyama, et al., 1994). The 

crosslinking between genipin and primary amine groups is catalyzed by oxygen and heat. 

Figure 1 presents pictures of unripe genipap fruit with peel (A) and without peel (B).  

 

 

Figure 1. Unripe genipap fruit with peel (A) and without peel (B). 

 

The blue color observed in the peeled fruit (Figure 1B) is formed immediately 

after peeling. The oxygen-catalyzed genipin reacts with the fruit's proteins forming the 

blue compounds. Some studies reported that these compounds are a mixture of high 

molecular weight polymers (Landim Neves, Silva, & Meireles, 2021). Due to genipin’s 

chemical characteristics, solid-liquid extractions, using pressurized fluids, ultrafiltration, 

and assisted by enzymes have been studied to extract and isolate this iridoid from unripe 

genipap fruits (Bellé, et al., 2018; Náthia-Neves, Tarone, Tosi, Maróstica Júnior, & 

(A) (B)
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Meireles, 2017; Ramos-De-La-Pena, Renard, Montañez, de la Luz Reyes-Vega, & 

Contreras-Esquivel, 2015; Renhe, Stringheta, Fonseca, & de Oliveira, 2010). 

Among the innovative technologies, high-intensity ultrasound is more efficient for 

extraction processes, providing high yields in a short processing time (Chutia & Mahanta, 

2021; Neves, Strieder, Vardanega, Silva, & Meireles, 2020). Besides that, ultrasound-

assisted extractions allow the use of GRAS (Generally Recognized as Safe) solvents; they 

are flexible and require low energy (Galviz-Quezada, Ochoa-Aristizábal, Zabala, Ochoa, 

& Osorio-Tobón, 2019; Tiwari, 2015). Therefore, a techno-economic assessment of 

ultrasound technology to obtain genipin ethanolic extract becomes interesting. Among 

the parameters involved in these processes, the sample and solvent mass, ultrasound 

power, and processing time are the most evaluated. However, there is still no 

standardization in the operational parameters of the high-intensity ultrasound processing 

and many times, some of these are not informed (Strieder, Silva, & Meireles, 2019). In 

this regard, we proposed to evaluate the energy sourced by the ultrasound device to the 

system according to the specific energy (Equation 1) (Silva et al., 2018).  

 

 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 [
𝑘𝐽

𝑔
] =

𝐴𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 (𝑘𝑊) × 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 (𝑠)

𝑆𝑎𝑚𝑝𝑙𝑒 𝑎𝑛𝑑 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 (𝑔)
 

(1) 

 

Where the acoustic power can be determined using a calorimetric technique, 

hydrophones, optical microscopes, or aluminum foil (Cárcel, Benedito, Bon, & Mulet, 

2007; Mason, Lorimer, Bates, & Zhao, 1994). 

The application of ultrasound in a liquid medium promotes acoustic cavitation. 

This phenomenon occurs when acoustic energy waves promote cycles of compression 

and rarefaction of the molecules in the solution resulting in microjetting of bubbles 

(Chemat et al., 2017). These microjetting facilitates the mass transfer by reaching the raw 

material, unblocking its channels and pores, and even causing cell ruptures that favor the 

diffusion of the compounds (Miano, Ibarz, & Augusto, 2016). In this way, this technology 

can be used in the processes of extraction, homogenization, emulsification, physical 

modifications, among others (Bernardo, Ascheri, & Carvalho, 2016; Chemat & Khan, 

2011; Cui & Zhu, 2021; L. Zhou, Zhang, Xing, & Zhang, 2021). 

In addition, to provide acoustic cavitation, the application of acoustic energy can 

increase the temperature of the medium. In this sense, ultrasound technology can be 
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evaluated through non-thermal and thermal processes by applying the same acoustic 

energy and comparing the extraction yield. Thus, the effect of the heat provided by the 

process can also be evaluated in the target compound extraction. Furthermore, as 

ultrasound is an emerging technology, evaluating the process's economic viability to 

extract a target compound can source information about the advantages of the extraction 

procedures and scale-up. This evaluation can be performed using experimental data and 

software that simulate the cost of extracting and obtaining the product. In this sense, the 

ultrasound treatments' energetic performance can also be compared with other 

technologies. 

The genipin from the genipap extracts can be separated and purified to be used as  

a stabilizer and natural crosslinker (Bigi, Cojazzi, Panzavolta, Roveri, & Rubini, 2002; 

Chiono, et al., 2008; Mi, Shyu, & Peng, 2005; X. Zhou, et al., 2018). In addition to these 

functions, genipin can also be used to produce a natural blue colorant. This iridoid is 

catalyzed by heat and oxygen crosslinks with primary amines groups forming blue 

compounds. These blue compounds can be used as a natural food coloring. The blue color 

of these compounds is affected by the pH, temperature, amino source, and genipin-to-

amino acids source ratio (Neri-Numa, Pessoa, Paulino, & Pastore, 2017). Therefore, some 

researchers extracted the genipin using water or other organic solvents and, afterward, 

promoted genipin reaction with primary amines such as glycine and lysine (Echeverry, 

Zapata, & Torres, 2011; Touyama, et al., 1994). In this regard, as an alternative to these 

processes that used pure amines, other innovative and less expensive protein sources can 

be evaluated. Dairy proteins from milk can be an alternative, considering their 

constituents and applicability in the development of food products. Moreover, an 

ultrasound-assisted process can favor genipin extraction and its crosslinking with milk's 

primary amines in just one step. For that, different ultrasound-specific energies must be 

evaluated considering the effects of acoustic cavitation and temperature on the medium. 

Thereby, a natural blue colorant can be produced from unripe genipap and milk for 

application in dairy and bakery products and desserts. 

 Likewise, plant proteins can replace dairy proteins for producing this natural blue 

colorant considering the current demand for plant-based products. Plant extracts obtained 

from rice, oats, peanuts, and almonds can be extracted using water or other solvents and 

used as primary amines sources for producing blue-colored compounds. They are easier 

to use when compared to the isolated plant proteins because they are obtained in a liquid 

state and do not require purification steps. The use of high-intensity ultrasound 
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technology can advantageously provide the extraction of genipin, and its crosslinking 

with plant proteins as well as stabilize the plant extracts through a process of 

thermosonication (Alcántara-Zavala, de Dios Figueroa-Cárdenas, Pérez-Robles, 

Arámbula-Villa, & Miranda-Castilleja, 2020; Anaya-Esparza, et al., 2017). Plant-based 

extracts present insoluble solids that can affect the kinetic stability of the product (Aydar, 

Tutuncu, & Ozcelik, 2020). Thus, thermosonication treatments can favor the stabilization 

employing acoustic and thermal energies to reduce the particle size and increase the 

homogeneity of plant extracts (Atalar, et al., 2019). 

The natural blue colorants obtained from unripe genipap and dairy or plant 

proteins can be applied in different food products, such as beverages, dairy, and bakery 

products. Among these, plant beverages have been gaining market share in recent years 

due to the increase of consumers' intolerance or allergy to milk constituents and those 

who seek diversification in their diet (Vanga & Raghavan, 2018). Additionally, prebiotic 

carbohydrates and other functional ingredients are also a trend in beverage formulation 

(Guimarães, et al., 2019; Silva, Arruda, Pastore, Meireles, & Saldaña, 2020). For 

beverage processing, the high-intensity ultrasound technology through a 

thermosonication process contributes to the homogenization and stabilization of the 

product. Thus, avoiding the degradation of bioactive compounds due to the high 

temperatures used in conventional thermal treatments such as pasteurization and 

sterilization (Alcántara-Zavala, et al., 2020; Anaya-Esparza, et al., 2017). In this sense, 

the evaluation of the thermosonication processing design (acoustic power and holding 

time) under the phytochemical characteristics of a plant beverage can bring relevant 

information about the preservation of these compounds. 

Therefore, the potential of unripe genipap as a natural source of genipin to obtain 

innovative products and high-intensity ultrasound technology as an efficient and clean 

alternative for producing these products can be evidenced.  
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2 Objectives 

2.1 General objective 

Study new processing alternatives for Genipa americana L. using high-intensity 

ultrasound technology to obtain innovative natural blue colorants for the food industry. 

2.2 Specific objectives 

✓ Discuss the process variables of ultrasound-assisted extractions to obtain natural 

food colorants; 

✓ Observe the recent advances, trends, challenges regarding ultrasound processing 

applied to dairy, meat, bakery, minimally processed products, beverages, and food 

ingredients; 

✓ Evaluate non-thermal and thermal ultrasound-assisted extraction processes for 

obtaining a genipin ethanolic extract from unripe genipap; 

✓ Study the manufacturing costs and economic feasibility of obtaining genipin 

extract using high-intensity ultrasound technology; 

✓ Evaluate the ultrasound energy on the production of a natural blue colorant from 

the crosslinking between milk proteins and genipin using milk as a solvent, 

reaction medium, and carrier for the blue color compounds; 

✓ Verify the effects of a thermosonication pretreatment and four plant extracts, 

Oryza sativa L., Avena sativa L., Arachis hypogaea L., and Prunus dulcis, on the 

crosslinking between genipin and plant proteins for the production of natural blue 

colorants; 

✓ Observe the effects of the thermosonication pretreatment on the microstructure 

and kinetic stability of the plant-based colorants; 

✓ Apply the blue colorant obtained from the crosslinking between genipin and 

almond proteins on the formulation of a functional almond beverage; 

✓ Evaluate the impact of thermosonication treatments on the phytochemicals, 

antioxidant capacity, fatty acid stability, volatile organic compounds, and color 

attributes of the blue plant-based beverage. 
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3 Thesis structure 

The stages performed in this thesis are presented in 10 chapters. Figure 2 shows the topics presented in each chapter. 

 

Figure 2. Scheme of the presentation of the topics covered in each thesis chapter. 
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The plant material chosen for this thesis elaboration was unripe genipap. Our 

research group had already studied this raw material as a source of phytochemicals and 

coloring compounds. However, high-intensity ultrasound technology had not yet been 

evaluated for obtaining products from genipap. Therefore, Chapter 1 introduced genipap 

as a plant matrix rich in genipin, an iridoid that presents beneficial health effects for the 

human body. Moreover, the applications of genipin as a crosslinker and colorant were 

presented. Among the emerging technologies that can be used to obtain products from 

genipap, high-intensity ultrasound was highlighted. Thereby, we proposed the objectives 

also presented in Chapter 1. We planned to write two reviews to address all topics studied 

in this thesis. The first presented in Chapter 2 we reviewed the use of high-intensity 

ultrasound technology for extracting natural colorants. 

While in Chapter 3 we proposed to review the recent advances, trends, challenges 

regarding ultrasound processing applied to dairy, meat, bakery, minimally processed 

products, beverages, and food ingredients. These reviews supported our experimental 

design in which we proposed to obtain products from unripe genipap pulp using high-

intensity ultrasound technology. Thus, in Chapter 4 we did a techno-economic evaluation 

of non-thermal and thermal ultrasound-assisted extraction processes for obtaining a 

genipin ethanolic extract from unripe genipap. In this study, we observed the efficiency 

of thermal ultrasound treatments for the extraction of genipin. Thus, in Chapter 5 we 

proposed to obtain a blue natural colorant from the crosslinking between the genipin 

extracted from unripe genipap and milk proteins. The milk was used as the extracting 

solvent, source of primary amines, and carrier of the blue compounds. The effects of 

ultrasound processing were evaluated at different specific energies on the production of 

the natural blue colorant. One-step acoustic cavitation assisted the genipin extraction from 

the unripe genipap and its diffusion into the colloidal milk system favoring its 

crosslinking with milk proteins. Likewise, plant proteins can replace dairy proteins for 

producing this natural blue colorant considering the current demand for plant-based 

products. In this regard, in Chapter 6 we employed plant extracts obtained from rice, 

oats, peanuts, and almonds as extracting solvents and sources of primary amines for 

producing blue compounds. 

Moreover, a thermosonication treatment was applied to plant-based extracts to 

produce bluer colorants with better kinetic stability. The almond extract presented the 

best chemical and physical characteristics for producing the natural blue colorant. Thus, 

in the last experimental study shown in Chapter 7 we evaluated the application of this 
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colorant in an almond-based beverage. Also, we evaluated the thermosonication effects 

on the chemical characteristics of the product. The treatments increased the total 

flavonoids in the beverage and decreased the total phenolic content, promoting 

maintenance of the antioxidant activity. 

On the other hand, the thermosonication treatments promoted the oxidation of 

lipid and ethyl ester acids in the beverage. Furthermore, the treatments did not degrade 

the sensory attributes concerning the blue color. Thus, the thermal stability of the colorant 

previously produced was shown. Finally, Chapter 8 presents the general discussion and 

Chapter 9 the general conclusion, suggestions for future studies, and a memorial about 

the doctoral period. In these, we discussed the main results and conclusions observed in 

each review and experimental step. Chapter 10 presents the references used in the 

general introduction and discussion, followed by appendices.
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CHAPTER 2  

 

A review concerning process variables of ultrasound-assisted 

extractions to obtain natural food colorants 
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Extraction of Natural Colorants 
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Abstract  The demand for natural colorants has boosted the search for innovative technologies to obtain them. 
Ultrasound-assisted extraction (UAE) is one of the new green techniques that has been studied due to its process advantages 
that include high yields, short extraction times and nonutilization of elevated temperatures. However, a nonstandardization of 
the UAE variables complicates comparisons and hinders progress in the studies of this topic. In this review, the focus is the 
verification and discussion of which UAE process conditions authors have used to obtain natural colorants. Thus, it is 
possible to confirm that some authors used ultrasonic systems that are not appropriate for performing a good extraction, that 
some used a great amount of solvent and a long extraction time, and that researchers did not express the main variables 
(nominal power, extraction time and sample mass) as a function of the specific energy applied to processing. Therefore, it is 
possible to conclude that some studies using UAE were not conducted to obtain the best results, and the expression of the 
variables as a function of specific energy can generate a standardization, which facilitates comparison among the results 
obtained by the scientific community. 

Keywords  Dyes, Sonication, Emerging technology 

 

1. Introduction 
Colors are an important characteristic of food products, 

and they awaken people's different expectations [1]. 
According to Lee, Lee, Lee and Song [2], people perceive a 
food via their visual perception system, and through that, 
predict its taste before making a decision about whether or 
not to purchase it. Because of this, colorants are an important 
food ingredient, and the global food colorant market is 
growing—according to Markets and Markets, a growth of 
approximately $0.4 bn is estimated through 2020 [3].  

However, the majority of industries utilize synthetic dyes, 
which have been associated with health problems and cause, 
for instance, allergies and intolerances, especially in children 
[4]. Because of this, synthetic food colorants have been 
progressively replaced by those extracted from natural 
matrices [5, 6]. These are mostly carotenoids, anthocyanins, 
betacyanins and chlorophylls obtained from fruits and others 
vegetables [7].  

Obtaining natural colorants, generally includes, a 
solid-liquid extraction, which is a separation process that 
involves mass transference  and employs a solvent [8]. The   
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solvent utilized for extraction depends on the vegetable 
matrix, the chemical properties of the pigment and the 
technic to be employed [9]. In many separation processes 
performed by industry, large quantities of volatile and 
flammable organic solvents are used, thus, affecting the 
environmental and economic performance of the overall 
extraction [10]. Therefore, currently there is a search for 
nontoxics solvents that generate less waste and reduce costs 
[11, 12]. 

In view of new tendencies, green technologies have also 
been studied for the extraction of different compounds [13]. 
For the extraction of colorants, techniques include 
ultrasound [14], microwave [15], pulse electric field [16], 
pressurized liquids [17] and supercritical fluid processing 
[18]. Among them, sonochemistry (the principle of 
ultrasound) has been mentioned as a green chemistry, 
evidencing various advantages, such as energy savings due 
to the short time of operation; major yields due to the 
selectivity; and a reduction in the generation of waste, by the 
possible use of solvents, including water [19]. 

The variables in ultrasound-assisted extractions (UAEs) 
include the system utilized, the matrix and compound to be 
extracted, the solvent, the proportions of solvent and feed 
(the amount of solid sample) and the specific energy applied 
to processing. Specific energy is energy per unit mass 
expressed as a function of the nominal power and process 
time. As will be seen in this review, these variables have 
recently been studied for the obtaining of natural food 
colorants. However, a lack of standardization in the 
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expression of these conditions is observed, for example, the
authors did not clearly indicate what specify energy was
applied for the extraction.

Thus, in this review, a verification and discussion are
performed with respect to the variables used in UAE to
obtain natural food colorants. For this, articles published
between 2016 and 2018 are reviewed.

