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ABSTRACT

The consumption of natural foods with bioactive compounds has been rapidly increasing over the
word due to its biological effects to human organism. Garlic (Allium sativum L.) and ginger
(Zingiber officinale R.) are two of these products rich in bioactive compounds and widely
consumed around the world due to its multiple biological activities, prophylactic function and
nutraceutical properties. However, after the extraction process, its bioactive compounds are
exposed to adverse environmental conditions, such as high temperature, light and presence of
oxygen, which may cause its degradation, decomposition, isomerization, volatilization, oxidation
and polymerization. In this sense, this work presents different encapsulation methods and wall
materials used in the protection of two derived garlic products (garlic extract (GE) and garlic
essential oil (GEO)) and and ginger essential oil (GO) in order to protect its bioactive compounds
and increase their stability. The encapsulation of GE was divided in three parts: in the first, the GE
was encapsulated by complex coacervation method followed by spray draying using whey protein
isolate (WPI) and chitosan (CH) with degrees of deacetylation (DD) of 83 (CH-83), 94 (CH-94)
and 96% (CH-96) as wall materials; in the second, GE was encapsulated by complex coacervation
followed by freeze-drying using complex of WPI/CH-96 and gum Arabic (GA)/CH-96 as wall
materials; and in the third part, the GE was encapsulated in multilayer wall materials composed by
complex of WPI/CH-96 and GA/CH-96 followed by addiction of polydextrose (POL) to act as
bulking and stabilizer agent in order to reinforce the polymeric matrices of WPI/CH and GA/CH,
followed by freeze-drying to obtain bioactive compounds-rich powders. In the first part, previously
tests of coacervate yield and rheological measurements were realized before drying process, and
the results of coacervate yield indicated that optimum complex coacervation occurred at the
optimum CH:WPI mass ratios of 0.2:1 (w/w). The rheological measurements were analyzed in
terms of viscosity and viscoelastic behavior determined by dynamic test (analyzing the elastic
modulus G’ and viscous modulus G’’) and static test (creep and recovery). The results of viscosity
indicated coacervates with shear-thinning behavior of pseudoplastic fluids, the viscoelastic
behavior indicated formation of coacervate with an elastic gel structure (G’ higher than G*’), and
the creep—recovery tests showed more compact and stronger internal structure for WPI/CH-96
coacervate. The dispersions of coacervate were spray-dried to obtain powders and the retention
efficiency (RE) of phenolic compound ranged from 51 to 61%. The results showed that the high

temperature used in the spray-drying process (160 °C) caused degradation and decomposition of
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some heat sensitive compounds present in GE. For this reason, in the second and third parts the
studies were realized in order to reduce the use of high drying temperatures, applying the freeze-
drying process to obtain powders. Thus, in the second study the RE of phenolic compounds were
84 and 78% for GA/CH and WPI/CH, respectively, whereas in the third study the RE were 84.30
and 92.64% for WPI/CH/POL and GA/CH/POL, respectively. Therefore, the use of freeze-drying
instead spray drying revelead as a good alternative as dehydration method to obtain powders, since
allowing to protect the heat sensitive compounds of GE and obtaining powders with higher
concentration of phenolic compounds. In other study, GEO was encapsulated by molecular
inclusion using B-cyclodextrin (BC) as wall material and complex coacervation method using soy
proteins isolate (SPI) and chitosan (CH) at mass ratio of 1:0.125 (w/w) as wall materials. The
rheological mensurements were performed before drying process, and the results indicated that the
incorporation of GEO into wall systems resulted in dispersions with higher values of complex
modulus (G*), complex viscosity (n*), G” and G”’, indicating an increase in the intermolecular
bonding and improvement in the biopolymers network structure. The RE of the freze-dryied
powders were 82.03 and 71.74% using BC and complex of SPI/CH as wall materials, respectively.
The BC/GEO and SPI/GEO/CH showed surface area of 4.74 and 4.41 m? g and an average pore
diameter of 1.53 and 1.84 nm, respectively. Finally, it was studied the encapsulation of GO by
complex coacervation followed by freeze-drying using complex of WPI/GA and GA/CH as wall
materials. The best conditions for complex coacervation beween WPI/GA and GA/CH were
obtained at mass ratios of 3:1 (w/w) and 5:1 (w/w), respectively. The determination of the
rheological properties of the coacervate before freeze-drying process indicated that the Burgers
model equation and exponential decay function were adequate to fit the experimental creep and
recovery data, respectively. After freeze-drying of the coacervates, the RE of GEO present in the
powders were 55.31 and 81.98% using complex of GA/CH and WPI/GA, respectively. In general,
the results indicates that the bioactive compounds presents in GEO, GE and GO were incorporated
into the dispersion matrices of the wall materials by physical interaction, according to Fourier-
transform infrared spectroscopy (FTIR) analysis. The powders were thermally stable up to 220 °C,
indicating that the wall materials contributed to the protection of heat-sensitive compounds present
in GE, GEO and GO.