2. Ultrasound Technology
The utilization of ultrasonic techniques has been

increasing over time, and they can be utilized for the
analysis (low-intensity) or modification of foods
(high-intensity) [20]. High-intensity ultrasound is
characterized by the use of a frequency of 20 - 24 kHz and
high levels of power (10 - 1000 W/cm2), which physically
rupture the materials [20, 21].

The principle of this technique involves acoustic
cavitation that is promoted by the system. The waves of
acoustic energy promote cycles of compression and
rarefaction of the molecules in the solution. Through
pressure changes occurs the formation and collapse of
microbubbles in the medium that result in microjetting. The
microjetting generates effects such as surface peeling,
erosion and particle breakdown [22, 23], promoting
different applications such as the extraction of different
compounds [24], microbial and enzymatic inactivation [25],
emulsion formation [26] and physical modifications [27].
Among the applications, UAEs have recently been
increasingly studied for the acquisition of natural food
colorants.

3. Variables in Colorant Extraction by
UAE

In the achievement of extracts by UAE, the relevant
variables include the type of system utilized, the matrix and
compound to be extract, the solvent employed, the relation
of solvent/feed (S/F), the temperature and the specific
energy applied [28, 29].

The results obtained by some recent studies on the UAE
of natural colorants are shown in Table 1, and the variables
and the best values as determined by the authors are
presented.

3.1. Ultrasonic System

The UAE of natural colorants has been performed using
a system with a probe (Figure 1-A) or a bath (Figure 1-B)
[23, 30].

The probe system (Figure 1-A) contains a power
generator, a transducer, an amplifier and a probe. The
power generator produces high-frequency electrical energy
of 20 kHz, which is converted to a mechanical energy by
the transducer. The mechanical energy is amplified, and
further, the acoustic energy is dissipated by the probe in
the form of waves [23]. In the bath system (Figure 1-B),
consisting of a power generator, a transducer and a bath, the
power generator normally produces an energy of 40 kHz
[30]. The transducer or transducers dissipate the acoustic
energy into bath in the form of waves. In this system, the
samples do not receive the waves directly, as is the case in
the probe system.  

Figure 1. Ultrasonic systems (A: Ultrasound probe), (B: Ultrasound bath)

It is possible to observe in Table 1 that the current research
into colorant extractions has been performed using either of
the two systems, probe or bath; however, the ultrasonic bath
was not the more adequate system for this. The frequencies

normally employed in this system are more than 24 kHz,
such as 37 kHz [31, 32], while the physical effects dominate
at lower frequencies [33]. In a study to extract anthocyanins,
Cai, Qu, Lan, Zhao, Ma, Wan, Jing and Li [34], using a bath
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ultrasonic system, reported that the UAE is a long-time 
extraction method and resulted in a low anthocyanin yield. 
Nevertheless, they used the bath system with an operation 
frequency of 37 kHz, which was not the more adequate 
system for this purpose. 

Apart from the probe and bath systems, some extraction 
procedures have been performed with a combination       
of UAE and other techniques. For example, Wizi, Wang, 
Hou, Tao, Ma and Yang [35] studied the 
ultrasound-microwave-assisted extraction of natural 
colorants from sorghum husk. They obtained a yield of 3.6 
times that produced via the conventional shaking method. 
However, the authors used equipment with a frequency of 25 
kHz; thus, had a system that generates a lower frequency 
been used, it is possible the results would have been better. 

A combined treatment using a probe system and a cell 
grinder was realized by Jiang, Yang and Shi [28] to obtain 
anthocyanins from blueberry. In this work, the authors 
observed that the cell grinder destroyed the cell walls, which 
would release water-soluble anthocyanins into any 
concentration of ethanol.  

Comparing the two systems (the probe combined with the 
cell grinder and the probe), the authors noted some 
advantages in utilizing the combined technique.  

For example, they were able to use water as the only 
solvent, as well as acquire a higher yield (2.12 to 2.89 mg/g) 
and utilize a shorter extraction time (120 to 40 min). Most 
likely, even though the use of combined techniques to obtain 
the extract promotes a better yield, it is still necessary 
explore only the high-intensity ultrasound approach.  

Table 1.  Optimized Variables for the Ultrasound-assisted Extraction of Colorants 

Ultrasonic 
System 

Matrix/ 
Compound 

Solvent 
S/F (w/w) 
Estimated 

Temperature 
(°C) 

Process 
Time (min) 

Power 
(W) 

Extraction 
Yield 

Ref. 

Probe 
Rhizomes of 

Curcuma/ 
Curcumin 

Ethanol 25 35 60 250 9.18 mg/g [36] 

Probe 
Pomegranate wastes/ 

Carotenoids 
Soy oil 10 51.5 30 130 0.67 mg/100 

g [37] 

Probe 
Fig peel/ 

Anthocyanin 
Ethanol 5 30-35 21 310 3.82 mg/g [38] 

Probe Gomphrena globosa L. 
/Betacyanins Water 73 

uncontrolled 
temperature 

22 500 46.9 mg/g [39] 

Probe 
Hibiscus sabdariffa 

calyces/ 
Anthocyanin 

Ethanol/ water 30 30-35 45 500 51.7 mg/g [40] 

Probe Mulberry (Morus nigra) 
pulp /Anthocyanins 

Methanol/ 
Water 8 48 10 200 149.9 μg/g [41] 

Probe 

Undaria 
pinnatifida/ 

Carotenoids and 
Chlorophylls 

Water 30 50 30 300 34 and 0.5 
mg/mL [42] 

Probe 
Red prickly pear peels 
and pulps/ betanin and 

isobetanin 
Water 10 

uncontrolled 
temperature 

10 400 

57.47, 
89.29 and 

28.25 
mg/100 g 

[43] 

Probe/ 
Probe and 

Cell grinder 

Blueberry 
/Anthocyanins 

Ethanol and 
Acidified 

Water/ 
Acidified 

Water 

20 
25 

25 
120 
40 

1800 
1500 

2.12 and 
2.89 mg/g 

[28] 

Bath Purple sweet potatoes/ 
Anthocyanins Ethanol/ water 10 60 60 200 214.92 

mg/100 g [34] 

Bath Wine lees/ 
Anthocyanins 

Choline 
–chloride-with 

Malic 
Acid/Water 

10 35 30.6 341.5 6.55 mg/g [31] 

Bath 

Residues of Rubus f 
ruticosus, Vaccinium 
myrtillus and Eugenia 

brasiliensis/ 
Anthocyanins 

Ethanol/ Water 20 80 90 580 
2.38, 2.33 
and 0.87 

mg/g 
[32] 
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3.2. Matrix and Compound 

Vegetables are a typical resource in research for various 
applications, due to the vast diversity of molecules [44]. 
However, some care must be taken to avoid variations due to 
the matrix. For example, depending on its cultivar, the fig 
acquires different colors as a function of the anthocyanin 
concentration [45]. 

Furthermore, the compounds to be extracted showed 
different tolerances and peculiarities. For example, 
anthocyanins are sensitive to temperature, pH, light, oxygen 
and metals, which must be considered during the separation 
processes to avoid loss [46]. Additionally, curcumin, 
according Heger, van Golen, Broekgaarden and Michel [47], 
degrades in the presence of sunlight and visible light.  

3.3. Solvent and Feed 

The physical properties of the mixture (solvent and feed) 
strongly influence the effectiveness of the cavitation, which 
needs to be proper for acoustic energy transference. For 
example, the solvent characteristics affect the cavitation 
phenomenon: the steam pressure governs the intensity of the 
bubble collapse, and the surface tension and viscosity govern 
the transient threshold of cavitation [33]. 

With respect to the solvent, it should be well-matched with 
the compound [48]. For example, the anthocyanins are 
normally stable under acidic conditions, and because of this, 
employing acidified ethanol as the solvent is an option [28]. 
Carotenoids possess nonpolar characteristics; thus, a good 
option, according to Goula, Ververi, Adamopoulou and 
Kaderides [37], is the utilization of vegetable oils.  

Machado, Pereira, Barbero and Martínez [32] 
demonstrated the importance in the choice of solvent to be 
employed. Obtaining anthocyanins from residues of Rubus 
fruticosus, Vaccinium myrtillus and Eugenia brasiliensis, the 
authors observed different results using different solvents 
(water or ethanol). They observed that using water as solvent, 
higher extracts yields were obtained, but in relation to the 
antioxidant activity, they verified the opposite. The colorants 
in ethanol showed a higher antioxidant activity (determined 
using in vitro methods) than did the ones obtained with water. 
This phenomenon, according the authors, occurs because 
more compounds are soluble in water, but not the target 
compounds.  

In addition, the solvent utilized must be GRAS (generally 
regarded as safe) [49] and minimize the environmental 
impact. In Table 1, it is possible to observe that most of the 
research has been performed using green solvents such as 
water and ethanol. Nevertheless, some, including Shirsath 
and Sable (23), still studied solvents such as methanol and 
acetone to perform the ultrasound-assisted extractions. 
However, the majority of authors used GRAS solvents to do 
the extractions, which demonstrates a tendency in the 
utilization of green solvents over toxic organic solvents [50]. 

The amount of solvent employed is also very important to 
obtain an efficient extraction, but an excessive quantity must 
be avoided to minimize the environmental impact. Table 1 

shows that a large amount of the solvent was still used. 
Considering that in some studies S/F relations of 5 and 8 
were utilized, a relation of 73 is extremely high and must be 
reduced to avoid the generation of a great amount of effluent. 

Backes, Pereira, Barros, Prieto, Genena, Barreiro and 
Ferreira [38] observed that the relation of S/F is extremely 
important to obtain a pure extract of anthocyanin pigments 
from Ficus carica. Out of the values of S/F studied, the of 5 
obtained the best results. This result indicated the possibility 
of obtaining good extraction results using a low relation of 
S/F. 

3.4. Temperature 

In addition to the cavitation and mechanical effects, the 
thermal effects also have a significant influence on the UAE 
[51]. Thus, the temperature is another important variable in 
the extraction.  

In previous studies, high-intensity ultrasound was verified 
as an economically feasible technology for the extraction of 
thermolabile compounds, but with long extractions time, it is 
important to pay attention to this factor. [43]. During the 
extraction process, there is a fast rise in the temperature of 
the reaction system [40]. The temperature can increase 
considerably, and the process can be characterized as 
thermal.  

The increase in temperature can be favorable for the 
extraction of some dyes, but not for others. For example, Zhu, 
Wu, Di, Li, Barba, Koubaa, Roohinejad, Xiong and He [42] 
observed that with an increase of 10°C (40 to 50°C), the 
carotenoid yield increased by 8%; however, with a major 
increase, the yield was reduced. This result was attributed to 
the degradation of thermolabile carotenoids. On the other 
hand, the chlorophylls’ recovery showed a positive increase 
with the temperature (40 to 60°C). 

It is possible to observe in Table 1 that most of the 
processes recently studied were performed at controlled 
temperatures. The evaluated temperatures varied from 25 to 
80°C; however, in some studies, the temperature was not 
controlled. It is necessary to emphasize that temperature 
control is particularly important, especially when working 
with thermolabile compounds. For example, in the extraction 
process realized by Roriz, Barros, Prieto, Barreiro, Morales 
and Ferreira [39], the temperature not was controlled,    
but they extracted betacyanins, which are thermolabile 
compounds [52]. 

3.5. Specific Energy 

The energy densities applied by ultrasound in food 
processes have been standardized by some researchers 
according to Equation 1 [26, 53, 54]. It is possible to observe 
in Equation 1 that the energy applied in the processes 
depends on the nominal power, the extraction time and the 
sample volume. However, the volume is a function of the 
pressure and temperature, and because of that, another way 
to express the energy is as a function of mass, which does not 
depend on other variables. This relation is expressed in 
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specific energy (Equation 2), according Rajha, Boussetta,
Louka, Maroun and Vorobiev [55].  

(1)

   (2)

3.5.1. Nominal Power

The nominal power is the power provided by the
ultrasound device itself; however, this is not exactly the same
value that is converted into the cavitation phenomenon [56].
This occurs due to energy loss in the equipment by
dissipation during the subsequent conversions of mechanical
energy into cavitation. According to Mamvura, Iyuke and
Paterson [57], an energy conversion from electrical to
cavitation of 9% was achieved. Shirsath, Sable, Gaikwad,
Sonawane, Saini and Gogate [36] also verified through a
calorimetric method that the energy efficiency of the process
was approximately 5.6%. Because of that, most authors have
used the highest nominal power of the equipment to do the
extractions [37].

A high nominal power causes great shear forces in plant
materials that results from the critical pressure and
temperature obtained from the oscillation and collapse of
cavitation bubbles within the solvent [40]. Thus, high
values of the nominal power normally result in high
extraction yields.

In the majority of the studies shown in Table 1, higher
nominal powers were selected as the best condition for the
extractions. According to Zhu, Wu, Di, Li, Barba, Koubaa,
Roohinejad, Xiong and He [42], better results for obtaining
pigments are achieved with more intense ultrasonic
treatments, mainly due to the cavitation effect of ultrasound.

3.5.2. Extraction Time

The extraction time is directly associated with the
nominal power supplied by the ultrasound and the samples
mass (solvent and feed), as given by Equation 2. Therefore,
the effect of time on the extraction is one of the most
important factors; if the samples are exposed to shorter or
longer times than suitable, the compounds could be
degraded or not be completely extracted [39].

Thus, the time to be employed depends of the other
variables. For example, Espada-Bellido, Ferreiro-González,
Carrera, Palma, Barroso and Barbero [41] observed that to
recover anthocyanin from mulberry, the maximum time
was 10 min. According to them, this time was sufficient
for a quantitative extraction and to avoid anthocyanin
degradation. However, the time can probably be reduced
when using a higher nominal power (greater than 200 W).

It is possible to verify in Table 1 which extractions used
a long time (up to 120 min). This time can be reduced
substantially. From Equation 1, it is possible that a high

nominal power and a small sample mass can result in a
short extraction time.   

3.5.3. Sample Weight or Volume

Another criticism lies with the relationship of the sample
employed in the ultrasound-assisted extractions. The
majority of the studies expressed values in terms of the
volume and this term is not the more suitable, considering
that it can change with the temperature (Boyle-Mariotte
law).

Beyond that, it is possible observe that a great amount of
solvent was used in relation to a little amount of feed (Table
1). This implies that little energy was applied to the sample,
decreasing the friction between the particles. The friction
causes cellular rupture and the release of the compounds of
interest, thus, assisting the extraction.

3.5.4. The Variable Combinations

It is important to observe the combinations of the main
variables through the specific energy (E) value (Equation 2),
which permits an easy understanding of the UAE process
employed. The E value relates the variables of time,
nominal power and sample mass and clearly represents the
energy involved in the process. Furthermore, typically, a
bigger E value results in the best extraction yield.

It is possible to observe some combinations in Table 1.
Goula, Ververi, Adamopoulou and Kaderides [37] utilized a
longer time (30 min) but a smaller nominal power (130 W)
for extraction; while Koubaa, Barba, Grimi, Mhemdi,
Koubaa, Boussetta and Vorobiev [43], using the same S/F
(10), used a shorter time (10 min) and a larger nominal power
(400 W) to obtain the dye extract.

However, the authors did not express the E value utilized
and doing so would have favored a comparison of the
extractions realized. In the papers reviewed, it is possible to
verify that only Koubaa, Barba, Grimi, Mhemdi, Koubaa,
Boussetta and Vorobiev [43] approached the process by
regarding the specific energy utilized in the UAE; however,
the authors did not connect the specific energy to the
extraction time, thus, expressing the specific energy input in
kJ/kg.

4. Quality of Dyes Obtained by UAE
Extracts from vegetables contain bioactive compounds

that are valuable to the nutraceutical fields, and because of
this, the extraction process is a crucial step that needs to
ensure that the active ingredients are not lost or destroyed
during its operation [58]. Among the methods recently
revised by Náthia-Neves and Meireles [59] to obtain natural
colorants, the UAE is prominent because of the high purity
of the final product. Thus, it is worth noting that in addition
to obtaining high yields, it is also interesting to obtain pure
extracts that facilitate the material’s application.

The ultrasound efficiency was observed by Koubaa,
Barba, Grimi, Mhemdi, Koubaa, Boussetta and Vorobiev
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[43], who verified a cell denaturation after ultrasound 
treatment via scanning electron microscopy. According to 
the authors, this result can provide a better recovery of the 
intracellular compounds with less impurities [43]. The best 
results were obtained by [Backes, Pereira, Barros, Prieto, 
Genena, Barreiro and Ferreira [38]] who related that the 
UAE technique led to an extract with a greater purity of 
cyanidin 3-rutinoside in comparison with that of extractions 
assisted by heat and microwave.  