RESUMO

Nos ultimos anos o0 consumo de alimentos naturais que contém compostos bioativos aumentou em
todo o mundo devido as suas propriedades biologicas benéficas para o0 organismo humano. Alho
(Allium sativum L.) e gengibre (Zingiber officinale R.) s&o dois desses produtos ricos em compostos
bioativos e que sdo consumidos em larga escala devido as suas multiplas atividades bioldgicas,
funcdo profilatica e propriedades nutricionais. No entanto, apds o processo de extracéo e separacao,
esses compostos bioativos sdo expostos as condigdes ambientais adversas, tais como alta
temperatura, presencas de luz e oxigénio, e podem sofrer degradacdo, decomposi¢éo, isomerizacéo,
volatilizag8o, oxidac&o e polimerizacdo. Nesse sentido, este trabalho apresenta diferentes métodos
de encapsulamento e materiais de parede utilizados na protecdo dos compostos bioativos presentes
em dois produtos derivados do alho (extrato de alho (GE) e 6leo essencial de alho (GEQ)) e no
6leo essencial de gengibre (GO). O encapsulamento do GE foi dividido em trés partes: na primeira,
0 GE foi encapsulado pelo método de coacervacdo complexa seguido de atomizacdo, através de
utilizacdo matérias de parede como proteina isolada do soro de leite (WPI) e quitosana (CH) com
graus de desacetilacdo (DD) de 83 (CH- 83), 94 (CH-94) e 96% (CH-96); no segundo, o GE foi
encapsulado por coacervagdo complexa seguido de liofilizagcdo usando complexos de WPI/CH-96
e goma arabica (GA)/CH-96 como materiais de parede; e na terceira parte, 0 GE foi encapsulado
em materiais de parede formado por complexos de WPI/CH-96 e GA/CH-96, seguido de adicdo de
polidextrose (POL) para atuar como agente estabilizador e de volume, e com isso reforcar as
matrizes poliméricas dos dois complexos. Depois, realizou-se a liofilizacdo de WPI/CH/POL e
GAJ/CH/POL para a obtencdo de pds ricos em compostos bioativos. Na primeira parte, testes
preliminares de rendimento de coacervado e medi¢BGes para caracterizacdo das propriedades
reoldgicas do coacervado foram realizados antes do processo de secagem, e os resultados do
rendimento de coacervado indicaram que as condigdes 6timas de coacervacdo aconteceram nas
proporcdes CH:WPI de 0,2:1 (p/p) para todos os coacervados. As propriedades reoldgicas dos
coacervados foram analisadas em termos de viscosidade e comportamento viscoelastico, sendo a
ultima determinada através de dois testes: dinamico (analisando o mddulo de elasticidade ou
armazenamento (G") e 0 mddulo de perdas ou viscoso (G")) e estatico (fluéncia e recuperagéo). As
analises de viscosidade indicaram que todos os coacervados tém comportamento de fluidos

pseudoplasticos; as analises de propriedades viscoelasticas indicaram que 0s coacervados
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apresentaram estruturas semelhantes a um gel rigido e elastico (G’ maior que G’’); e os testes de
fluéncia e recuperagdo mostraram que o coacervado WPI/CH-96 tem uma estrutura interna mais
compacta e forte em relacéo aos demais coacervados (WPI/CH-83 e WPI/CH-94). As dispersdes
de coacervados foram secas por atomizacgéo para a obtencdo de pos e a eficiéncia de retencéo (RE)
dos compostos fenolicos presentes nos p6s variou de 51 a 61%. Os resultados mostraram que a alta
temperatura utilizada no processo de atomizacgdo (160 °C) causou degradacéo e decomposicao de
alguns compostos termossensiveis presentes no GE. Por este motivo, na segunda e terceira partes
deste trabalho foram realizados estudos no sentido de eliminar o uso de alta temperatura de
secagem, sendo aplicado o processo de secagem por liofilizacdo para a obtengdo dos pos. Assim,
no segundo estudo os resultados de RE dos compostos fenélicos foram de 84 e 78% para GA/CH
e WPI/CH, respetivamente, enquanto que no terceiro estudo os resultados de RE foram de 84,30 e
92,64% para WPI/CH/POL e GA/CH/POL, respetivamente. O processo de secagem por
liofilizacdo permitiu obter p6s com maiores concentracbes de compostos fendlicos e revelou-se
eficaz na protecdo dos compostos termossensiveis presentes no GE. Em outro estudo, GEO foi
encapsulado por dois métodos: inclusao molecular usando B-ciclodextrina (BC) como material de
parede e coacervacdo complexa através do emprego de proteina isolada de soja (SPI) e quitosana
(CH) na proporcéo de massa de 1:0,125 (p/p) como materiais de parede. A caracterizagcdo das
propriedades reoldgicas dos coacervados foram realizadas antes do processo de secagem, e 0S
resultados indicaram que a incorporacdo de compostos de GEO nas matrizes poliméricas dos
biopolimeros resultou em coacervados com magnitudes superiores em termos de médulo complexo
(G*), viscosidade complexa (n*), G’ e G, o que indica que houve um incremento nas liga¢des
intermoleculares e consequente formacdo de coacervados com estruturas de rede mais rigida e
compacta. Os resultados da eficiéncia de retencéo de compostos de GO presentes nos pés foram de
82,03 e 71,74% usando BC e complexo de SPI/CH, respetivamente. Os pds de BC/GEO e
SPI/GEOQ/CH apresentaram area superficial de 4,74 e 4,41 m?g* e didmetro médio de poros de 1,53
e 1,84 nm, respetivamente. Por fim, foi estudado o encapsulamento de GO por coacervagédo
complexa seguido de liofilizacdo através da utilizacdo dos complexos de WPI/GA e GA/CH como
materiais de parede. As melhores condigOes para coacervagdo complexa entre WPI/GA e GA/CH
foram obtidas nas proporgdes de massa de 3:1 (p/p) e 5:1 (p/p), respetivamente. A determinagéo
das propriedades reoldgicas dos coacervados antes do processo de liofilizagdo indicou que o
modelo de Burger e a funcdo de decaimento exponencial foram adequados nos ajustes dos dados
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experimentais de fluéncia e recuperagdo, respetivamente. Apds o processo de liofilizagdo dos
coacervados, os resultados da eficiéncia de retengdo dos compostos de GEO presentes nos pos
foram de 55,31 e 81,98% usando o complexo de GA/CH e WPI/GA, respetivamente. No geral, 0s
resultados de espectroscopia de infravermelho com transformada de Fourier (FTIR) indicaram que
0S compostos bioativos presentes no GEO, GE e GO foram incorporados nas matrizes dos
biopolimeros atraves de interacdes fisicas. Todos os pos apresentaram estabilidade térmica até 220
°C, 0 que indica que os materiais de parede contribuiram para a protecdo dos compostos bioativos

termossensiveis presentes no GE, GEO e GO.
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INTRODUCTION

Actually, the consumption of natural food among the society has been rapidly increasing over the
world due to an increase in public awareness of environmental issues and interest in healthy foods
with biological effects. Garlic (Allium sativum L.) and ginger (Zingiber officinale R.) are two of
these products widely consumed due to its multiple biological activities, prophylactic function and
nutraceutical properties (QUESADA et al., 2020; SRINIVASAN, 2017). Garlic contains diverse
bioactive compounds such as organosulfur compounds (the main constituents include alliin, allicin,
ajoene, allylpropyl disulfide, diallyl polysulfides, vinyldithiins, diallyl sulfide, diallyl disulfide,
diallyl trisulfide, allylmethyl trisulfide, diallyl tetrasulfide), saponins (proto-eruboside B and
eruboside B) and phenolic compounds such as caffeic, ferulic, vanillic, p-hydroxybenzoic, p-
coumaric and sinapic acids) (BEATO et al.,, 2011; CASELLA et al., 2013; KUETE, 2017;
MATSUURA, 2001).

Ginger is a rich source of bioactive compounds, such as phenolic compounds (mainly composed
by gingerol, shogaol, paradol, quercetin, zingerone, gingerenone-A, 6-dehydrogingerdione) and
terpene compounds (composed by B-bisabolene, a-curcumene, zingiberene, a-farnesene, and f3-
sesquiphellandrene), which are esponsable for their biological activities (ALI et al., 2008;
GUNATHILAKE & RUPASINGHE, 2015; PRASAD & TYAGI, 2015; STONER, 2013). These
compounds are responsible for the biological activities of garlic and ginger, including antioxidant,
cardiovascular protective, anticancer, anti-inflammatory, immunomodulatory, anti-diabetic, anti-
obesity, and antibacterial properties (GUNATHILAKE & RUPASINGHE, 2015; MAO et al.,
2019; MARTINS et al., 2016; TOULOUPAKIS & GHANOTAKIS, 2010).

The bioactive compounds of garlic and ginger are unstable and susceptible to losing its biological
activities when exposed to adverse environmental conditions, such as high temperature and
presence of oxygen and light (FERNANDES et al., 2016; ILIC etal., 2017; TAVARES et al., 2019;
TAVARES & NORENA, 2019, 2020). The encapsulation technology have been used in a wide
range of applications to protect the unstable active compounds within a protective matrix
(ZUIDAM & HEINRICH, 2010). Encapsulation is defined as a process that involves the coating
or entrapment of one or mixture compounds (core material) within another carrier material (wall
material) with capacity to protect the functional properties of the encapsulated compounds
(SAIFULLAH et al., 2019).
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Based on the overview described in the preview paragraph, the main objectives of this study were
to encapsulate two derived garlic products (garlic essential oil (GEO) and garlic extract (GE)) and
ginger essential oil (GO) in order to protect its bioactive compounds using three encapsulation
methods (complex coacervation, spray drying and molecular inclusion) and six wall materials
(chitosan, whey protein isolate, polydextrose, gum Arabic, soybean protein isolate and B-
cyclodextrin). These wall materials are products with functional characteristics and desired
physicochemical properties to be used as a protective agent in the encapsulation of the bioactive
compounds obtained from garlic and ginger. Chitosan (CH) is a cationic polysaccharide obtained
by alkaline N—deacetylation of chitin, and extensively applied in the food and pharmaceutical
industries due to its physicochemical property of dietary fiber, biocompatibility, biodegradability,
non-toxicity, antioxidant and antimicrobials activities (ABDELMALEK et al., 2017; MUJTABA
et al., 2019; TAN et al., 2020). Whey protein isolate (WPI) is a coproduct of the dairy industry,
obtained during the industrial production of cheese or casein; It consists in a mix of globular
proteins with a minimum of 90% of proteins, mainly composed by B-lactoglobulins and a-
lactalbumin as major proteins which are an important source of bioactive peptides responsible for
its biological activities (BRANDELLI et al., 2015; DE CASTRO et al., 2017; NORWOOD et al.,
2016). WPI is widely used in the food industry due to its high nutritional properties and its capacity
for gelatinization, film formation, emulsification, solubility in water and other functional activities
(BRANDELLI et al., 2015; DE CASTRO et al., 2017; ROCHA et al., 2014). Gum Arabic (GA) is
a natural polysaccharide obtained from trunks and branches of two species of acacia trees: Acacia
senegal and Acacia seyal (SHI et al., 2017). GA have been used as wall material due to its low
cost, non-toxicity, biocompatibility, biodegradability, good capacity to act as a stabilizer, dietary
fiber, emulsifier and protection against oxidation (ALl et al., 2009; FERNANDES et al., 2016; WU
et al., 2018). Soybean protein isolate (SPI) has been widely used in the food industry due to its
nutritional benefits, and its functional properties such as gelation, water solubility, emulsifiability
and foamability (NISHINARI et al., 2014). Polydextrose (POL) is a bulking and stabilizer with
high solubility in water, prebiotic effect, and functional properties such as dietary fiber and low
glycemic index (MITCHELL, 1996). B-cyclodextrin (B-CD) is a dietary fiber (not absorbed in the
upper gastrointestinal tract, and are completely metabolized by the colon microflora) and represent
the most common type of cyclodextrin used as wall material due to its non-toxicity, capacity to

reduce foaming, stabilize emulsion, decrease enzymatic browning, and enhancing solubility,
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controlled release and stability of the encapsulated compounds (SAFFARIONPOUR, 2019;
SZENTE & SZEJTLI, 2004).