Machado, Pereira, Barbero and Martínez [32] observed 
that among the emergent methods, UAE was the least 
aggressive in recovering total and individual anthocyanins, 
followed by the others studied, UAE + pressurized liquid 
(PLE) and PLE, using hydroethanolic mixtures as the 
solvent. 

Thus, it was possible verify that ultrasound-assisted 
extractions are a good choice to obtain adequate results in 
terms of yield and quality of colorant extracts. 

5. Conclusions 
In this review, an evaluation of the variables that have 

been used in the ultrasound-assisted extractions is made, and 
some important aspects are observed: 

  It is important to know the stability of the compound 
to be extracted to avoid loss due to the extraction 
operation. 

  The solvent to be employed should be compatible with 
the compound of interest, be a GRAS, and be in a 
smaller amount than the majority of the studies have 
been using. 

  The variation in temperature must be controlled during 
the process of extraction. 

  The extraction time can be reduced by using a high 
nominal power. 

  Larger nominal power values generate higher 
extraction yields. 

  The best manner is to express the amount of solvent 
and feed in units of mass. 

  The colorants obtained by UAE showed a high 
quality. 

At the end of this review, is possible to suggest that the 
variables of nominal power, extraction time and sample mass 
are expressed in terms of the specific energy to standardize 
the form of expressing the energy applied to the sample. 
Thus, a comparison among the results of ultrasound-assisted 
extraction of colorants would be facilitated. 
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A R T I C L E I N F O
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A B S T R A C T

This study presents the production of a novel natural blue colorant obtained from the cross-linking between milk
proteins and genipin assisted by low-frequency and high-power ultrasound technology. Genipin was extracted
from unripe Genipa americana L. using milk as a solvent. Also, milk colloidal system was used as a reaction
medium and carrier for the blue color compounds. The effects of ultrasound nominal power (100, 200, 300, and
400 W) on the blue color formation kinetics in milk samples were evaluated at 2, 24, and 48 h of cold storage in
relation to their free-genipin content and color parameters. In addition, Fourier transform infrared (FTIR)
spectrum, droplet size distribution, microstructure, and kinetic stability of the blue colorant-loaded milk samples
were assessed. Our results have demonstrated that the ultrasound technology was a promising and efficient
technique to obtain blue colorant-loaded milk samples. One-step acoustic cavitation assisted the genipin ex-
traction and its diffusion into the milk colloidal system favoring its cross-linking with milk proteins. Ultrasound
process intensification by increasing the nominal power promoted higher genipin recovery resulting in bluer
milk samples. However, the application of high temperatures associated with intensified acoustic cavitation
processing favored the occurrence of non-enzymatic browning due to the formation of complex melanin sub-
stances from the Maillard reaction. Also, the blue milk samples were chemically stable since their functional
groups were not modified after ultrasound processing. Likewise, all blue colorant-loaded milk samples were
kinetically stable during their cold storage. Therefore, a novel natural blue colorant with high-potential appli-
cation in food products like ice creams, dairy beverages, bakery products, and candies was produced.

1. Introduction

The global demand for natural food products has increased in the
last years. The new food trends are pointing to the development of
functional products with health-promoting properties and high stan-
dard sensory attributes. In this sense, the worldwide colorant market
has been pressed to replace the synthetic products by natural colorants
[1]. Plant matrices are the main source of natural colorants and can
provide colorant precursor phytochemicals [2]. Different colors and
pigments may be obtained from these matrices and their phytochemical
compounds. In addition, many of them present health benefits such as
antioxidant, anti-inflammatory, anti-cancer, and anti-diabetic proper-
ties [3]. Among all colors, blue is a high-desirable due to sensory appeal
for the formulation of several products, however, natural sources of
blue compounds and their precursors still are scarce. Thus, the current
challenge for the food industry is to produce blue food like ice creams,
dairy beverages, candies, sauces, cakes, and other products formulated
from natural blue colorants [4].

Unripe genipap (Genipa americana L.), a native Brazilian fruit, has
emerged as a promising blue color precursor due to its high genipin
content [5]. Genipin reacts with primary amine groups producing blue
color compounds [6]. This reaction is catalyzed by oxygen and heat [7].
Genipap extracts rich in genipin have been obtained using solvents such
as methanol 80% (v/v) in water [8], ethanol and water [5]. However,
the use of alternative solvents, rich in primary amine groups such as
milk, could be an innovative way to simultaneously extract genipin and
promote its cross-linking with milk proteins producing a novel natural
blue colorant. Milk is an important source of protein and primary amine
groups, therefore, a promising reaction medium for the blue color
formation. Also, it is widely consumed worldwide and used for the
formulation of ingredients and food products [9]. Thus, the obtaining of
blue colorant-loaded milk could provide a new ingredient for the for-
mulation of blue foods.

The recovery of genipin from genipap pulp using milk as a solvent
could be performed using several extraction techniques based on high-
energy technologies. An ideal extraction technique should favor the

https://doi.org/10.1016/j.ultsonch.2020.105068
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genipin extraction from the plant material, its diffusion into milk, and
reaction with milk proteins to produce the blue color compounds. In
this sense, low-frequency and high-power ultrasound technology could
provide efficient tools to assist the extraction, diffusion, and reaction
steps. Ultrasound processing is based on the acoustic cavitation phe-
nomenon which promotes mechanical and thermal effects in the soni-
cated liquid medium [10]. Intense shear rates are associated with
acoustic cavitation because it promotes the formation and subsequent
collapse of microbubbles associated with extreme levels of highly lo-
calized turbulence that act as an effective homogenization technique
with temperature increase [11]. Also, ultrasound technology allows the
development of efficient processes with reduced operation time, energy
consumption, and environmental impact [12]. Likewise, this emerging
technology has been evaluated as a promising homogenization tech-
nique to produce stable dairy systems. O'Sullivan, Arellano, Pichot and
Norton [13] observed that the ultrasound treatment (20 kHz, 30 W/
cm2, and 2 min) reduced the size and hydrodynamic volume of dairy
proteins. According to them, the acoustic cavitation generated a de-
crease in the interfacial tension, which assisted the droplet break-up
during emulsification. Shanmugam and Ashokkumar [14] producing a
stable flax seed oil emulsion from dairy systems observed similar be-
havior. Applying an ultrasound treatment at 20 kHz, 176 W, and 3 min
smaller sized emulsion droplets were acquired. Thus, besides to assist
the genipin extraction and diffusion, and its reaction with milk proteins,
ultrasound technology can promote obtaining a kinetically stable dairy
emulsion able to carry the blue color compounds.

In this context, the aim of this study was to evaluate the effect of
ultrasound nominal power on the production of a novel natural blue
colorant obtained from the cross-linking between milk proteins and
genipin extracted from unripe genipap using milk as a solvent, reaction
medium, and carrier for the blue color compounds.

2. Material and methods

2.1. Raw material and sample preparation

Unripe genipap fruits were collected in “Fazenda Lagoa” (Ponte Alta
do Tocantins, TO, Brazil) and were stored at −24 °C. For the experi-
mental assays, the fruits were previously thawed, peeled, and grounded
in a 400 W mechanical RI1364/07 processor (Philips Do Brasil LTDA,
Varginha, MG, Brazil). The gridding procedure was carried out in batch
for 5 min, using 50 g of genipap pulp. Whole milk powder was obtained
from a local market in Campinas. Its fat and moisture content were
27 g/100 g and 3 g/100 g, respectively. Whole milk was reconstituted
using the ratio of 10 g of milk powder to 90 g of ultrapure water.

2.2. Ultrasound processing

Fig. 1 presents the flow diagram of the processes used for obtaining
blue colorant-loaded milk. Blue milk was obtained by using the ratio of
5 g of grounded genipap pulp to 25 g of reconstituted milk. Before
ultrasound processing, all samples were pre-homogenized using a
vortex system for 1 min. The sample obtained in this step was used as a
control and named “0 W”. After that, ultrasound-assisted processes
were performed using a 13-mm ultrasound probe diameter at 19 kHz
(Unique, Indaiatuba, SP, Brazil). The probe contact height with the li-
quid medium was standardized to 15 mm. The nominal powers of 100,
200, 300, and 400 W were applied to the samples for 6 min. The
maximum process temperature used was 90 °C due to the milk boiling
point (95 °C) [15]. After ultrasound processing, the milk was separated
from the genipap pulp by filtration using a nylon filter. All experiments
were performed in duplicate. Calorimetric assays were used to de-
termine the acoustic power (Eq. (1)) supplied to the samples according
to the methodology described by Mason, Lorimer, Bates and Zhao [16].
From the acoustic power, ultrasound specific energy and intensity were
calculated according to Eq. (2) and (3) [17].

= ⎛
⎝

⎞
⎠

Acoustic power W mC dT
dt

( ) P (1)

⎜ ⎟
⎛
⎝

⎞
⎠
= ×

Specific energy kJ
g

Acoustic power processing time
mass (2)

⎛
⎝

⎞
⎠
= ×Ultrasound intensity W

cm
Acoustic power

πD
4

2 2 (3)

where, m is the sample mass (g); CP is the specific heat (J/g °C), ( )dT
dt is

the temperature rate (°C/s), and D is the probe diameter (cm). Table 1
presents the acoustic power, specific energy, and ultrasound intensity
determined from each nominal power applied to the milk samples.

2.3. Blue color formation kinetics

The effects of the ultrasound nominal power on the blue color for-
mation kinetics in the milk samples were analyzed regarding to their
free-genipin content and color parameters. The measurements were
made 2 h after ultrasound processing and afterward for more two days
(24 and 48 h). The maximum storage time was 48 h due to the milk
shelf life. The samples were kept at 7 ± 2 °C during their storage.

2.3.1. Free-genipin content
The free-genipin content was quantified in the samples using high-

performance liquid chromatography (HPLC) on a 2695D separation
module (Waters Alliance, Milford, Connecticut, USA) equipped with a
2998 diode array detector. An aliquot of 0.5 mL of each sample was

Fig. 1. Flow diagram of the processes used for obtaining blue colorant-loaded
milk.

Table 1
Acoustic power, specific energy, and ultrasound intensity for each nominal
power applied to the processing of milk samples.

Nominal power
(W)

Acoustic power
(W)

Specific energy
(kJ/g)

Ultrasound intensity
(W/cm2)

100 4.6 ± 0.4 0.06 ± 0.01 3.5 ± 0.3
200 8.5 ± 0.1 0.10 ± 0.01 6.4 ± 0.1
300 14.5 ± 0.3 0.17 ± 0.01 10.9 ± 0.2
400 20 ± 1 0.25 ± 0.01 15 ± 1

*Mean values ± standard deviation (n = 2).
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dissolved in 1 mL of ethanol manually homogenized. Then, the mixture
was centrifuged at 12000 rpm for 15 min. Just after, the supernatant
was filtered using nylon membrane (0.45 μm) and injected into the
chromatograph. The free-genipin determination was made according to
the methodology described by Náthia-Neves, Nogueira, Vardanega and
Meireles [18]. The compounds were separated on a Kinetex C18 column
(150 × 4.6 mm id, 2.6 μm, Phenomenex, Torrance, USA) at 35 °C using
a flow rate of 1.5 mL/min. The mobile phase consisted of 0.1% water
(v/v) in formic acid (solvent A) and 0.1% acetonitrile (v/v) in formic
acid (solvent B). The following gradient was used: 0 min (99% A); 9 min
(75% A); 10 min (99% A); and 13 min (99% A). The genipin was de-
tected at 240 nm and quantified using Empower 2 software (Waters,
Milford, MA, USA). The identification was done by comparing its re-
tention time and UV–vis spectra to its reference standard (Sigma Al-
drich, St. Louis, USA). Free-genipin content results were determined in
relation to the weight of dried genipap and were expressed according to
the Eq. (4).

− =Free genipin content(mg/g) Genipin mass(mg)
Dried genipap mass (g) (4)

2.3.2. Color parameters
Color parameters of the samples were measured at room tempera-

ture in an Ultra Scan Vis 1043 (Hunter Associates Laboratory, Reston,
VA, USA) with CIE (Commission Internationale de l'éclairage) co-
ordinates L, a*, and b*. The color parameters were expressed in terms of
lightness L (L = 0 for black and L = 100 for white) and chromaticity
parameters a∗ (green [−] to red [+]) and b∗ (blue [−] to yellow [+]).

2.4. Chemical stability

The functional groups were identified using a 4100 Fourier trans-
form infrared (FTIR) spectrometer (Jasco, Tokyo, Kantō, Japan). For
this, samples acquired after 48 h of cold storage at 7 ± 2 °C were
previously freeze-dried in a L101 freeze dryer (Liobras, São Carlos, SP,
Brazil). The measurements were taken at room temperature and re-
corded in the 400–4000 cm−1 region.

2.5. Size distribution and kinetic stability

2.5.1. Droplet size distribution
Droplet size distribution and mean diameter of the samples were

determined at 25 °C using a Mastersizer 2000 laser diffraction particle
size analyzer (Malvern Instruments Ltd., Worcestershire, UK). The
mean diameter (D32) of droplets was calculated based on the mean
diameter of a sphere of a similar area (Sauter diameter), according to
the Eq. (5). The polydispersity degree of droplet size was determined as
the Span (Eq. (6)). The milk samples were analyzed by a wet method,
with dispersion in water (refractive index of 1.52).

= ∑
∑
n d
n d

D i i

i i
32

3

2 (5)

= −Span d d
d

90 10

50 (6)

where, di is the mean diameter of the droplets, and ni is the number of
droplets.

2.5.2. Microstructure
The samples were poured onto microscope slides, covered with glass

coverslips and observed using a Carl Zeiss Model Axio Scope A1 optical
microscope (Zeiss, Gottingen, Germany). A 100× objective lens and
immersion oil were used to perform the measurements.

2.5.3. Phase separation kinetics
The kinetic stability of the ultrasound-treated samples was

evaluated using a near infrared backscattering technique. The samples
were transferred to specific glass tubes to measure the kinetic stability
using a light backscatter scan analyzer Turbiscan LAB Expert
(Formulaction®, Toulouse, Haute-Garonne, France). The measurements
were performed after ultrasound processing (2 h) and after for more
two days (24 and 48 h). After the first measurement, the samples were
stored at 7 ± 2 °C until the next measurement.

2.6. Statistical analysis

The influence of the ultrasound nominal power on the formation of
blue color compounds and other physical properties was verified by
analysis of variance (ANOVA) using the Minitab 18® software (Minitab
Inc., State College, PA, USA). Tukey’s test of means was performed at a
95% confidence level (p-value ≤0.05).

3. Results and discussion

3.1. Ultrasound-assisted formation of blue color compounds

The blue color compounds were obtained from the cross-linking
between milk proteins and genipin. Low-frequency and high-power
ultrasound had a fundamental role in the obtaining of blue colorant-
loaded milk since genipin was extracted from unripe Genipa americana
L. using milk as a solvent and simultaneously the reaction of blue color
compounds formation was started. Thus, milk colloidal system was used
as a reaction medium and carrier for the blue color compounds.

Acoustic cavitation provided by ultrasound treatment promoted the
genipin extraction from the plant material besides its diffusion into the
milk colloidal system to react with milk proteins whereas homogenized
the system. The effects of this phenomenon comprise localized heat,
high pressure, and high shear rates. The acoustic cavitation effects such
as temperature increase and turbulence favored the genipin recovery
and diffusion and its reaction rate with milk proteins. Fig. 2 shows the
nominal power effects on the temperature profiles of the unripe genipap
and milk subjected to ultrasound processing. After 6 min, the system
reached the maximum temperatures of 28 ± 1, 43 ± 2, 63 ± 1, and
84 ± 1 °C for the nominal powers of 100, 200, 300, and 400 W, re-
spectively. The low frequency waves (16–100 kHz) and high powers
(> 1 W/cm2) applied by ultrasound into the liquid media promoted the
phenomenon of acoustic cavitation [19]. The ultrasound process in-
tensification by increasing nominal power intensified the acoustic ca-
vitation effects in the liquid medium. Thus, the increase of temperature

Fig. 2. Effects of ultrasound nominal power on the temperature profiles of the
unripe genipap and milk system.
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from the 20 °C is associated with the acoustic cavitation thermal effects
in the liquid medium. Kang, Zou, Cheng, Xing, Zhou and Zhang [20]
also observed the acoustic cavitation intensification in their system
with meat protein by increasing the nominal power from 150 to 300 W.
The authors reported an increase of biochemical reaction rate on their
samples by intensifying acoustic cavitation.