In this context, it is important to carry out studies that aim to produce powders with encapsulated
bioactive compounds of garlic and ginger to be used as active ingredients for application in food
products in order to pretect its biological activities during the processing, handling and storage

conditions.
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MAIN OBJECTIVE

The main objective of this study was to encapsulate the bioactive compounds obtained from two
by-product of garlic (garlic extract (GE) and garlic essential oil (GEO)) and ginger essential oil

(GO) using different encapsulation methods and wall materials.

SPECIFIC OBJECTIVES

e Encapsulate the garlic extract (GE) using protective wall materials (chitosan (CH), whey
protein isolate (WPI), gum Arabic (GA) and polydextrose (POL)) and method of complex

coacervation followed by either spray drying or freeze-drying.

e Study the effect of the degree of deacetylation (DD) of CH according with its positive
amino groups (NHsz") to interact electrostatically with negative carboxyl groups (-COQO")
of whey protein isolate in order to produce high coacervate yield to be used as wall materials

in the protection of GE.

e Encapsulate garlic essential oil (GEO) by the methods of molecular inclusion and complex
coacervation using B-cyclodextrin (BC) and complex of soybean protein isolate (SPI)/CH,

respectively, as wall materials;

e Encapsulate ginger essential oil (GO) by the method of complex coacervation followed by

freeze-drying using the complex of WPI/GA and GA/CH as wall materials.

e Study the rheological properties of the dispersions before drying process and the
physcochemical, structural, thermal, storage stability and functional properties of the
produced bioactive-riched powders.

e Study the influence of GEO incorporations on the network structure of the WPI/CH by
applying different rheological measurements to determine the viscosity and viscoelastic

properties of the coacervate with and without GEO.
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THESIS STRUCTURE AND CONTENT

The present thesis is organized in four parts that include a total of ten Chapters and seven scientific
Articles (Fig. 1).

-—_ -
=  garli¢ bioactive
compounds
Chanpter VII

L]

Encapsulation ol

singer essenhial oil

| Ch *P“"'_ %

Fig. 1. Scheme representing the organization of the thesis.

Part | contains three Chapters (I, Il and 111) corresponding to the literature review. The Chapter
I presents the Article 1 that contains the literature review of encapsulation process of bioactive
compounds present in garlic extract (GE) and garlic essential essential oil (GEO). The Chapters
Il and 111 presents a literature review about ginger and rheology, respectively. These three
Chapters (I, 11 and 111) contains an overview of the main concerns of this work and the theoretical
concepts applied in the elaboration of six research papers. Therefore, the Article 1 presents a
literature review relating to the bioactive compounds of garlic, their biological activities, and four
main encapsulation methods (molecular inclusion, spray drying, complex coacervation and

liposome entrapment) used in the encapsulation of two derived garlic products (garlic extract (GE)
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and garlic essential oil (GEO)). The review paper presents the fundamental principles, advantages,
disadvantages/limitations of each encapsulation methods used in the encapsulation of GE and GEO
in order to protect its bioactive compounds and mask its pungent smell. Each of these methods is
discussed, and its influences on the structural, antimicrobial and physicochemical properties of
produced nano/microparticles were highlighted, with special focus on the characterization
techniques of zeta potential, rheological analyses, Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). The review contains the potential applications of GE and GEO
nano/microparticles as active ingredients in food products. The Chapter Il presents literature
review about ginger and an overview of encapsulation technologies used in the protection of its
bioactive compounds. The Chapter I11 presents literature review about rheology, experimental
devices and rheological measurements.

The Part 11 presents the Chapter 1V to V11 corresponding to the four research papers published or
submitted to an international peer-reviewed journals about to the encapsulation of garlic extract
(GE) and garlic essential oil (GEO). Each of these Chapters provide a specific sections of
“abstract”, “introduction”, “material an methods”, “results and discussion”, and a specific list of
references. The Chapter IV contains the Article 2 elaborated based on the encapsulation of GE
by complex coacervation followed by spray drying using the complex of whey protein isolated
(WPI) with chitosan (CH) as wall materials. In this article, preliminary studies were carried out to
determine the optimal conditions of pH and biopolymers mass ratio (between WPI and CH with
degree of deacetylation (DD) of 83, 94 and 96%, representing by WPI/CH-83, WPI/CH-94 and
WPI/CH-96, respectively). The effect of chitosan DD to interact electrostatically with whey protein
isolate (WPI) was investigate in order to produce high coacervate yield. Subsequently, the zeta
potential of the dispersions containing GE, WPI, CH was determined to assess the existence of
electrostatic interactions between each CH (with positively charged amino groups (-NHsz") and
WPI (with negatively charged carboxyl groups (-COO™). Measurements of rheological properties
were employed in order to evaluate the viscosity and viscoelastic properties of the coacervates. The
viscoelastic properties were determined by two tests: dynamic (analyzing the elastic module G' and
the viscous module G") and static (by analyzing creep and recovery phases). The Burgers model
and the exponential decay function were used to adjust experimental creep and recovery data,
respectively. Then, the three types of dispersions containing GE (WPI/CH-83, WPI/CH-94 and
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WPI/CH-96) were spray-dried to obatain powders. The obtained powders were characterized using
different characterization techniques, such as FTIR, TGA, SEM, differential scanning calorimeter
(DSC), antioxidant activity by the ABTS method, content of total phenolic compounds, solubility,
moisture content, hygroscopicity and water activity.

The Chapter V contains the Article 3 based on the encapsulation of garlic extract (GE) by complex
coacervation followed by freeze-drying using complexes of WPI/CH and gum Arabic (GA)/CH as
wall materials. This study was developed following the Articles 2 with the main purpose to
substitute the dehydration process of spray drying by the freeze-drying. In this study, the complex
of WPI/CH-96 was also used as wall material since from the Article 2 was possible to conclude
that the WPI/CH-96 powders have better physicochemical properties than WPI/CH-83 and
WPI/CH-94 powders. In addition to the characterization techniques used in the Article 2, from
the Article 3 were used others characterizations techniques to evaluate the properties of the
produced freeze-dried microparticles powders, such as: a) the nitrogen adsorption/desorption
isotherm for determining the area and pore size of the microparticles; b) the water sorption isotherm
to assess the storage stability of the powders when exposed to higher levels of relative humidity;
c) particle size distribution to determine the size of the produced powders; and d) diffraction of X-
rays to study the physical structure of the powders. The GAB (Guggenheim, Anderson and Boer),
Halsey, Henderson, Smith and Oswin models were used to adjust the experimental water
adsorption isotherm data.

The Chapter VI presents the Article 4, where the GE was encapsulated into the matrices of two
types of multilayer walls composed by WPI/CH/polydextrose (POL) and GA/CH/POL. This study
was developed following the Articles 2 and 3, with the main purpose to study the storage stability
of the produced powders when exposed to higher levels of relative humidity and tempetarure of
30, 40 and 50 °C. The structures of the polymeric matrices of WPI/CH and GA/CH were reinforced
with polydextrose (POL) to act as bulking volume and stabilizer agent, followed by freeze-drying
to obtain bioactive compounds-rich powders denominated by WPI/CH/POL and GA/CH/POL. The
storage stability of the produced powders was evalued according to the analyses of water adsorption
isotherms and integral thermodynamic properties determined at 30, 40 and 50 °C. The surface area
and pore sizes of the powders were determined using the water and nitrogen experimental

adsorption data.
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The Chapter VII contains the Article 5 based on the encapsulation of garlic essential oil (GEO)
using two encapsulation methods: molecular inclusion using B-cyclodextrin (BC) as wall material
and complex coacervation using soy proteins isolate (SPI) and chitosan (CH) as wall materials.
This study was developed following the Articles 2, 3 and 4, with the main propuse to use GEO
instead GE. The GE is a crude mixture of several polar and nonpolar compounds with different
molecular size and properties. In this sense, the proposal of the Article 5 was to use a derived garlic
product rich in organosulfur compounds, namely GEO. From the Article 5, dynamic rheological
analysis was performed for the dispersions with GEO (BC/GEO and SPI/GEO/CH) and without
GEO (BC and SPI/CH) before freeze-drying process to obtain microparticle powders. The produced
powders were characterized by entrapment yield, particle size distribution, moisture content, water
activity, hygroscopicity, solubility, surface area, average pore diameter, FTIR, TGA and SEM.
The Part 111 presents the Chapter VIII that contains the Article 6 based on the encapsulation of
ginger essential oil (GO) by complex coacervation using WPI/GA and GA/CH-96 as wall
materials. This article was designed as a way to evaluate the capacity of WPI, GA and CH-96, used
as wall materials in the Article 2 and 3, in the protection of the bioactive compounds present in
GEO. From Article 6, premilinary studies of rheological mensurements were carried out to
determine the viscosity and viscoelastic properties of coacervates with and without GO. The
Burgers model and the exponential decay function were used to adjust experimental fluency and
recovery data, respectively. The microparticles powders were obtained by freeze-dryng and then
characterized through analysis of their physical, chemical and structural properties through tests of
FTIR, TGA, SEM, solubility, humidity and hygroscopicity.

Part IV contains the Chapter 1X and Chapter X. The Chapter IX provides a general dissussion
and conclusion, suggestions for future works and a specific list of references used in the
introduction of this thesis. The Chapter X presents the Annex with the Article 7 elaborated in
order to understand the influence of GEO incorporation on the network structure of the complex
of WPI/CH by applying different rheological measurements. The viscoelastic properties were
determined by the dynamic oscillatory test (stress, frequency, temperature and time sweeps) and
static test (creep and recovery). Arrhenius model was used to estimate the relationship of viscosity
and temperature (to determine the energy of activation), the Carreau-Yasuda model was used to fit
the experimental complex viscosity data, and Burgers model and the exponential decay function

were used to adjust experimental creep and recovery data, respectively.
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The chemical strutures of wall materials used in this thesis, such as polydextrose, B-cyclodextrin,
gum Arabic and chitosan are represented in Fig. 2. For soy protein isolate and whey protein isolate,

the general structure of the amino acids that make up the proteins are represented in Fig. 3.

OM
_ 0O
~ oM

o N
HO © HO OHO-
‘-/l'_‘ml HO R,')

OH HO
Q

OH HO A/ OH
o) {
\ 0

HO OM HO
0 oHb

HO :
ey OH 4O [~
Q- -0 /b OM

HO

B) p-Cyclodextrin

ju_(lvl
"o < o
> o— o o> o=
N 4] ¢ _q OH OH -
n‘: on > 4 )-\.,‘_ / r:-\ / \ HO i NH ¢ HO - rd
P g N 0O ™.~ T\ 0 5y
f\J N’ e Q00 5 ’ ~d 9 Ll 9 [1~o
" o MO, o > | HO r':iH’ o
H, \ 5 \
N O OH n
C) Gum Arabic D) Chitosan

Fig. 2. The structures of A) Polydextrose adapted from DEMARCHI et al.(2014) ; B) B-Cyclodextrin adapted from
HU (2007); C) Gum Arabic adapted from (2018); D) Chitosan adapted from LALANI and MISRA (2011).
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Fig. 3. General structure of the amino acids that make up the soy protein isolate and whey protein isolate. Adapted
from MUTHARASAPPAN et al. (2020).
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Part |