Fig. 3 presents the effects of nominal power on the free-genipin
content of the samples during their cold storage at 7 ± 2 °C. Free-
genipin content expresses the amount of non-crosslinked genipin mo-
lecules with the milk proteins. Since cross-linking between them is
catalyzed by oxygen and heat, right after genipin extraction from plant
material, the reaction of blue color compounds formation starts. Thus,
the total genipin recovered could not be quantified. After 2 h, the free-
genipin content results demonstrated that the increase of nominal
power applied to the ultrasound extraction step increased the genipin
content recovered from unripe genipap pulp. Free-genipin content
highly decreased after 24 h of cold storage in comparison to 2 h evi-
dencing its reaction with milk proteins (p-value = 0.016). The blue
milk samples presented about 20% of free-genipin in relation to the
initial content after 24 h of cold storage (Fig. 3). Thus, the cross-linking
between free-genipin and milk proteins kept occurring during the cold

storage decreasing its content in the blue milk samples. Since the re-
action is catalyzed by oxygen, the formation of blue color compounds
depended on oxygen diffusion into the liquid medium. This could ex-
plain the required time for blue color formation in the milk samples as
shown in Fig. 4. According to Butler, Ng and Pudney [21], the oxygen
induces the genipin polymerization, promoting thus the development of
blue color compounds. Likewise, temperature is a critical factor for the

Fig. 3. Effects of ultrasound nominal power on the free-genipin content of the
milk samples during their cold storage at 7 ± 2 °C.

Fig. 4. Effects of ultrasound nominal power on the blue color formation kinetics
of the milk samples during their cold storage at 7 ± 2 °C.

Fig. 5. Effects of ultrasound nominal power on the color parameters (L, a*, and
b*) of the milk samples during their cold storage at 7 ± 2 °C.

Fig. 6. Effects of ultrasound nominal power on the FTIR spectra of the blue milk
samples.
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formation of blue color compounds from the reaction between genipin
and primary amine groups. Renhe, Stringheta, Silva and Oliveira [7]
evaluated the effects of temperature (35, 45, 55, 65 e 75 °C) on the
formation of blue color compounds from genipin-rich extracts obtained
from Genipa americana L. using water and ethanol as solvent. The
source of primary amines for the cross-linking with genipin was the
genipap’s own proteins extracted simultaneously with genipin. For
water and ethanol, the best temperature conditions studied for them
were of 75 and 55 °C, respectively. Although the reaction between
genipin and milk protein also is catalyzed by heat, the milk samples
were stored under refrigeration conditions due to the short milk shelf
life. Thus, the oxygen diffusion into the liquid medium was delayed
resulting in the formation of an intense blue color after a long storage
period.

Fig. 4 presents the effects of the ultrasound nominal power on the
blue color formation kinetics in the samples concerning their visual
aspect. The bluer milk samples were obtained by applying 300 W and
400 W. Visual color differences could be explained by processing con-
ditions that affect the reaction rate between free-genipin and milk
proteins. The blue milk samples produced with 0 W and 100 W pre-
sented lower free-genipin contents 2 h after ultrasound processing (p-
value = 0.025) (Fig. 3). Thus, these samples had less free-genipin to
react with milk proteins and form the blue color compounds. Therefore,
they exhibited a less intense blue color. The color parameters of the
blue colorant-loaded milk samples corroborate with the effects asso-
ciated with the ultrasound nominal power on the blue color formation
(Fig. 5). The ultrasound process intensification by increasing the
nominal power as well as cold storage time reduced the lightness values
of the samples. The lightness reduction was associated with the for-
mation of the blue color compounds because the darkest milk samples
were those with the highest free-genipin content at 2 h of cold storage
(Fig. 3). On the other hand, the higher temperature achieved for the
nominal power of 400 W (84 ± 1 °C) could favor the occurrence of
non-enzymatic browning associated with complex melanin substances
due to the Maillard reaction. Different behavior was reported for the
chocolate milk beverage stabilized with ultrasound treatment as de-
scribed by Monteiro, Silva, Alvarenga, Moraes, Freitas, Silva, Raices,
Sant'Ana, Meireles and Cruz [22]. In their system, the acoustic cavita-
tion promoted the fat globules rupture, thus, the small globules, to-
gether with the colloidal casein particles and the calcium phosphate
were responsible for higher L values. A more reddish milk sample
(positive a* value) was obtained applying 200 W at 2 h of cold storage
while the other treatments were greener (negative a* values). This
behavior could be associated with the different temperatures observed
for each ultrasound nominal power. Intermediate colors of the blue like
purple could be formed due to different pH and temperature conditions.
However, all blue milk samples presented similar pH values of
6.04 ± 0.02, 6.07 ± 0.04, 6.1 ± 0.1, 6.07 ± 0.04, and
6.06 ± 0.04 for 0 W, 100 W, 200 W, 300 W, and 400 W, respectively
(p-value = 0.93). Regarding the blue color (negative b* values), the
best result was obtained using 300 W (b* = −12.0 ± 0.1). Also, for
this nominal power was not observed changes in the blue color intensity
from 24 to 48 h of cold storage. However, for the less intense ultrasound
treatments (100 W and 200 W), the reaction between genipin and milk

proteins occurred until 48 h, which suggests that more intense acoustic
cavitation increases the reaction rate even after ultrasound treatment
and under refrigeration storage conditions.

3.2. Chemical stability after ultrasound processing

The effects of the nominal power on the chemical stability of the
blue milk samples was evaluated by their FTIR spectra (Fig. 6). Func-
tional groups associated with the milk structure were observed: water
(3700–3000, 2400–2260 and 1700–1600 cm−1), fatty acid chain
(2924 cm−1), proteins (at 1660 cm−1 and 1556 cm−1 for amide I and
II, respectively) and lactose (at 1161 cm−1 and 1078 cm−1) [23]. Si-
milar spectra were observed for all blue colorant-loaded milk samples.
Thus, ultrasound processing did not change the functional groups of the
samples. However, an ultrasound treatment using a 13-mm probe at
20 kHz and 0.58 W/cm2 promoted modifications on the N–H bonding of
casein concentrate samples [24]. According to the authors, the acoustic
cavitation favored hydrogen bonds through carbonyl groups of protein
molecules, reducing the wave number corresponding to the peak for
amide-I. This may promote modifications in the proteins surface hy-
drophobicity resulting in higher elasticity in gels. The ultrasound
treatment applied to the casein concentrates samples was less intense
than the applied to the blue milk samples (Table 1). Also, they used a
smaller ratio between the solvent and casein concentrate mass. Thus,
the acoustic cavitation effects observed by them could be associated
with this greater proportion of the sample in relation to the solvent
used. Xie, Wang, Wang, Wu, Liang, Ye, Cai, Ma and Geng [25] eval-
uated the effects of ultrasound treatment on the functional properties
and assemblage structure of egg yolk. They used a higher ratio between
the solvent and egg yolk and also no observed significant differences
between the FTIR spectra of the samples untreated and the ultrasound-
treated sample with a 6-mm diameter probe at the acoustic power of
4.57 ± 0.13 W.

3.3. Size distribution and kinetic stability

Table 2 presents the effects of ultrasound nominal power on the
mean diameter (D32), cumulative diameters (d10, d50, d90), and span
values of the blue milk samples. The ultrasound process intensification
by increasing the nominal power linearly reduced the D32 values (p-
value = 0.003). The d10, d50, and d90 values also were reduced with
ultrasound treatment (p-value = 0.002). Salve, Pegu and Arya [26]
observed similar results for the ultrasound-treated peanut milk samples.
The authors evaluated the effects of nominal power levels of 200, 300,
and 400 W on the size distribution reduction of the peanut milk by
comparing its d50 values after ultrasound treatment. They reported a
size reduction from 0.22 ± 0.03 μm to 0.02 ± 0.00 μm by in-
tensifying ultrasound process from 200 to 400 W, respectively.

Fig. 7 shows the effects of ultrasound nominal power on the droplet
size distribution and microstructure of the blue milk samples. The size
distribution corroborated with optical micrographs for the milk fat
globules. The untreated sample (0 W) presented visually bigger fat
globules than the ultrasound processed blue milk samples. The milk
sample treated with 100 W presented a droplet size distribution and

Table 2
Effects of ultrasound nominal power on the mean diameter (D32), cumulative diameters (d10, d50, d90), and span values of the blue milk samples.

Nominal power (W) D32(μm) d10(μm) d50(μm) d90(μm) Span

0 1.1 ± 0.1 a 0.37 ± 0.01 a 0.49 ± 0.01 a 0.79 ± 0.02 a 0.86 ± 0.02 a

100 0.92 ± 0.01b 0.35 ± 0.01 a,b 0.46 ± 0.01 a,b 0.75 ± 0.01a,,b,c 0.86 ± 0.01 a

200 0.80 ± 0.01c 0.37 ± 0.01 a 0.49 ± 0.01 a 0.76 ± 0.01b 0.80 ± 0.01b

300 0.77 ± 0.02c 0.35 ± 0.01 a 0.47 ± 0.02 a 0.74 ± 0.04a,b 0.81 ± 0.02b

400 0.68 ± 0.03 d 0.33 ± 0.03b 0.45 ± 0.03b 0.7 ± 0.1c 0.81 ± 0.02b

*Mean values ± standard deviation (n = 4). Values followed by different letters in the same column show differences by Tukey’s test at 95% significance (p-value
≤0.05).
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microstructure similar to the untreated sample. The ultrasound treat-
ments applying 200 W, 300 W, and 400 W provided smaller droplet
diameters, indicating that these nominal powers promoted a better
homogenization for the blue colorant-loaded milk samples. Span values

for the blue milk samples processed with these nominal powers confirm
their lower polydispersity degree (Table 2). Small span values indicate a
narrow droplet size distribution. Thus, higher nominal powers pro-
moted a more intense homogenization resulting in a finer dairy

Fig. 7. Effects of ultrasound nominal power on the droplet size distribution and microstructure of the blue milk samples: A) 0 W; B) 100 W; C) 200 W; D) 300 W; and
E) 400 W.
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emulsion. Acoustic cavitation due to its action mechanism has been
highlighted as an efficient emerging treatment to reduce the mean
diameter of suspensions and emulsions. The formation and collapse of
ultrasonic microbubbles result in micro shearing effects on the surface
of fat globules reducing their size distribution. A higher nominal power
promotes a more intense acoustic cavitation resulting in the narrower
size distribution for the blue colorant-loaded milk [27–29].

The evaluation of the kinetic stability of the blue milk samples is an
important step for their use as a new food ingredient. For this, blue milk
samples were analyzed according to their backscattering profile
(Fig. 8). The results were obtained by monitoring the backscattering
profile (BS) in relation to the height (mm) of the glass tubes containing
the milk samples, considering the initial time after the ultrasound
processing (2 h), and for more a cold storage time of 24 and 48 h. Si-
milar BS profiles were observed for the blue colorant-loaded milk
samples, indicating that the different nominal powers applied did not
affect their kinetic stability. In the bottom of the measurement cell

(0–4 mm), a higher percentage of BS was observed after 24 and 48 h of
cold storage. This high percentage could be attributed to a small sedi-
mentation due to the reaction between genipin and milk proteins. This
phenomenon was observed for all treatments, but it was more intense
for the untreated sample. Smaller droplet diameters favored the kinetic
stability of the blue milk samples. According to Stokes law, the speed
with which a droplet moves is proportional to the square of its radius;
therefore, the kinetic stability of a colloidal system may be increased by
reducing the size of the droplets. Thus, the good kinetic stability ob-
served even for the untreated sample could be associated with its
smaller droplet diameter.

4. Conclusion

Our results have demonstrated that the low-frequency and high-
power ultrasound technology was a promising and efficient technique
to obtain blue colorant-loaded milk samples from the reaction between

Fig. 8. Effects of ultrasound nominal power on the backscattering profiles of the milk samples: (A) 0 W; (B) 100 W; (C) 200 W; (D) 300 W; and (E) 400 W.
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genipin and milk proteins. One-step acoustic cavitation assisted the
genipin extraction from the unripe Genipa americana L. and its diffusion
into the milk colloidal system favoring its cross-linking with milk pro-
teins. Ultrasound process intensification by increasing the nominal
power promoted higher genipin recovery resulting in bluer milk sam-
ples. However, the application of high temperatures associated with
intensified acoustic cavitation processing favored the occurrence of
non-enzymatic browning due to the formation of complex melanin
substances from the Maillard reaction. Also, the blue milk samples were
chemically stable since their functional groups were not modified after
ultrasound processing. Likewise, all blue colorant-loaded milk samples
were kinetically stable during their cold storage. Therefore, a novel
natural blue colorant with high-potential application in food products
like ice creams, dairy beverages, bakery products and candies was
produced.
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General discussion 

The plant material chosen for this thesis elaboration was unripe genipap pulp. This 

Brazilian fruit presents a rich composition in iridoids that can produce innovative food 

products. Our research group had already studied this raw material as a source of 

phytochemicals and coloring compounds. However, high-intensity ultrasound technology 

had not yet been evaluated for obtaining products from genipap. Thus, our initial idea had 

been to perform a genipap biorefinery using ultrasound technology to obtain colorant and 

starch from the unripe fruits. However, in the first stage of this study, we realized that 

obtaining the colorant from the fruit still had many gaps to be studied.  

In this regard, Chapter 1 introduced genipap as a plant matrix rich in genipin, an 

iridoid that presents beneficial health effects for the human body. Moreover, the 

applications of genipin as a crosslinker and colorant were presented. Among the emerging 

technologies that can be used to obtain products from genipap, high-intensity ultrasound 

was highlighted. This green technology, through acoustic cavitation, favors mass transfer 

in liquid media, enabling a series of applications in food processes. Besides that, the 

application of acoustic energy increases the medium temperature, which may favor the 

crosslinking of genipin with the primary amines to form the blue-colored compounds. 

Thus, we concluded that high-intensity ultrasound technology could provide the energy 

to produce blue natural colorants and other products from unripe genipap fruits. Thereby, 

we proposed the objectives also presented in Chapter 1. We planned to write two reviews 

to address all topics studied in this thesis. In the first one, we searched and discussed the 

process variables of ultrasound-assisted extractions to obtain natural food colorants. In 

contrast, our second review paper examined the recent advances, trends, challenges 

regarding ultrasound processing applied to dairy, meat, bakery, minimally processed 

products, beverages, and food ingredients. These reviews supported our experimental 

planning in which we proposed to evaluate the design of high-intensity ultrasound 

processes to obtain a genipin ethanolic extract, blue colorants using milk and plant 

extracts, and an almond-based beverage.  

Chapter 2 presents the review article “Specific Energy: A New Approach to 

Ultrasound-assisted Extraction of Natural Colorants” published in the Food and 

Public Health journal. This article was developed using a PDSA improvement cycle in 

the discipline of "Tópicos em Engenharia de Alimentos" during the second semester of 

2018. We searched and discussed the variables of ultrasound-assisted extractions to 

obtain natural food colorants. In this sense, we observed a non-standardization in 
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reporting the variables used in the ultrasound-assisted extractions. Some researches did 

not present the main variables as nominal power, extraction time, and sample mass used 

in the procedures. Since the acoustic cavitation can be affected by the frequency, power 

and sample employed in the process, the results cannot be reproducible if using different 

parameters as devices and power supply. Thus, we proposed expressing the energy 

supplied by ultrasound processes through specific energy or energy density as some 

authors have proposed (Arruda, et al., 2019; Rajha, Boussetta, Louka, Maroun, & 

Vorobiev, 2014; Silva, et al., 2018). This way, the power, processing time, and sample 

mass applied in the ultrasound processes will be informed. Furthermore, we reviewed the 

operational conditions studied for extracting colorants from plant sources. In this sense, 

we also observed a lack of information regarding the temperature used in the extraction 

processes. Considering that acoustic cavitation increases the temperature of the medium, 

this information is also relevant. Therefore, from this review, we could observe and 

understand the process variables and control them to carry out the ultrasound-assisted 

extractions to obtain standardized processes. 

The second review article presented in Chapter 3 "Advances and innovations 

associated with the use of acoustic energy in food processing: An updated review," 

was published in the Innovative Food Science and Emerging Technologies journal. This 

review, written between 2020 and 2021, presents the more recent applications of acoustic 

cavitation on the processing of dairy, meat, bakery, beverage, minimally processed 

products, and food ingredients. We observed that ultrasound applied at different 

conditions by different ultrasonic systems had provided products with unique nutritional 

and sensory characteristics. Besides that, the association of acoustic and thermal energies 

through thermosonication treatments has provided milder processes, keeping the 

bioactive compounds present in food products. Few studies have investigated the impact 

of ultrasound processing on the sensory attributes of foods and beverages. However, 

ultrasonicated products maintained or showed better sensory characteristics in most 

evaluations. Additionally, the scale-up of the ultrasound processes seems more viable as 

several companies have started to manufacture the equipment for larger scales. In this 

regard, further optimization and economic feasibility studies need to be carried out to 

facilitate further scale-up. Thus, from this review, in addition to reviewing process 

conditions that favored obtaining high-quality products by protecting bioactive 

compounds, we were able to observe gaps in the literature for future studies. 

https://scholar.google.com.br/citations?view_op=view_citation&hl=pt-BR&user=ikXpTpEAAAAJ&citation_for_view=ikXpTpEAAAAJ:kNdYIx-mwKoC
https://scholar.google.com.br/citations?view_op=view_citation&hl=pt-BR&user=ikXpTpEAAAAJ&citation_for_view=ikXpTpEAAAAJ:kNdYIx-mwKoC
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The first experimental study presented in Chapter 4 “A techno-economic 

evaluation for the genipin recovery from Genipa americana L. employing non-

thermal and thermal high-intensity ultrasound treatments,” was published in  

Separation and Purification Technology. In this, we did a techno-economic evaluation 

of non-thermal (100 W) and thermal (450 W) ultrasound-assisted extraction processes for 

obtaining a genipin ethanolic extract from unripe genipap. We employed the same 

specific energies (1, 3, and 5 kJ/g) at different nominal powers (100 and 450 W) and 

processing times to observe the effects of the acoustic cavitation applied at the same 

energy amount (same specific energy) but at different power. For the extraction, ethanol 

was used since this is a GRAS (generally recognized as safe) solvent and had already 

been used for genipin extraction by other solid-liquid extraction techniques. Thereby, 

first, we performed preliminary tests to select the better ratio between ethanol and genipap 

mass (S/F). These results are presented in Appendix I. We selected the S/F of 5 because 

this ratio provided a good yield of genipin by the non-thermal (100 W) and thermal (450 

W) extraction processes. Regardless of the specific energy, the thermal treatments were 

better to extract genipin from unripe genipap fruits. Thus, the heat provided by 450 W 

processes favored the diffusion of genipin from the fruit to ethanol. Besides that, genipin 

showed to be a thermostable (until about 75 °C) and stable compound in ethanol for 72 h 

at 24 ± 2 °C. We also determined the cost of obtaining extracts at different scales, 

demonstrating the economic feasibility of the extraction process using the proposed 

systems. Thermal processes promoted by ultrasound showed to be economically more 

advantageous than the non-thermal ones. Additionally, ultrasound treatments presented a 

faster and fixed capital investment two times cheaper than a process using pressing + low-

pressure extraction. The experimental article 1 raw data and the statistical results of the 

data were presented in Appendix II to VI. 

Despite our extract presenting a slightly negative b* value (Appendix II) 

indicating the blue color, we cannot consider it a blue colorant. Some studies also report 

that they obtained a blue colorant from the extraction of genipin using ethanol or water. 

However, the blue compounds obtained from unripe genipap fruits result from the 

crosslinking between genipin and primary amine groups (Touyama, et al., 1994). Thus, 

our ethanolic extract presented a blue color because the genipap fruits contain a small 

number of proteins. In this way, free genipin crosslinked with the amino groups of these 

proteins, forming blue-colored compounds. However, the genipap fruits present a low 

protein content, limiting crosslinking and the formation of blue compounds in the ethanol 
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extract. Therefore, the later addition of primary amines groups to the extract is necessary 

to obtain a blue colorant from a genipin aqueous or ethanolic extract. In this sense, in the 

following experimental steps of the thesis, we planned to use solvents that naturally 

contain proteins. 

Thereby, the second experimental article presented in Chapter 5 was “Low-

frequency and high-power ultrasound-assisted production of natural blue colorant 

from the milk and unripe Genipa americana L." published in the Ultrasonics 

Sonochemistry journal. In this study, we evaluated the ultrasound-specific energy (0,06, 

0,10, 0,17 e 0,25 kJ/g) on producing a blue colorant from the crosslinking between 

genipin and milk proteins. For this, we used the colloidal system of milk as a solvent, 

source of primary amines for crosslinking reaction with genipin, and carrier of the blue-

colored compounds produced. One-step acoustic cavitation assisted the genipin extraction 

from the unripe genipap and its diffusion into the colloidal milk system favoring its 

crosslinking with milk proteins. Ultrasound process intensification by increasing the 

nominal power (100 to 400 W) promoted higher genipin recovery resulting in bluer 

colorants. However, the higher temperature achieved for the nominal power of 400 W (84 

± 1 °C) could favor the occurrence of non-enzymatic browning associated with complex 

melanin substances due to the Maillard reaction. Thus, the best nominal power evaluated 

to obtain the blue colorant was 300 W. Nevertheless, all colorants acquired a blue color 

after 96 h of cold storage, even the obtained at 200 W (Appendix VII). That happens 

because the crosslinking reaction between genipin and primary amines is catalyzed by 

heat and oxygen. Thereby, crosslinks continue to occur in extracts with high protein 

content after ultrasound processing. Appendix VIII also demonstrated that the pH value 

of the colorants was almost unchanged after 48 h of cold storage. Additionally, some 

experimental raw data of the second experimental article were presented in Appendix IX 

to XII. 

Likewise, plant proteins can replace dairy proteins for producing this natural blue 

colorant considering the current demand for plant-based products. Therefore, the third 

experimental paper presented in Chapter 6 was "Impact of thermosonication 

pretreatment on the production of plant protein-based natural blue colorants," 

published in the Journal of Food Engineering. In this study, we evaluated the 

thermosonication pretreatment and four plant extracts, Oryza sativa L., Avena sativa L., 

Arachis hypogaea L., and Prunus dulcis effects on the crosslinking between genipin and 

plant proteins for the production of natural blue colorants. First, we performed some tests 
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using commercial plant-based beverages. Appendix XIII shows the appearance of 

beverages and the colorants obtained from them. We noticed that the whiter plant-based 

beverages favored the obtainment of bluer colorants in this preliminary test. Therefore, 

we used laboratory-prepared white plant-based extracts to standardize the preparation and 

obtain a purer system without other ingredients. Thus, rice, oat, peanut, and almond 

extracts were evaluated to obtain blue plant-based colorants. 

Moreover, a thermosonication treatment was applied to plant-based extracts to 

produce bluer colorants with better kinetic stability. We obtained blue colorants using all 

plant extracts. However, almond extract presented the best characteristics for producing 

the natural blue colorant. Protein availability was the most significant limiting factor in 

the blue compound formation reaction since the almond and peanut samples showed the 

same protein content but different color results. The color differences between the 

samples were also associated with the raw plant extract moisture and protein contents in 

addition to their natural color. Thermosonication had almost no effect on the coloration 

of the colorants but improved their kinetic stability since thermosonicated colorants 

presented fewer phase separation effects than non-thermosonicated ones. Appendix XIV 

presents a scheme of article 3, and Appendix XV to XVIII shows its raw data.  

 In Chapter 7, we propose to evaluate the application of the blue almond-based 

colorant in a beverage since the almond extract allowed the best physicochemical 

characteristics to obtain the colorant. Thus, we presented the last experimental article, 

“Impact of thermosonication processing on the phytochemicals, fatty acid 

composition and volatile organic compounds of almond-based beverage,” published 

in the LWT - Food Science and Technology journal. In this study, we also evaluated the 

effects of thermosonication applied at different acoustic powers (4.6, 8.5 and 14.5 W) and 

holding times (5, 10 and 15 min) on the phytochemicals, fatty acid composition and 

volatile organic compounds of almond-based beverage. For this, we first studied the 

formulation of the beverage. Appendix XIX presents all the tests performed to define the 

almond-based beverage formulation (Table XIX.1 to XIX.6). We visually evaluated the 

percentage of gellan gum needed to emulsify the fat (coconut cream) with water (Table 

XIX.1). An amount between 2.5 and 3% of gum was necessary to emulsify the water and 

fat fraction. Thus, the second test was carried out with more formulation ingredients, 

varying the proportion of gum (2.5 and 3%). Additionally, we evaluated the addition of 

0.1 and 1% of pectin in the formulation (Table XIX.2). In this test, we observed the 

formation of insoluble solids that we associate with pectin. Furthermore, we observed that 
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the proportion of colorant needed to increase to achieve a bluer beverage. Thus, we tested 

a smaller pectin fraction and a higher proportion of colorant in the following formulation 

(Table XIX.3). These beverages still presented some solids in suspension, so we decided 

not to use pectin and replace the coconut cream with coconut oil. Therefore, the coconut 

oil tests were carried out with the formulations presented in Table XIX.4. In this way, we 

observed a product with a better homogenization but with a faint blue color. Thereby, we 

decided to use coconut oil and 7% of colorant. In the last formulation test, we studied the 

addition of a thickener (Table XIX.5). Thus, we reached the final formulation (Table 

XIX.6) since the gellan gum provided a better visual viscosity to the beverage. After 

establishing the beverage formulation, we evaluated the effects of different 

thermosonication treatments on the beverage's chemical characteristics. The acoustic 

power and holding time did not significantly affect the total phenolic, but the 

thermosonicated samples had their total phenolic content reduced to 10% compared to 

the untreated beverage (control sample). Other studies determined that the 

thermosonication temperature significantly affected phenolic compounds degradation. In 

our study, although all the treatments were carried out at temperatures equal to or greater 

than 50 °C, the acoustic power or holding time did not generate higher phenolic 

compound degradation. In this sense, the almond-based beverage is a colloidal system 

that better protects phenolic compounds by encapsulation. On the other hand, the total 

flavonoid content increased after the thermosonication treatments. However, the acoustic 

power increase decreased the beverage flavonoids content. This behavior may be related 

to the effects of acoustic cavitation and the temperatures that each treatment reaches at 

the cell walls. However, higher thermosonication temperatures can reduce the content of 

these compounds due to thermal degradation. In this way, the treatments increased the 

total flavonoids in the beverage and decreased the total phenolic content, promoting 

maintenance of the antioxidant activity. Moreover, the treatments promoted beverage 

lipid and ethyl ester acids oxidation. The most intense thermosonication treatments (14.5 

W for 10 and 15 min) applying higher acoustic and thermal energy promoted greater fatty 

acids and ethyl ester acids oxidation. Despite that, the treatments did not degrade the blue 

compounds of the beverage. Thus, demonstrating the thermal stability of the natural blue 

colorant previously produced. Appendices from XX to XXI show the raw data of the 

fourth experimental article, and Appendix XXII shows the article's statistical analysis 

results.  
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 Figure 3 illustrates the experimental products acquired and the main ultrasound 

effects observed in this thesis.  

 

 

 

Figure 3. Illustration of the main results acquired in this thesis by studying ultrasound 

technology to obtain products from unripe genipap fruits. 

This chapter (Chapter 8) presented a brief and general discussion about the main 

results observed in each stage carried out in this thesis. Chapter 9 presents the general 

conclusion, and Chapter 10 shows the references used in the general introduction and 

discussion (Chapter 1 and 8). Then, we proposed future studies and presented a 

memorial of the doctoral period. Appendix XXIII presents the authorizations of the 

publishers to show the published articles in this thesis, and Appendix XXIV the 

publications carried out in partnership during the doctoral period.
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CHAPTER 9  

 

General conclusions, future studies and doctoral period 

memorial 
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1 General conclusions 

 In this thesis, we demonstrate the potential of high-intensity ultrasound 

technology as a new approach to obtain innovative products from unripe genipap fruits. 

The reviews presented in Chapters 2 and 3 were the basis for understanding ultrasound 

technology and its process variables to assist food processes. In the first review, we 

observed high-intensity ultrasound as a promising technology to assist the extraction of 

natural colorants from plant raw materials. Furthermore, we verified the ultrasound 

variables for extraction and the lack of information about some processes using this 

technology. In the second review article, we realized each process requires a specific 

amount and way of acoustic energy supply. The recent advances, trends, challenges 

regarding ultrasound processing applied to dairy, meat, bakery, minimally processed 

products, beverages, and food ingredients were reviewed. Furthermore, we observed the 

association of acoustic energy with an external thermal source (thermosonication) as 

another promising process for food manufacturing. In this way, we could understand and 

select the process variables to be evaluated in this thesis experimental portion. 

 Thereby, in the first experimental step presented in Chapter 4 we observed the 

effects of acoustic specific energy (1, 3, and 5 kJ/g) supplied at different powers (100 and 

450 W) for obtaining a genipin-rich ethanolic extract. The higher ultrasound power (450 

W) provided thermal processes by increasing the extraction medium temperature through 

acoustic cavitation. Thus, the genipin extraction was favored by acoustic cavitation and 

heat since the extracts acquired at 450 W presented higher genipin content. Besides that, 

genipin showed to be a thermostable (until about 75 °C) and stable compound in ethanol 

for 72 h at 24 ± 2 °C. Moreover, ultrasound-assisted extractions were faster and had a 

fixed capital investment twice as cheap as a low-pressure pressing + extraction process. 

In this experimental design, we noticed that the genipin extracts showed a slight blue 

color due to the reaction of genipin with the proteins of the genipap fruits themselves. 

However, the crosslinking reaction for the formation of blue compounds was limited to 

the protein content of the fruits. Thus, we proposed to study the use of solvents containing 

proteins to obtain the colorant in fewer operational steps. 

Therefore, in Chapter 5 we evaluated ultrasound nominal power (100, 200, 300, 

and 400 W) to obtain a natural blue colorant from genipin and milk proteins. Colloidal 

milk system was used as a solvent, a source of primary amines for the crosslinking 

reaction with genipin, and as a carrier for the blue-colored compounds produced. The 

ultrasound processes extracted genipin from unripe genipap and favored its diffusion in 
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the milk system, promoting its crosslinking with milk proteins in a single step. Moreover, 

the process intensification by increasing the nominal power (from 100 to 400 W) provided 

a higher genipin recovery resulting in bluer colorants. However, non-enzymatic browning 

by the Maillard reaction was also observed due to the temperature increase by the power 

rise. In this way, the nominal power of 300 W provided a blue colorant less dark than 400 

W. The colorants remained kinetically stable during the storage (48 h of cold storage), 

indicating that ultrasound processes also assisted in the kinetic stabilization of the 

product. 

Likewise, plant proteins can replace dairy proteins for producing this natural blue 

colorant considering the current demand for plant-based products. In this sense, in 

Chapter 6 we evaluated a thermosonication pretreatment and four plant extracts, Oryza 

sativa L., Avena sativa L., Arachis hypogaea L., and Prunus dulcis effects on the 

crosslinking between genipin and plant proteins for the production of natural blue 

colorants. All evaluated plant proteins were able to crosslink with genipin forming blue 

colorants. However, the almond extract presented the best chemical and physical 

characteristics for producing the colorant. The availability of proteins present in the 

extracts was one of the factors that most impacted the formation of blue compounds. 

Besides the availability of proteins, the macronutrient composition and the color of the 

extracts also affected the obtainment of plant-based blue colorants. Furthermore, the 

thermosonication treatment efficiently produced blue colorants more kinetically stable 

since the samples thermosonicated presented fewer phase separation phenomena than 

untreated ones. In this way, we demonstrated the obtainment of plant alternatives to the 

colorant previously obtained from animal proteins.   

Finally, in Chapter 7, we evaluated and demonstrated the applicability of the blue 

almond-based colorant in an almond beverage. Besides that, the effects of different 

thermosonication conditions were evaluated on the phytochemical characteristics of the 

plant beverage. Acoustic cavitation and heat provided by thermosonication treatments 

promoted the degradation of phenolic compounds and the extraction of flavonoids. In this 

way, the beverage antioxidant activity was maintained. However, the most intense 

treatments (higher acoustic power and longer holding time) affected the non-polar 

composition of the beverage, promoting oxidation. Despite that, the treatments did not 

degrade the blue compounds of the beverage. Thus, the thermal stability of the natural 

blue colorant previously produced was evidenced. 
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Therefore, this thesis presents the potential of ultrasound technology as a new 

route to produce blue natural colorants from unripe fruits of Genipa americana L. 