This section provides three chapters: The Chapter | presents the Article 1 that contains a literature
review of garlic, different encapsulation methods and wall materials used in the encapsulation of
two derived garlic products (garlic extract (GE) and garlic essential oil (GEO)) in order to protect
its bioactive compounds and mask its pungent smell. Chapter 11 presents the literature review of
ginger and its bioactive compounds. Chapter 111 provides a literature review of rheology and the

theoretical concepts to be used in the next sections.
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Chapter |

The Chapter | was based on the following Article 1 submitted to an international peer-reviewed

journal:

Tavares, L., Santos, L., & Norefia, C. P. Z. (2020). Bioactive compounds of garlic: a
comprehensive review of encapsulation technologies and characterization of the encapsulated

garlic compounds.
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Chapter I

The Chaper Il contains a literature review of the following food product:

Ginger
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Chapter Il

The Chaper 111 contains a literature review of the following science that describes the

deformation and flow behavior:

Rheology
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Part |1

This section presents the Chapter 1V to VII corresponding to the four scientific papers published
or submitted to in international peer-reviewed journals about to the encapsulation of garlic extract
and garlic essential oil (GEO). Each of these Chapters provides a specific sections of “abstract”,
“introduction”, “material and methods”, “results and discussion”, and a specific list of

references.
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Chapter IV

The Chapter IV was based on the following published Article 2:

Tavares, L., & Norefia, C. P. Z. (2019). Encapsulation of garlic extract using complex coacervation
with whey protein isolate and chitosan as wall materials followed by spray drying. Food
Hydrocolloids, 89, 360-369. doi: 10.1016/j.foodhyd.2018.10.052
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Chapter V

The Chapter V was based on the following published Article 3:

Tavares, L., Barros, H. L. B., Vaghetti, J. C. P., & Norefia, C. P. Z. (2019). Microencapsulation
of garlic extract by complex coacervation using whey protein isolate/chitosan and gum
Arabic/chitosan as wall Materials: Influence of Anionic Biopolymers on the Physicochemical and
Structural Properties of Microparticles. Food and Bioprocess Technology, 12(12), 2093-2106. doi:
10.1007/s11947-019-02375-y.
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Chapter VI

The Chapter VI was based on the following Article 4 published to an international peer-reviewed

journal:

Tavares, L., & Norefia, C. P. Z. (2020). Characterization of the physicochemical, structural and
thermodynamic properties of encapsulated garlic extract in multilayer wall materials. Powder
technology, 378, 388-399. Doi: 10.1016/j.powtec.2020.10.009.
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Chapter VII

The Chapter VII was based on the following the Article 5 submitted to international peer-

reviewed journal:

Tavares, L., Santos, L., & Norefia, C. P. Z. (2020). Microencapsulation of organosulfur
compounds from garlic essential oil using B-cyclodextrin and complex of soy protein isolate and

chitosan as wall materials: a comparative study.
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Part |11

This section provides the Chaper VII1, corresponding to the Article 6 based on the encapsulation
of ginger essential oil (GO) by complex coacervation in order to protect its bioactive compounds

against adverse environmental conditions, such as light, pH, oxygen, light, heat and high shear
mixer.
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CHAPTER IX

This Chapter VI was based on the following published Article 6:

Tavares, L., & Norefia, C. P. Z. (2020). Encapsulation of ginger essential oil using complex
coacervation method: Coacervate formation, rheological property, and physicochemical
characterization. Food and Bioprocess Technology, 1-16. doi: 10.1007/s11947-020-02480-3.

43



Part IV

This section provides two Chapters: the Chaper X with a general discussion, conclusion
suggestions for future work and general references used in the section of introduction, and the

Chapter X that contains the Anenex of this thesis with the Article 7 (in progress):

44



Chaper IX

GENERAL DISCUSSION AND CONCLUSION

The work outlined in this thesis is the result of a research proposal designed to study the
encapsulation of two derived garlic products (the garlic extract (GE) and garlic essential oil (GEO))
and ginger essential oil (GO) with bioactive compounds in order to protect them against adverse
environmental conditions, such as high temperature, oxygen and light, and mask their pungent
smell. The encapsulation of GE were employed using three different methods: a) complex
coacervation followed by spray draying using whey protein isolate (WPI) and chitosan (CH) with
degrees of deacetylation (DD) of 83, 94 and 96%, represented by CH-83, CH-94 and CH-96, as
wall materials (Chapter IV; Article 2); b) complex coacervation followed by freeze-drying using
complex of WPI/CH-96 and gum Arabic (GA)/CH as wall materials (Chapter V; Article 3); and c)
complex coacervation using complex of WPI/CH-96 and GA/CH-96 followed by addition of
Polydextrose (POL) to act as bulking and stabilizer agent in order to reinforce the polymeric
matrices of WPI/CH and GA/CH, followed by freeze-drying to obtain bioactive compounds-rich
powders of WPI/CH/POL and GA/CH/POL (Chapter VI; Article 4). The encapsulation of GEO
was made through molecular inclusion and complex coacervation methods using [3-cyclodextrin
(BC) and complex of soy proteins isolate (SPI) and chitosan (CH), respectively, as wall materials
(Chapter VII; Article 5). The encapsulation of ginger essential oil (GO) was performed by complex
coacervation using WPI/GA and GA/CH-96 as wall materials (Chapter VIII; Article 6).