Furthermore, we demonstrated the technical-economic feasibility of ultrasound-assisted 

extraction to obtain an ethanolic extract rich in genipin and the stability of the almond-

based colorant against processes that applied acoustic and thermal energies. In this way, 

we demonstrated how ultrasound technology and its process variables could assist the 

obtainment of a genipin extract, blue natural colorants, and a blue plant-based beverage 

from a Brazilian plant matrix. 
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2 Future studies 

From the results of the present Thesis, other gaps emerged that can be studied in 

the future: 

✓ An economic evaluation of the processes for obtaining the different colorants: 

based on milk and plant proteins; 

✓ Evaluate the effects of the conditions of ultrasound treatments on the sensory 

characteristics of the products obtained (colorants and beverage); 

✓ Study the toxicity of the genipin-based colorants obtained; 

✓ Apply the natural blue colorants in different food products and verify the 

acceptability through sensory tests. 
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3 Doctoral period memorial 

Ph.D. candidate Monique Martins Strieder joined Unicamp in 2018 through the 

selection process of the Food Engineering Postgraduate Program and with the financial 

assistance of CNPq (141110/2018-0). During the first year (2018), she attended 4 

mandatory subjects of the program: Fenômenos de Transporte I (TP322), Termodinâmica 

(TP320), Fenômenos de Transporte II (TP323 -A), and Seminários (TP199) and 1 elective 

subject offered by the department: Tópicos em Engenharia de Alimentos (TP121), 

totaling 15 credits. In the second semester of the first year, the Ph.D. candidate performed 

the first experiments in LASEFI related to research parallel to her doctorate. Together 

with her research group, she developed the experimental part of the study published in 

RSC Advances: "Biorefinery of turmeric (Curcuma longa L.) using non-thermal and 

clean emerging technologies: an update on the curcumin recovery step." Besides that, she 

assisted an undergraduate student in developing her experimental project, “Processing of 

inulin-enriched apple juice using high-intensity ultrasound technology.” The 

experimental development of these researches was very useful for the Ph.D. candidate, as 

she learned to use the LASEFI infrastructure. Additionally, both studies employed high-

intensity ultrasound technology, her thesis topic. 

 The Ph.D. candidate started the experimental activities of her project in 2019. The 

research related to her doctoral project was conducted in cooperation with Maria Isabel 

Landim Neves' doctoral project. Also, she participated in the organizing committee of the 

V Iberoamerican Conference on Supercritical Fluids of that year. Despite supercritical 

fluids not being her specific area of research, the participation in the organization of the 

event and the presentation of the paper “Production and characterization of emulsion-

filled gels based on geranylgeraniol-rich extract obtained by supercritical CO2 extraction” 

were very enriching activities for the Ph.D. candidate.  The paper was developed with her 

colleagues from the Research Group she worked with because this is the Group’s 

strongest field. From September 7 to 13, she also had the opportunity to participate in the 

exchange program “Sakura Science” promoted by the Japan Science and Technology 

Agency at Kumamoto University in Kumamoto/Japan. In this event, the Ph.D. candidate 

presented some of her preliminary experimental results among the various academic 

activities carried out. During this period, she also assisted undergraduate students in the 

development of their experimental projects: “Effect of high-intensity ultrasound specific 

energy on the bixin and geranylgeraniol recovery from defatted annatto seeds” and 
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“Efeito da temperatura de armazenamento na cinética de formação da cor azul em extratos 

de jenipapo (Genipa americana L.)”. 

In the first months of 2020, the student developed part of her thesis experiments 

and started a voluntary teaching training internship (PED C - CD003). The internship was 

carried out on the subject of Mechanics of the materials. The experience was enriching 

since the discipline was administered remotely due to the social isolation resulting from 

COVID-2019. In 2020, the Ph.D. candidate focused on writing the experimental articles 

presented in Chapters 4, 5, 6, and 7. Moreover, our research team developed a novel 

process and wrote the report for the patent application “Processo de produção de corante 

natural azul”. It was filed in the Instituto Nacional da Propriedade Industrial (BR 10 2020 

026302 1) on December 21, 2020. 

In the first semester of 2021, the student completed her experimental activities and 

finished writing the last experimental and review articles. She also contributed to the 

experimental activities and writing of articles of a master's student of the LASEFI's 

Research Group about recovering bioactive compounds from fennel. In October 2021, the 

Ph.D. candidate was awarded a 6-month sandwich doctoral scholarship from CNPq. She 

did the sandwich period at the University of Alberta in Edmonton/Canada under Professor 

Marleny Saldaña supervision. The Ph.D. candidate studied emerging technologies to 

produce a barley-based beverage during this exchange period. Figure 4 presents the main 

activities developed during her internships at the University of Campinas and the 

University of Alberta. 

 

Figure 4. Main activities performed during the Ph.D. period. 
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Then, her doctoral project's development resulted in 2 review articles and 4 

experimental articles. Furthermore, together with her Research Group, she produced 1 

patent, 6 experimental articles, 1 review article, and 5 abstracts published in conference 

proceedings. 

 

Publications during the doctoral period: 

 

Patent 

Meireles, M. A. A.; Silva, E. K.; Neves, M. I. L.; Strieder, M. M. Blue natural colorant 

process. (2020). INPI - Instituto Nacional da Propriedade Industrial. Country: Brazil. 

Patent of Invention. Register number: BR10202002630. Deposit date: 12/21/2020. 

Depositor/Holder: University of Campinas. 

Articles published in peer-reviewed journals 

Strieder, M. M., Silva, E. K., Meireles, M. A. A. (2019). Specific Energy: A New 

Approach to Ultrasound-assisted Extraction of Natural Colorants. Food and Public 

Health v. 9, 45-52.  

Strieder, M. M., Neves, M. I. L., Zabot, G. L., Silva, E. K., Meireles, M. A. A. (2020). 

A techno-economic evaluation for the genipin recovery from Genipa americana L. 

employing non-thermal and thermal high-intensity ultrasound treatments. Separation and 

purification technology, v. 258, 117978. 

Strieder, M. M., Neves, M. I. L., Silva, E. K., Meireles, M. A. A. (2020). Low-frequency 

and high-power ultrasound-assisted production of natural blue colorant from the milk and 

unripe Genipa americana L. Ultrasonics Sonochemistry, v. 66, 105068. 

Strieder, M. M., Neves, M. I. L., Silva, E. K., Meireles, M. A. A. (2021). Impact of 

thermosonication pretreatment on the production of plant protein-based natural blue 

colorants. Journal of Food Engineering, v. 299, 110512. 

Strieder, M. M., Silva, E. K., Meireles, M. A. A. (2021). Advances and innovations 

associated with the use of acoustic energy in food processing: An updated review. 

Innovative Food Science & Emerging Technologies, v. 74, 102863. 
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Strieder, M. M., Neves, M. I. L., Belinato, J. R., Silva, E. K., Meireles, M. A. A. (2022). 

Impact of thermosonication processing on the phytochemicals, fatty acid composition and 

volatile organic compounds of almond-based beverage. LWT-Food Science and 

Technology, v. 154, 112579. 

Neves, M. I. L., Strieder, M. M., Silva, E. K., Meireles, M. A. A. (2020). Milk colloidal 

system as a reaction medium and carrier for the natural blue colorant obtained from the 

cross-linking between genipin and milk proteins. Innovative Food Science & Emerging 

Technologies, v. 61, 102333. 

Neves, M. I. L., Strieder, M. M., Vardanega, R., Silva, E. K., Meireles, M. A. A. (2020). 

Biorefinery of turmeric (Curcuma longa L.) using non-thermal and clean emerging 

technologies: an update on the curcumin recovery step. RSC Advances, v. 10, p. 112-121. 

Neves, M. I. L., Strieder, M. M., Prata, A. S., Silva, E. K., Meireles, M. A. A. (2021). 

Fructans with different degrees of polymerization and their performance as carrier 

matrices of spray dried blue colorant. Carbohydrate Polymers, v. 270, 118374. 

Neves, M. I. L., Strieder, M. M., Prata, A. S., Silva, E. K., Meireles, M. A. A. (2021). 

Xylooligosaccharides as an innovative carrier matrix of spray-dried natural blue colorant. 

Food Hydrocolloids, v. 121, 107017. 

Neves, M. I. L., Strieder, M. M., Silva, E. K., Meireles, M. A. A. (2021). Manufacturing 

natural blue colorant from genipin-crosslinked milk proteins: Does the heat treatment 

applied to raw milk influence the production of blue compounds?. Future Foods, v. 4, 

100059. 

Urango, A. C. M., Strieder, M. M., Silva, E. K., Meireles, M. A. A. (2021). 

Thermosonication process design for recovering bioactive compounds from fennel: A 

Comparative study with conventional extraction techniques. Applied Sciences, v. 11, 

12104. 

Urango, A. C. M., Strieder, M. M., Silva, E. K., Meireles, M. A. A. (2021). Impact of 

thermosonication processing on food quality and safety: a review. Springer Nature.  

Accepted in 30 December 2021. 
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Abstracts published in conference proceedings 

Strieder, M. M., Neves, M. I. L., Vardanega, R., Silva, E. K., Meireles, M. A. A. (2019) 

Production and characterization of emulsion-filled gels based on geranylgeraniol-rich 

extract obtained by supercritical CO2 extraction. In: V Iberoamerican Conference on 

Supercritical Fluids, 2019, Campinas. Anais..., 2019. 

Neves, M. I. L., Strieder, M. M., Vardanega, R., Silva, E. K., Meireles, M. A. A. 

Pressurized liquid and high-intensity ultrasound for recovery of curcumin from turmeric 

rhizome: a comparison of emerging technologies. In: V Iberoamerican Conference on 

Supercritical Fluids, 2019, Campinas. Anais..., 2019. 

de Moura Bezerra, Y., Silva, E. K., Strieder, M. M., Pastore, G. M., Meireles, M. A. A., 

Arruda, H. S. (2018). Processing of inulin-enriched apple juice using high-intensity 

ultrasound technology. Revista dos Trabalhos de Iniciação Científica da UNICAMP (26). 

Rodrigues, P. D., Strieder, M. M., Silva, E. K., Meireles, M. A. A. (2019). Efeito da 

temperatura de armazenamento na cinética de formação da cor azul em extratos de 

jenipapo (Genipa americana L.). Caderno de Resumos: II Congresso de Projetos de 

Apoio à Permanência de Estudantes de Graduação da Unicamp. 

de Freitas, G., Silva, E., Strieder, M., Vardanega, R., Petenate, M. (2019). Effect of high-

intensity ultrasound specific energy on the bixin and geranylgeraniol recovery from 

defatted annatto seeds. Revista dos Trabalhos de Iniciação Científica da UNICAMP (27), 

1-1.
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Appendix I - Article experimental 1 

 

Preliminary test: determination of the ratio (S/F) between ethanol and genipap mass 

 

Table I. S/F effects on the global yield and genipin content of extracts 

Ultrasound-

assisted 

extraction 

process 

S/F Global yield (g 

dried extract/100 

g dried pulp 

genipap) 

Global yield 

(g genipin/ 

100 g dried 

extract) 

Genipin content 

(g genipin/100 g 

dried pulp 

genipap) 

Non-thermal  

(100 W)  

5 45.2 2.02 0.91 

7.5 41.9 1.15 0.48 

10 40.8 1.33 0.54 

Thermal         

(450 W) 

5 47.5 1.77 0.80 

7.5 53.6 1.47 0.79 

10 44.4 2.12 0.94 

 

 

Figure I. S/F effects on the visual appearance of genipap extracts. Images acquired after 

48 h of the ultrasound-assisted extractions. 
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Appendix II - Article experimental 1 

Additional result: pH and color parameters of ethanolic genipap extracts produced in article experimental 1 

Table II. pH and color CIE coordinates of ethanolic genipap extracts obtained after 72 h of storage (at room temperature) 

*Mean values ± standard deviation (n = 4).  

 

Process 
Specific energy 

(kJ/g) 
pH L a* b* C* H* 

Control 0 6.25 ± 0.06 9 ± 4 -0.8 ± 0.6 -2 ± 1 2.3 ± 0.8 242 ± 26 

Non-thermal 

1 6.01 ± 0.05 12 ± 3 -1.1 ± 0.7 -0.6 ± 0.1 1.2 ± 0.7 212 ± 14 

3 5.95 ± 0.05 7 ± 1 -1.2 ± 0.8 -0.77 ± 1 1.8 ± 0.1 211 ± 56 

5 5.90 ± 0.06 7 ± 1 -0.7 ± 0.6 -1.2 ± 0.1 1.4 ± 0.3 239 ± 23 

Thermal 

1 5.91 ± 0.03 11 ± 1 -1.0 ± 0.3 -0.7 ± 0.6 2 ± 1 225 ± 45 

3 5.98 ± 0.04 7 ± 4 -0.9 ± 0.9 -1.3 ± 0.7 1.8 ± 0.1 235 ± 37 

5 5.91 ± 0.08 7 ± 4 -0.8 ± 0.7 -1.3 ± 0.1 1.4 ± 0.8 233 ± 10 
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Appendix III - Article experimental 1 

Raw data: temperature profiles of ultrasound-assisted extractions 

Chart III. Temperature profile (genipap + ethanol) data 

Processing 

time (s) 

Non-thermal    

(R1) 

Non-thermal    

(R2) 

Thermal    

(R1) 

Thermal    

(R2) 

0 22.6 22.4 23.4 23.4 

15 22.6 22.6 24.3 24.7 

30 22.5 23.6 29.2 27.5 

45 22.5 24.2 31.3 30.6 

60 22.5 24.4 33.7 33.5 

90 22.5 24.4 38.5 39.4 

120 22.5 25.1 43.4 45.0 

150 22.5 25.6 47.0 49.4 

180 22.7 26.1 51.3 54.9 

210 23.8 26.3 54.8 59.3 

240 23.9 26.4 58.7 63.7 

270 24.0 26.6 61.5 68.3 

300 25.1 26.8 65.0 72.0 

330 25.2 26.8 67.5 75.0 

360 25.3 26.9 70.5 76.5 

390 25.3 26.9 72.8 76.5 

420 26.0 27.0   

450 26.6 26.9   

480 26.4 27.1   

510 26.6 27.3   

540 26.6 27.3   

570 26.8 27.3   

600 27.4 27.4   

630 27.7 27.6   

660 27.6 27.6   

690 27.7 27.9   
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Chart III. Continuation of temperature profile data (genipap + ethanol) 

 

720 27.6 27.9   

750 27.9 28.0   

780 28.3 28.0   

810 28.7 28.0   

840 28.9 28.0   

870 28.8 28.1   

900 28.8 28.2   

930 28.7 28.2   

960 28.7 28.4   

990 28.9 28.5   

1020 29.3 28.5   

1050 29.6 28.6   

1080 29.7 28.7   

1110 29.7 28.8   

1140 29.7 28.8   

1170 29.9 28.9   

1200 29.7 29.0   

1230 29.8 28.9   

1260 29.7 28.9   

1290 29.7 29.1   

1320 30.0 29.1   

1350 30.0 29.1   

1380 30.1 29.2   

1410 30.5 29.2   

1440 30.6 29.2   

1470 30.6 29.2   

1500 30.7 29.3   

1530 30.7 29.3   

1560 30.8 29.4   

1590 30.7 29.4   

1620 30.7 29.5   
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Chart III. Continuation of temperature profile data (genipap + ethanol) 

 

1650 30.6 29.5   

1680 30.6 29.5   

1710 30.6 29.6   

1740 30.5 29.7   

1770 30.5 29.7   

1800 30.5 29.7   
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Appendix IV - Article experimental 1 

Raw data: global, genipin, and geniposide yields 

Chart IV. Experimental design with global yield data 

Run Order 
Ultrasound 

process 

Specific 

energy 

(kJ/g) 

Global yield (g dried extract/ 

100 g dried pulp genipap) 

Global yield (g genipin/ 

100 g dried extract) 

Global yield (g geniposide/ 

100 g dried extract) 

0 h (R1) 0 h (R2) 0 h (R1) 0 h (R2) 0 h (R1) 0 h (R2) 

1 Thermal 3 41.87 44.93 3.22 2.76 0.229 0.072 

2 Thermal 1 39.67 38.64 2.85 2.91 0.144 0.087 

3 Thermal 5 44.55 43.94 3.98 2.58 0.145 0.081 

4 Non-thermal 5 54.87 48.07 2.44 1.58 0.113 0.053 

5 Non-thermal 1 38.42 34.06 1.63 1.18 0.108 0.035 

6 Non-thermal 3 45.91 33.81 2.45 1.21 0.101 0.045 

Control  18.58 17.68 2.98 2.47 0.033 0.083 
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Appendix V - Article experimental 1  

Raw data: genipin and geniposide contents 

Chart V. Experimental design with genipin and geniposide content data  

Run 

Order 

Ultrasound 

process 
ê (kJ/g) 

Genipin content (mg genipin/g dried pulp 

genipap) 

Geniposide content (mg geniposide/g dried 

pulp genipap) 

0 h (R1) 0 h (R2) 72 h (R1) 72 h (R2) 0 h (R1) 0 h (R2) 72 h (R1) 72 h (R2) 

1 Thermal 3 16.77 15.79 16.86 15.52 12.40 11.37 11.18 6.25 

2 Thermal 1 14.03 14.76 14.07 14.12 10.70 11.26 7.07   11.50 

3 Thermal 5 20.12 17.75 20.56 16.86 11.74 11.03 11.61 6.76 

4 Non-thermal 5 17.35 11.13 15.64 10.25 9.40 8.61 9.03 4.47 

5 Non-thermal 1 4.99 6.86 5.32 6.99 7.55 2.61 8.63 3.04 

6 Non-thermal 3 5.70 12.24 5.87 11.93 3.67 7.30 5.34    8.08 

Control  5.55 6.07 5.59 6.76 2.04 2.20 2.3 3.05 
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Appendix VI - Article experimental 1 

Statistical analysis results: 

 

Figure VI.1. Effect of the extraction process and specific energy on genipin content 

(mg/g) of extracts. Where: A: Processes non-thermal and thermal; B: Specific energies of 

1, 3, and 5 kJ/g. 