The first approach involved the study of optimum conditions for complex coacervation between
CH with amino sites positively charged (-NHs") and WPI with negatively charged carboxyl groups
(—COO-) in order to produce high coacervate yield (Chapter 1V, Article 2, Fig. 13). CH with a
higher DD (CH-96) has a greater number of free amino groups in the polymer backbone and the
results of coacervate yield of CH/WPI complex increased significantly (p < 0.05), attaining the
highest value at a CH/WPI mass ratio of 0.2:1 (w/w), followed by a decrease in yield until there
was no coacervate formation at a CH: WPI mass ratio of 1:1 (w/w) (Article 2, Fig. 13). The
optimum condition for the formation of CH/WPI complex was verified at mass ratio of 0.2:1 (w/w)
for all coacervates, revealing that this mass ratio is crucial for maximum interactions between CH

and WPI (Fig. 13). The zeta potential values of all the dispersions reached zero, confirming the
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formation of agglomerations as a result of electrostatic interactions between CH with positively
charged amino groups (-NH3") and WPI with negatively charged carboxyl groups (-COQ"). This
agglomeration confirms the existence of complex coacervate in the dispersion containing GE
compounds. The coacervates showed the typical shear-thinning behavior of a pseudoplastic fluid
(Fig. 14), and the results of dynamic viscoelasticity measurement showed dominant elastic
behavior with G’ values higher than G” values, implying the formation of an elastic gel structure
promoted by electrostatic interactions (Fig. 15). The creep properties of the coacervates were better
for complex coacervate produced with CH/96, which is consistent with the dynamic viscoelasticity
measurement results (Fig. 15). These characteristics are desirable during the microparticles
productions, where microparticles with strength network structure and high shear resistance are
less affected by structural disintegration of the network chain. The CH-96/WPI powder revealed a
superior capacity for phenolic compound retention and better antioxidant properties, indicating that
CH with DD of 96% is the most indicate to interact with WPI (Table 6). The produced
microparticles showed spherical morphology, no evidence of cracking and craters, and non-porous
surfaces (Fig. 17), and revealing good protection of bioactive garlic compounds. The microparticles
are thermally stable up to 220 °C, indicating that the wall materials contributed to the protection of
heat-sensitive compounds present in GE (Fig. 18). TGA profile indicated there stages of weight
loss, where the weight loss in the first stage depends strongly on the encapsulation efficiency,
moisture content of the powders, and the capacity of the wall materials in the protection of the
volatiles compounds (Fig. 16). The weight loss in the second and third stages result as degradation
and decomposition of the wall materials components. These results can be used as one of the
indicators to choose the most suitable food products for microparticles application, since the results
provide important information about the thermal stability of the powders, allowing to improve the
processing and storage conditions. The garlic compounds interacted physically with wall systems,
and the absence of new chemical bonds was confirmed by FTIR analysis (Fig. 20).

The microparticles showed high water solubility, enabling their application in different
formulations in food industries (Table 7). However, the high temperature used in the spray-drying
process caused degradation and decomposition of some heat sensitive compounds present in GE,
obtaining retention efficiency (RE) of phenolic compound ranged from 51% to 61% (Table 6).
Attending that the main goal of this work is protect the bioactive compounds of GE, in the Chapter
V and Article 3, the GE compounds were encapsulated by complex coacervation followed by
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freeze-drying using complex of WPI/CH-96 and gum Arabic (GA)/CH as wall materials. The use
of freeze-drying as dehydration method revealed a good alternative for spray drying, since this
method allowed to obtain WPI/CH and GA/CH microparticles with high concentration of phenolic
compounds with RE values of 84 and 78%, respectively (Chapter 1V, Article 3, Table 8). The GA
was used in this study due to its low cost, non-toxicity, biocompatibility, biodegradability, good
capacity to act as a stabilizer, dietary fiber, emulsifier and protection against oxidation. The use of
the negative carboxyl groups (-COQ") of GA was better than WPI for coacervation with positive
amino groups (NHs*) of CH, allowing yo produce powders with less hygroscopicity, smaller
particle size and higher retention of garlic phenolic compounds (Table 8). The microparticles
revealed a non-spherical morphology and resembles blocky with irregular shape and different sizes,
characteristic of powders obtained by the freeze-drying process (Fig. 22). The WPI/CH and GA/CH
microparticles showed with amorphous structure, with surface area of 2.23 and 2.40 m? g** and
average pore diameter of 5.20 and 5.37 nm, respectively. The sorption characteristics of
microparticles followed the type Il isotherm and Guggenheim-Anderson-de Boer (GAB) model
was the best model to fit the experimental data (Fig. 24; Table 10). It was verified that
microparticles showed higher capacity to adsorb water at high water activities, and the equilibrium
moisture content increased with the increase of water activity (Fig. 24; Table 10). These results are
mainly due to the high hygroscopic capacity of the microparticles, resulting in powders with a great
capacity to adsorb larger quantities of water at high relative humidity conditions (Table 8). The
microparticles showed low water solubility (Table 8). However, the WPI/CH and GA/CH
microparticles can be used as ingredients and applied into solid, semisolids and liquid food
products, such as soup and bakery products due to its high content of phenolic compounds and
antioxidant activity.