 

Figure VI.2. Effect of the extraction process and specific energy on geniposide content 

(mg/g) of extracts. Where: A: Processes non-thermal and thermal; B: Specific energies of 

1, 3, and 5 kJ/g. 
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Appendix VII - Article experimental 2 

Additional result: blue color development of the colorants throughout 96 h of storage 

 

Figure VII - Effect of the nominal power on the kinetic of blue color formation over the 

storage time (96 h) 
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Appendix VIII - Article experimental 2 

Additional result: pH value of the colorants 

Table VIII - Colorant pH values  

 

 

 

     Storage time (h) 

 

Nominal  

power (W) 

2 h 48 h 

Temperature 

(°C) 
pH 

Temperature 

(°C) 
pH 

Control 1 17.3 6.02 8.80 6.04 

Control 2 17.0 6.07 12.5 6.04 

100 (R1) 17.3 6.01 8.90 6.05 

100 (R2) 18.0 6.10 11.1 6.10 

200 (R1) 17.2 5.97 9.60 6.04 

200 (R2) 17.7 6.13 12.5 6.11 

300 (R1) 17.0 6.01 9.80 6.06 

300 (R2) 18.0 6.10 13.3 6.09 

400 (R1) 16.8 6.04 11.3 6.02 

400 (R2) 17.1 6.10 12.6 6.09 
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Appendix IX - Article experimental 2 

Raw data: Temperature profiles of ultrasound processes 

Chart IV. Temperature profile (genipap + milk) data 

     Processing time 

(min) 

 

Nominal power 

(W) 

0 0.25 0.5 0.75 1 2 3 4 5 6 

100 (R1) 20.0 20.1 20.8 20.9 21.6 22.4 24.1 24.9 25.9 27.0 

100 (R2) 20.0 20.6 21.0 21.9 22.0 23.5 24.5 25.4 26.6 28.0 

200 (R1) 20.2 20.9 22.4 23.9 25.0 28.6 32.8 36.9 40.1 44.2 

200 (R2) 20.0 22.4 23.6 24.9 25.4 29.4 32.4 35.4 38.1 41.0 

300 (R1) 20.1 20.9 22.5 24.1 26.9 34.2 42.5 50.0 57.4 64.4 

300 (R2) 20.0 23.6 25.1 27.0 28.7 35.4 42.4 49.5 56.0 62.4 

400 (R1) 20.6 23.8 26.6 29.4 32.6 44.1 55.6 67.2 77.2 85.6 

400 (R2) 20.0 19.8 22.7 24.4 27.3 38.8 50.2 61.6 71.2 81.6 
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Appendix X - Article experimental 2 

Raw data: free-genipin content 

Chart X. Free-genipin content (mg genipin/g dried colorant) data of the samples 

 

 

 

 

 

 

 

 

 

 

     Storage time (h) 

 

Nominal  

power (W) 

Genipin content (mg genipin/g dried colorant) 

2 h  24 h  48 h  

Control 1 2.12 0.75 0.60 

Control 2 1.61 0.61 0.72 

100 (R1) 2.98 0.66 0.46 

100 (R2) 2.48 0.63 0.64 

200 (R1) 3.18 0.64 0.05 

200 (R2) 4.47 0.63 0.05 

300 (R1) 4.29 0.60 0.45 

300 (R2) 4.35 0.67 0.57 

400 (R1) 4.69 0.73 0.55 

400 (R2) 4.61 0.60 0.45 
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Appendix XI - Article experimental 2 

Raw data: color parameters 

Chart XI. Color parameters (L, a*, and b*) data of the samples 

     Color parameters 

 

Nominal  

power (W) 

L a* b* 

2 h 

Control 1 59.08 -3.23 2.70 

Control 2 60.51 -3.09 2.57 

100 (R1) 58.96 -3.07 2.26 

100 (R2) 59.98 -2.77 2.32 

200 (R1) 49.25 0.76 -4.51 

200 (R2) 46.33 1.99 -6.00 

300 (R1) 39.58 -2.25 -9.61 

300 (R2) 40.73 -2.36 -10.04 

400 (R1) 33.14 -1.56 -10.30 

400 (R2) 36.66 -1.66 -10.92 

24 h 

Control 1 54.39 -4.53 -1.82 

Control 2 54.64 -4.52 -1.89 

100 (R1) 51.07 -3.99 -2.93 

100 (R2) 50.86 -4.03 -2.92 

200 (R1) 42.60 1.29 -8.46 

200 (R2) 42.32 1.25 -8.5 

300 (R1) 37.07 -1.23 -11.96 

300 (R2) 37.15 -1.21 -12.06 

400 (R1) 33.96 -2.35 -11.13 

400 (R2) 33.98 -2.36 -11.23 

48 h 
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Chart XI. Continuation of color parameters (L, a*, and b*) data of the samples 

Control 1 45.55 -2.26 -1.75 

Control 2 46.61 -2.53 -1.61 

100 (R1) 47.68 -5.14 -3.43 

100 (R2) 47.94 -5.22 -3.44 

200 (R1) 37.68 -1.42 -9.47 

200 (R2) 37.54 -1.38 -9.37 

300 (R1) 31.22 -0.93 -11.78 

300 (R2) 31.19 -0.93 -11.94 

400 (R1) 27.94 -1.28 -10.68 

400 (R2) 27.75 -1.25 -10.24 
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Appendix XII - Article experimental 2 

Raw data: drop size distribution 

Chart XII. Mean diameter (D32), cumulative diameters (d10, d50, d90), and span values 

data of the samples 

 

 

 

 

 

 

 

 

 

 

 

Nominal  

power (W) 

D32 d10 d50 d90 Span 

Control 1 1.07 0.37 0.50 0.80 0.85 

Control 2 1.11 0.35 0.48 0.78 0.89 

100 (R1) 0.92 0.35 0.48 0.76 0.85 

100 (R2) 0.92 0.34 0.46 0.74 0.87 

200 (R1) 0.81 0.37 0.49 0.76 0.79 

200 (R2) 0.79 0.37 0.49 0.76 0.80 

300 (R1) 0.75 0.35 0.46 0.72 0.80 

300 (R2) 0.80 0.36 0.48 0.76 0.82 

400 (R1) 0.73 0.35 0.47 0.75 0.83 

400 (R2) 0.67 0.33 0.44 0.68 0.81 
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Appendix XIII - Article experimental 3 

Preliminary test: blue color formation in commercial plant-based beverages used as 

extractor solvent of genipin 

 

Figure XIII - The visual appearance of plant-based colorants obtained from commercial 

plant-based beverages and unripe genipap using an ultrasound treatment (300 W, 6 min)
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Appendix XIV - Article experimental 3 

Additional result: scheme of article experimental 3 

 

Figure XIV - Scheme of article experimental 3
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Appendix XV - Article experimental 3 

Raw data: free-genipin and free-geniposide content 

Chart XV. Free-genipin and free-geniposide contents (mg/g dried colorant) data of the 

samples 

 

 

 

 

 

     Storage time (h) 

 

Plant-based 

colorant 

Genipin content (mg 

genipin/g dried colorant) 

Geniposide content (mg 

geniposide/g dried colorant) 

2 h  24 h  2 h  24 h  

NT Rice (R1) 17.0 12.4 5.93 5.83 

NT Rice (R2) 9.2 7.6 11.34 9.29 

T Rice (R1) 20.4 14.9 6.29 7.30 

T Rice (R2) 13.5 10.0 5.44 4.72 

NT Oat (R1) 6.3 3.5 1.68 1.06 

NT Oat (R2) 4.4 1.0 4.05 2.01 

T Oat (R1) 5.6 2.9 1.94 0.52 

T Oat (R2) 4.5 1.2 3.53 1.79 

NT Peanut (R1) 1.8 0.2 1.99 1.32 

NT Peanut (R2) 3.9 1.7 0.75 0.22 

T Peanut (R1) 5.3 1.2 0.92 0.25 

T Peanut (R2) 5.0 2.8 1.52 0.24 

NT Almond (R1) 3.7 0.3 0.75 0.24 

NT Almond (R2) 3.9 2.0 0.43 0.37 

T Almond (R1) 4.5 0.6 0.90 0.23 

T Almond (R2) 3.9 2.2 1.13 0.24 
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Appendix XVI - Article experimental 3 

Raw data: moisture and protein content and pH values 

Chart XV. Moisture and protein contents and pH values data of the samples 

Plant-based 

extract 

Moisture content 

(g/100 g) 

Protein content 

(g/100 g) 

pH value 

NT Rice (R1) 94.5 0.445 6.67 

NT Rice (R2) 95.9 0.470 6.62 

T Rice (R1) 93.8   

T Rice (R2) 95.9   

NT Oat (R1) 83.6 1.917 6.86 

NT Oat (R2) 84.0 1.919 6.86 

T Oat (R1) 84.1   

T Oat (R2) 84.1   

NT Peanut (R1) 82.9 6.457 6.76 

NT Peanut (R2) 83.5 6.411 6.75 

T Peanut (R1) 83.8   

T Peanut (R2) 87.4   

NT Almond (R1) 80.1 5.964 6.35 

NT Almond (R2) 83.9 6.004 6.32 

T Almond (R1) 83.2   

T Almond (R2) 84.3   
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Appendix XVII - Article experimental 3 

Raw data: color parameters 

Chart XVII. Color parameters (L, a*, and b*) data of the samples 

     Color parameters 

 

 

Sample  

L a* b* 

2 h 

Rice extract (R2) 70.11 -0.6 -0.11 

Rice extract (R2) 68.89 -0.57 -0.12 

NT Rice (R1) 51.75 -0.03 2.59 

NT Rice (R2) 51.5 0.01 2.52 

T Rice (R1) 37.34 -1.59 -1.86 

T Rice (R2) 36.73 -1.46 -2.1 

Oat extract (R1) 76.68 -0.36 7.04 

Oat extract (R1) 77.21 -0.33 7.11 

NT Oat (R1) 59.13 -1.79 2.24 

NT Oat (R2) 59.08 -1.76 2.06 

T Oat (R1) 56.4 -1.81 2.16 

T Oat (R2) 56.34 -1.73 1.98 

Peanut extract (R1) 76.51 0.36 8.41 

Peanut extract (R2) 76.83 0.4 8.54 

NT Peanut (R1) 56.39 -4.91 -2.34 

NT Peanut (R2) 56.27 -4.82 -2.78 

T Peanut (R1) 58.69 -3.12 -4.65 

T Peanut (R2) 58.67 -3.16 -4.83 

Almond extract (R1) 79.48 -0.26 6.74 

Almond extract (R2) 78.24 -0.35 6.37 

NT Almond (R1) 57.52 -5.06 -0.83 

NT Almond (R2) 56.17 -5.24 -1.74 
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Chart XVII. Continuation of color parameters (L, a*, and b*) data of the samples 

 

T Almond (R1) 55.08 -4.28 -5.21 

T Almond (R2) 54.07 -4.4 -5.74 

24 h 

NT Rice (R1) 46.47 0.45 6.33 

NT Rice (R2) 46.33 0.49 6.24 

T Rice (R1) 33.2 -0.33 -0.43 

T Rice (R2) 32.54 -0.32 -0.61 

NT Oat (R1) 48.7 0.39 -1.45 

NT Oat (R2) 48.75 0.42 -1.5 

T Oat (R1) 46.09 0.99 -1.81 

T Oat (R2) 46.26 1.08 -1.79 

NT Peanut (R1) 46.5 -4.76 -7.65 

NT Peanut (R2) 46.42 -4.61 -7.8 

T Peanut (R1) 55.82 -0.24 -5.08 

T Peanut (R2) 55.4 -0.02 -5.3 

NT Almond (R1) 44.11 -6.24 -8.68 

NT Almond (R2) 43.81 -6.09 -9.08 

T Almond (R1) 44.27 -3.27 -9.8 

T Almond (R2) 43.99 -3.17 -9.92 
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Appendix XVIII - Article experimental 3 

Raw data: particle size distribution 

Chart XVIII. Mean diameter (D32), cumulative diameters (d10, d50, d90), and span values 

data of the samples 

Sample D32 d10 d50 d90 Span 

Rice extract (R1) 4.110 1.849 6.594 26.546 3.745 

Rice extract (R2) 4.384 1.928 7.325 33.729 4.341 

NT Rice (R1) 4.496 3.186 5.824 9.646 1.109 

NT Rice (R2) 4.505 3.192 5.823 9.641 1.107 

T Rice (R1) 6.049 2.681 10.554 112.850 10.439 

T Rice (R2) 6.359 2.818 11.155 181.021 16.021 

Oat extract (R1) 6.715 2.975 12.411 116.857 9.173 

Oat extract (R1) 6.521 2.856 11.899 96.842 7.899 

NT Oat (R1) 6.111 3.648 9.305 19.185 1.670 

NT Oat (R2) 6.754 4.107 9.607 19.636 1.617 

T Oat (R1) 7.077 4.415 9.384 17.461 1.391 

T Oat (R2) 7.023 4.400 9.352 17.082 1.357 

Peanut extract (R1) 4.112 1.498 9.454 35.000 3.544 

Peanut extract (R2) 3.873 1.444 8.511 27.462 3.058 

NT Peanut (R1) 8.912 4.690 19.847 51.038 2.334 

NT Peanut (R2) 9.433 5.331 20.928 50.398 2.158 

T Peanut (R1) 12.046 7.113 26.837 84.370 2.879 

T Peanut (R2) 11.719 6.921 25.880 75.101 2.632 

Almond extract (R1) 9.527 3.092 50.357 174.968 3.412 

Almond extract (R2) 8.404 2.633 40.076 149.393 3.663 

NT Almond (R1) 9.763 4.707 24.804 57.999 2.148 

NT Almond (R2) 9.603 4.569 24.564 56.303 2.107 

T Almond (R1) 14.165 8.064 30.456 101.198 3.057 

T Almond (R2) 14.772 8.368 32.344 114.649 3.286 
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Appendix XIX - Article experimental 4    

Preliminary test: beverage formulation  

Table XIX.1. Emulsification test in a model system with different percentages of gum 

Essay Water (%) Gellan gum (%) Coconut cream (%) 

1 98.5 0.5  1 

2 98 1 1 

3 97 2 1 

4 96.50 2.5 1 

5 96 3 1 

 

Table XIX.2. Emulsification test with different percentages of gellan gum and pectin 

Essay Almond 

extract (%) 

Gellan 

gum (%) 

Coconut 

cream (%) 

Pectin 

(%) 

XOS 

(%) 

Xylitol 

(%) 

Colorant 

(%) 

1  88.8  2.5  1 1 1 5  0.67  

2  89.4  3  1  0.1  1  5  0.5  

 

Table XIX.3. Emulsification test with different percentages of pectin and colorant 

Essay Almond 

extract (%) 

Gellan 

gum (%)  

Coconut 

cream (%) 

Pectin 

(%) 

XOS 

(%) 

Xylitol 

(%) 

Colorant 

(%) 

1 89.4 2.5 1 0.05 1 5 1 

2 88.4 2.5 1 0.1 1 5 2 

 

Table XIX.4 - Emulsification test with coconut oil or cream 

Essay Almond 

extract (%) 

Acacia 

gum 

(%) 

Coconut 

oil/cream 

(%) 

XOS 

(%) 

Xylitol 

(%) 

Colorant 

(%) 

Vanilla 

(%) 

1 87.4  2.5 1 (oil) 1 5 3 0.1 

2 87.4  2.5 1 (cream) 1 5 3 0.1 

3 85  2.5 1 (oil) 1 5 6.67 0.5 
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Table XIX.5. Emulsification test with different thickener 

Essay Almond extract (%) Acacia gum (%) Coconut oil (%) XOS (%) Xylitol (%) Colorant (%) Vanilla (%) Thickener (%) 

1 82.95 2.5 1 1 5 7 0.5 0.05 (CMSO) 

2 82.95 2.5 1 1 5 7 0.5 0.05 (gellan 

gum) 

3  82.95 2.5 1 1 5 7 0.5 0.05 (pectin) 

*CMSO: carbamoyl methyl sulfoxide 

 

Table XIX.6. Final formulation 

Almond extract (%) Acacia gum (%) Coconut oil (%) XOS (%) Xylitol (%) Colorant (%) Vanilla (%) Gellan gum (%) 

82.95 (24.88 g) 2.5 (0.75 g) 1 (0.3 g) 1 (0.3 g) 5 (1.5 g) 7 (2.1 g) 0.5 (0.15 g) 0.05 (0.015 g) 
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Appendix XX - Article experimental 4 

Raw data: temperature profiles of ultrasound processes 

Chart XX.1. Heating temperature profile data of the samples in the water bath at 63 °C 

Heating time (min) 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 

Heating time (s) 0 30 60 90 120 150 180 210 240 270 300 330 360 390 

R1 18 21.1 23.1 26.4 30.6 33.4 36.1 38.7 41.3 43.7 45.9 47.7 49.2 50.9 

R2 18 21.2 22.9 27.1 31.6 34.5 36.9 39.3 41.9 44.9 46.5 47.8 49.2 50.5 

R3 18 20.7 22.7 26.2 30.7 33.5 36.3 38.7 41.4 44.0 46.1 48.1 49.8 51.0 

R4 18 21.6 23.1 26.1 29.5 32.4 35.3 38.2 40.7 43.4 45.8 47.5 48.9 50.1 

 

Chart XX.2. Thermosonication temperature profile data of the samples  

Time (min) 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14 

Time (s) 0 450 480 510 540 570 600 630 660 690 720 750 780 810 840 

100 W   
50 49.4 49.3 49.3 49.2 49.4 49.6 49.7 49.7 49.7 49.8 49.9 49.8 49.9 49.9 

50 49.4 49.6 49.5 49.5 49.5 49.5 49.5 49.5 49.5 49.6 49.5 49.6 49.6 49.6 

200 W  
50 49.4 49.8 51.1 51.8 52.6 53.7 54.0 54.6 55.4 55.5 55.9 56.8 56.9 57.0 

50 49.7 51 51.3 52.5 52.7 53.7 54 54.4 55.4 55.5 55.5 56.1 56.7 56.8 
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Chart XX.2. Continuation of thermosonication temperature profile data of the samples 

 

300 W 
50 52.4 54.2 56.8 58.4 60.8 62.0 63.6 64.9 65.8 67.0 68.3 68.6 69.8 70.0 

50 53.2 55.6 58.4 60.1 62.6 64.2 65.7 67 68.4 69.6 70.0 71.2 71.5 72.7 

 

Chart XIX.3. Continuation of thermosonication temperature profile data of the samples  

Time (min) 14.5 15 15.5 16 16.5 17 17.5 18 18.5 19 19.5 20 20.5 21 21.5 22 

Time (s) 870 900 930 960 990 1020 1050 1080 1110 1140 1170 1200 1230 1260 1290 1320 

100 W   
50.0 50.1 50.2 50.1 50.2 50.1 50.2 50.2 50.3 50.3 50.4 50.3 50.3 50.4 50.3 50.4 

49.9 50.0 49.9 49.9 50.0 50.0 50.0 50.1 50.2 50.2 50.3 50.3 50.4 50.4 50.4 50.4 

200 W  
57.2 57.7 58.2 58.2 58.3 58.3 58.4 58.6 58.9 59.3 59.5 59.6 59.7 59.7 59.7 59.7 

56.9 57.3 58 58.3 58.4 58.3 58.5 59.0 59.5 59.6 59.7 59.7 59.7 59.7 59.8 59.8 

300 W 
71.0 71.4 71.5 71.9 72.7 72.7 72.8 72.7 72.9 73.0 73.3 73.6 73.9 74.0 74.1 74.1 

72.7 72.9 73.7 74.1 74.2 74.3 74.5 75.0 75.4 75.5 75.6 75.6 75.6 75.6 75.6 75.7 
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Appendix XXI - Article experimental 4 

Raw data: flavonoids and TPC content, antioxidant capacity by DPPH and TEAC, pH values, and color parameters 

Chart XXI. Experimental article data  

TS condition 

(W and min) 
Essay 

Flavonoids 

content 
TPC AC DPPH TEAC pH value L a* b* BI 

100  

5 
6 6120 596 46 162.5 6.35 52.3 -2.88 -8.95 -18.8294 

18 6456 607 65 134.1 6.34 52.36 -2.92 -8.63 -18.3739 

10 
3 6540 563 80 198.4 6.36 47.05 -2.62 -9.22 -20.8251 

15 5953 541 61 137.2 6.36 51.62 -2.8 -8.99 -19.0136 

15 
5 6120 574 52 183.9 6.4 53.11 -2.64 -9 -18.3279 

11 5953 629 72 168.8 6.37 52.38 -2.85 -9.5 -19.5955 

200 

5 
9 6707 486 36 178.2 6.35 52.53 -2.96 -9.83 -20.1814 

14 6791 618 31 154.9 6.35 53.52 -2.98 -9.27 -19.0369 

10 
2 6372 563 62 194.7 6.36 50.73 -2.58 -9.83 -20.325 

4 6204 596 62 197.8 6.34 50.54 -2.64 -9.95 -20.6606 

15 
7 5617 563 57 177.6 6.37 53.01 -2.45 -9.99 -19.5927 

13 5869 585 69 183.3 6.39 53.82 -2.6 -10.63 -20.4424 

300  5 
1 4360 596 61 207.9 6.33 53.59 -2.82 -10.19 -20.1626 

10 5701 585 66 185.2 6.34 53.36 -2.78 -9.8 -19.6177 
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Chart XXI. Continuation of experimental article data  

 

300 

10 
8 6037 530 47 185.2 6.32 53.82 -2.6 -10.63 -20.4424 

16 5701 585 63 174.5 6.32 52.99 -2.32 -10.32 -19.9196 

15 
12 5617 552 62 177.0 6.33 51.79 -2.21 -11.43 -21.844 

17 6120 618 43 168.8 6.32 53.71 -2.51 -11.82 -22.0705 

*TS: Thermosonication; TPC: Total phenolic content; AC DPPH: antioxidant capacity by 2,2-difenil-1-picril-hidrazil; TEAC: trolox equivalent antioxidant 

capacity; L: luminosity; a*: red/green coordinate; b*: yellow/blue coordinate; BI: Browning index. 
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Appendix XXII - Article experimental 4 

Statistical analysis results: 

General Factorial Regression: Flavonoids content versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 3656064 457008 2.99 0.061 

  Linear 4 1822174 455544 2.98 0.080 

    Power 2 1631600 815800 5.34 0.030 

    Time 2 190575 95287 0.62 0.557 

  2-Way Interactions 4 1833890 458473 3.00 0.079 

    Power*Time 4 1833890 458473 3.00 0.079 

Error 9 1374246 152694       

Total 17 5030310          

 

 

General Factorial Regression: Total phenolic content versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 6229.2 778.7 0.46 0.855 

  Linear 4 2708.4 677.1 0.40 0.803 

    Power 2 826.0 413.0 0.24 0.788 

    Time 2 1882.3 941.2 0.56 0.591 

  2-Way Interactions 4 3520.9 880.2 0.52 0.722 

    Power*Time 4 3520.9 880.2 0.52 0.722 
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Error 9 15173.6 1686.0       

Total 17 21402.8          

 

 

General Factorial Regression: DPPH versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15  
 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 1776.8 222.1 2.02 0.158 

  Linear 4 716.9 179.2 1.63 0.249 

    Power 2 284.0 142.0 1.29 0.321 

    Time 2 432.8 216.4 1.97 0.195 

  2-Way Interactions 4 1059.9 265.0 2.41 0.126 

    Power*Time 4 1059.9 265.0 2.41 0.126 

Error 9 989.5 109.9       

Total 17 2766.3          

 

   

General Factorial Regression: TEAC versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15  
 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 3599.3 449.9 1.33 0.336 

  Linear 4 1651.8 412.9 1.23 0.366 

    Power 2 1297.9 649.0 1.93 0.201 

    Time 2 353.8 176.9 0.52 0.609 

  2-Way Interactions 4 1947.6 486.9 1.44 0.296 
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    Power*Time 4 1947.6 486.9 1.44 0.296 

Error 9 3033.5 337.1       

Total 17 6632.8          

 

 

General Factorial Regression: pH versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 0.008000 0.001000 9.00 0.002 

  Linear 4 0.006533 0.001633 14.70 0.001 

    Power 2 0.004933 0.002467 22.20 0.000 

    Time 2 0.001600 0.000800 7.20 0.014 

  2-Way Interactions 4 0.001467 0.000367 3.30 0.063 

    Power*Time 4 0.001467 0.000367 3.30 0.063 

Error 9 0.001000 0.000111       

Total 17 0.009000          

 

 

General Factorial Regression: L versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15  
 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 32.632 4.079 2.67 0.083 

  Linear 4 22.506 5.627 3.68 0.048 

    Power 2 9.084 4.542 2.97 0.102 

    Time 2 13.422 6.711 4.39 0.047 

  2-Way Interactions 4 10.126 2.532 1.66 0.243 
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    Power*Time 4 10.126 2.532 1.66 0.243 

Error 9 13.761 1.529       

Total 17 46.393          

 

 

General Factorial Regression: a* versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 0.66314 0.08289 5.43 0.010 

  Linear 4 0.60759 0.15190 9.96 0.002 

    Power 2 0.18621 0.09311 6.10 0.021 

    Time 2 0.42138 0.21069 13.81 0.002 

  2-Way Interactions 4 0.05556 0.01389 0.91 0.498 

    Power*Time 4 0.05556 0.01389 0.91 0.498 

Error 9 0.13730 0.01526       

Total 17 0.80044          

 

 

General Factorial Regression: b* versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15  
 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 11.7825 1.47281 17.18 0.000 

  Linear 4 10.9199 2.72997 31.84 0.000 

    Power 2 8.1750 4.08751 47.68 0.000 

    Time 2 2.7449 1.37244 16.01 0.001 

  2-Way Interactions 4 0.8626 0.21566 2.52 0.115 
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    Power*Time 4 0.8626 0.21566 2.52 0.115 

Error 9 0.7716 0.08573       

Total 17 12.5541          

 

General Factorial Regression: BI versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15  
 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 14.593 1.8241 4.18 0.024 

  Linear 4 10.140 2.5350 5.80 0.014 

    Power 2 6.947 3.4733 7.95 0.010 

    Time 2 3.193 1.5967 3.66 0.069 

  2-Way Interactions 4 4.453 1.1132 2.55 0.112 

    Power*Time 4 4.453 1.1132 2.55 0.112 

Error 9 3.931 0.4368       

Total 17 18.524          

 

General Factorial Regression: Lauric (mg/mL) versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 0.32028 0.040035 13.44 0.000 

  Linear 4 0.27631 0.069077 23.19 0.000 

    Power 2 0.21207 0.106035 35.60 0.000 

    Time 2 0.06424 0.032118 10.78 0.004 
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  2-Way Interactions 4 0.04397 0.010993 3.69 0.048 

    Power*Time 4 0.04397 0.010993 3.69 0.048 

Error 9 0.02681 0.002979       

Total 17 0.34709          

 

General Factorial Regression: Miristic (mg/mL) versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 0.018054 0.002257 10.53 0.001 

  Linear 4 0.014831 0.003708 17.30 0.000 

    Power 2 0.011392 0.005696 26.58 0.000 

    Time 2 0.003439 0.001719 8.02 0.010 

  2-Way Interactions 4 0.003223 0.000806 3.76 0.046 

    Power*Time 4 0.003223 0.000806 3.76 0.046 

Error 9 0.001929 0.000214       

Total 17 0.019982          

 

General Factorial Regression: Palmitic (mg/mL) versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 0.093420 0.011677 14.79 0.000 

  Linear 4 0.076057 0.019014 24.09 0.000 

    Power 2 0.060128 0.030064 38.08 0.000 

    Time 2 0.015929 0.007965 10.09 0.005 
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  2-Way Interactions 4 0.017363 0.004341 5.50 0.016 

    Power*Time 4 0.017363 0.004341 5.50 0.016 

Error 9 0.007105 0.000789       

Total 17 0.100524          

 

General Factorial Regression: Oleic (mg/mL) versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time 3 5, 10, 15 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 63.981 7.9976 21.73 0.000 

  Linear 4 56.250 14.0625 38.21 0.000 

    Power 2 42.006 21.0028 57.08 0.000 

    Time 2 14.244 7.1222 19.35 0.001 

  2-Way Interactions 4 7.731 1.9327 5.25 0.018 

    Power*Time 4 7.731 1.9327 5.25 0.018 

Error 9 3.312 0.3680       

Total 17 67.293          

 

General Factorial Regression: Stearic (mg/mL) versus Power and Holding time 

 

Factor Information 

Factor Levels Values 

Power 3 100, 200, 300 

Time  3 5, 10, 15 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 3.9557 0.49447 4.40 0.020 

  Linear 4 3.0277 0.75692 6.74 0.009 

    Power 2 2.8644 1.43218 12.75 0.002 

    Time 2 0.1633 0.08166 0.73 0.510 
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  2-Way Interactions 4 0.9281 0.23202 2.07 0.168 

    Power*Time 4 0.9281 0.23202 2.07 0.168 

Error 9 1.0111 0.11235       

Total 17 4.9669          
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Appendix XXIII - Publishers’ authorization 

 

✓ Specific Energy: A New Approach to Ultrasound-assisted Extraction of Natural 

Colorants: 

 

✓ Advances and innovations associated with the use of acoustic energy in food 

processing: An updated review: 
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✓ A techno-economic evaluation for the genipin recovery from Genipa americana 

L. employing non-thermal and thermal high-intensity ultrasound treatments: 

 

✓ Low-frequency and high-power ultrasound-assisted production of natural blue 

colorant from the milk and unripe Genipa americana L.: 

 

✓ Impact of thermosonication pretreatment on the production of plant protein-

based natural blue colorants: 
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✓ Impact of thermosonication processing on the phytochemicals, fatty acid 

composition and volatile organic compounds of almond-based beverage: 

 

 

 

 

 

 

 

 

 

 

 



160 

 

 

 

Appendix XXIV – Publications performed in partnership during the Ph.D. period 

 

✓ Patent: “Processo de produção de corante natural azul”. It was filed in the Instituto 

Nacional da Propriedade Industrial (BR 10 2020 026302 1) on December 21, 

2020. 

 
Inventors: Maria Angela de Almeida Meireles, Eric Keven Silva, Maria Isabel Landim 

Neves e Monique Martins Strieder 

 

✓ Biorefinery of turmeric (Curcuma longa L.) using non-thermal and clean 

emerging technologies: an update on the curcumin recovery step. 
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✓ Milk colloidal system as a reaction medium and carrier for the natural blue 

colorant obtained from the cross-linking between genipin and milk proteins. 

 
 

✓ Fructans with different degrees of polymerization and their performance as carrier 

matrices of spray dried blue colorant. 

 

 

✓ Xylooligosaccharides as an innovative carrier matrix of spray-dried natural blue 

colorant. 
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✓ Manufacturing natural blue colorant from genipin-crosslinked milk proteins: Does 

the heat treatment applied to raw milk influence the production of blue 

compounds?. 

 

 

✓ Thermosonication process design for recovering bioactive compounds from 

fennel: A Comparative study with conventional extraction techniques. 

 