In the subsequent part of work (Chapter V1, Article 4), the GE compounds were encapsulated using
multilayer matrices composed by WPI/CH-96/POL and GA/CH-96/POL followed by freeze-
drying to obtain powders. The values of RE were 84.30 and 92.64% for WPI/CH/POL and
GA/CH/POL, respectively (Table 13). The higher values of RE obtained in this study when
compared with the above study (Chapter IV, Article 3, Table 8), indicates losses of some phenolic
compounds in the supernatant phase separated from the biopolymer rich phase during the complex
coacervation process ocourred in the Article 3. The water adsorption isotherms and thermodynamic
properties of WPI/CH/POL and GA/CH/POL powders were studied in order to evaluate its surface
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structure, prediction of shelf life and better conditions of drying, processing and storage. The
compounds of GE were incorporated into the matrices of the wall materials by physical
interactions, confirmed by FTIR analysis (Fig. 26). The WPI/CH/POL and GA/CH/POL powders
exhibited a type Il sigmoid shape, which are common to most foods products (Fig. 29). Different
models were used to adjust the experimental water sorption data and the GAB model gave the best
fit for all the adsorption isotherm, giving the lowest values of average relative deviation (E) and
coefficient determination (R?) higher than 0.99, whereas the Halsey, Smith, Oswin and Peleg
models failed to describe some of the three sorption isotherms (Table 12). Thermodynamic
properties from adsorption data provide important information about water binding behaviors and
the energy requirements to remove the moisture content from the WPI/CH/POL and GA/CH/POL
powders. The water adsorption processes of both powders are enthalpy-controlled (values of
isokinetic temperature higher than harmonic mean temperature) and non-spontaneous process
(positive values of Gibbs free energy positive) (Fig. 31). The results of surface areas and pore sizes
of the powders were higher when determined using the water adsorption data instead nitrogen
adsorption data, and these results indicated that the water molecules were able to penetrate higher
narrow pores than nitrogen molecules (Table 15).

Taking the results of GE microparticles in consideration, the Article 5 (Chapter VII) aimed to
encapsulate GEO. The approach of this study aimed to work with GEO instead of GE, since the
last is a crude mixture of several polar and nonpolar compounds with different size and properties.
GEO was successfully encapsulated through molecular inclusion and complex coacervation
methods using B-cyclodextrin (BC) and complex of soy protein isolate (SPI) and chitosan (CH),
respectively, as wall materials (Table 16). The results showed significant differences in the
structural and physicochemical properties of the microparticles obtained by these two
encapsulation methods. The molecular inclusion using BC as wall material resulted in
microparticles with better physical-chemical characteristics, in terms of higher solubility, and
lower moisture content, hygroscopicity and water activity than complex of SPI/CH (Table 16). The
rheological behavior of the dispersions showed that the incorporation of GEO into BC and SPI/CH
resulted in higher values of storage modulus (G”) than loss modulus (G’’), revealing viscoelastic
solid-like behavior (Fig. 35). Incorporation of GEO into BC and SPI/CH had substantial effects on
their structure, and the SPI/GEO/CH dispersion exhibited the stronger gel strength and formation
of strand-type network structure. The electrostatic interaction between carboxyl groups (COO") of
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SPI and protonated amine groups (NHs") resulted in dispersion with network structure with
stronger gel strength. These characteristics are desirable during the microparticles productions,
where microparticles with strength network structure and high shear resistance are less affected by
structural disintegration of the network chain. FTIR study of microparticles revealed no chemical
cross-linking reaction between garlic compounds and wall materials complexes, indicating that the
garlic compounds were incorporated into complex wall materials by physical interaction (Fig. 39).
The Article 6 (Chapter VIII) was designed as a way to understand the properties of the wall
materials used in the Articles 2 and 3 in other to protecte ginger essential oil (GO) instead GE or
GEO. Therefore, the study aimed to encapsulate GO by complex coacervation using WPI/GA and
GA/CH-96 as wall materials. The rheological characterization of coacervate, before drying process,
using the oscillatory frequency sweep tests revealed that G’’ predominated over G’ for the both
complex coacervate at low frequency values, and a crossover between the G’ and G’’ occurred at
about 5 Hz for GA/CH and at 60 Hz for WPI/GA (Fig. 45). The magnitudes of both G’ and G’
were higher for GA/CH than obtained for WPI/GA. The creep—recovery tests showed that the
coacervates with GO resulted in higher compliance values and weaker internal network structures
(Fig. 46). The Burgers model equation and exponential decay function adequated well the
experimental data and describe the coacervates creep and recovery behavior, respectively (Table
17 and 18). TGA showed that wall materials contributed to a significant increase in the GO thermal
stability and also evidenced some non-encapsulated GO present on the surface of WPI/GO/GA
powders (Fig. 47). FTIR analyses revealed that only physical interactions occurred between the
functional groups of GO and of WPI/GA and GA/CH complexes (Fig. 49). The entrapment
efficiency was 55.31 and 81.98% using complex of GA/CH and WPI/GA, respectively, revealing
GA/CH as a more efficient complex for the GO protection (p <0.05) (Table 19). The Article 5 the
results demonstrated that incorporation of GEO into the matrices of wall systems resulted in
dispersions with higher values of complex modulus (G*), complex viscosity (n*), G’ and G”’,
indicating increasing in the molecular entanglements and formation of more compact strutures.
However, for the Article 6, the creep—recovery tests showed that the coacervates with GO resulted
in higher compliance values and weaker internal network structures. In this sense, it is possible to
conclude that the network structure of coacervate is affected by the the nature, composition, charge,
molecular size and density of the essential oil, and also by the type of wall material, ratio and

molecular interactions between the wall material and essential oil. Cryo-scanning electron

49



microscopy (cryo-SEM) technique is presented in the next section as a way to resolve this issue,
since this technique allows to analyze the morphology of the network structure of the coacervate
with and without essential oil. In this sense, the Article 7 (in progress and localized at the annex of
this thesis) is being developed as a way to understand the main phenomena associated to the
network structure of the coacervate with GEO.

Overall, the reported results demonstrated that GE, GEO, GO powders could be used as active
ingredients to improve the functional properties of food products and this study can be used for
optimizing the processing and storage conditions of the microparticles and to improve the quality

and increase the shelf life of the bioactive compounds-rich powders.
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Chapter X

The Chapter X contains the Anenex of this thesis with the Article 7 (in progress):

ANnnex

Article 7

Characterization of the rheological properties of the complex coacervates composed by

whey protein isolate, garlic essential oil and chitosan
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