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ABSTRACT

Consumption alonef foods naturally rich in antioxidants is not enough to reduce oxidative stress
associated with cancer, diabetes and cardiovascular diseases. Thanebtiendl foods fortified
with antioxidants are gaining more popularitdowever natural antioxidats aresensitive to heat,
light and oxygenwhich limit their application in the food industriylicroencapsulatiomight
overcome these problemsice it isable toprotect theantioxidantfrom degradation, mask its
taste and control its releageoffeeis considered the most consumed and commercialized food
product in the worldand alsaa rich source oéntioxidants such as chlorogericid (CGA) and
caffeic acid (CAF) The aim of this work was to microencapsultite aforementionedoffee
antioxidantshby spraydrying for future food applications usingpdium saltcarboxymethyl
cellulose(Na-CMC) as acoating agenResulting microparticles were characterized by its process
product yield, particle size distributiofby laser granulometry)morphology (by scanning
electron microscopy controlled releasén water at pH 5.6 and pH 2nd antioxidant activity
(by ABTS assay) Analytical methods (UWis spectrophotometryjvere developedor the
guantificationof CGA and CAFduring release. CGA calibratiaurvewas linear from 0.50 to

14 mg.L* and CAF calibrationcurvewas linear from 0.25 to 15 mg!LThe limit of detection
was 0.10 mg.L for CGA and 0.29 mg.t for CAF while te limit of quantification was 0.34
mg.L?! for CGA and 0.96 mg.t for CAF. Both nethods were considered preci{sepeatability

and intermediate precision values below 5%, except for the lowest concentsatibaycurate
(accuracy values close to 10Q%Y)oduct yield was 37.6% and 40.8% for microparticles loaded
with CGA and CAFrespetively. Particle size distribution found that microparticles loaded with
CGA presented mean diameters of 8 8% (considering volume distribution) and 0.4
(considering number distribution). For microparticles loaded with CAF mean diameters were 8.78
um (considering volume distribution) and 0.4fn (considering number distributiorParticle
morphobgy assessmemnévealedsmall spherical shape microgates with smooth surfaces for

all samples Controlledrelease profiles were similar for all samples but were influginge
microparticlescore compositior(faster release for CAF than CGA) aatbo by medium pH
(faster release at pH 2 than pH 5.8ptal release timesanged from 30 min to B, which are
satsfactory considering the average digestion tidetioxidant activity was higher after the
spraydrying process, showing that the chosen methodalogg not compromieGA and CAF
antioxidant capacityAs preliminary studies, the results presented ig wrk show the potential

of spraydriedNa-CMC microparticles as carriers afffee antioxidant3-However, futher studies

may be exploreébr better suitability of saichicroparticledor food applicans.

Keywords: antioxidants, caffeic acid, carboxyméhyl cellulose, chlorogenic acid, coffee,

controlled release, food applicationsicroencapsulation, sprairying.






RESUMO

A popularidade de alimentos fortificados com antioxidantes tem vindo a crescer uma vez que o
consumo dealimentos naturalmente ricos em ariitantes ndo € suficiente pameduzir o stress
oxidativo associado ao cancro, diabetes e doencas cardiovasculares. No entanto, os antioxidantes
naturais sdo sensiveis a luz, caooxigénio, limitandaa sua aplicacdoa industria alimentar. A
microencapsulacdo pode solucionar estes problemas uma vez qag deapoteger 0 antioxidante

da degradacddlisfarcar o seu sabor e controlar a sua libert&az&afé é undos produtos alimentares
maisconsumidos e comerciatidos déambém uma boa fonte de antioxidantes naturais como o 4cido
clorogénico (CGA) e acido cafeico (CAF). O objetivo deste trabalhsitiu na microencapsulagéo
através deecagem por atomizacgéos antioxidantes mencionados utilizando a carboxingdtilase
sbédica(NaCMC) como agente encapsulante. As microparticulas resultantes foram caracterizadas
relativamente acendimento do processodéstribuicdo do tamanho (por granulometria de lasger),
morfologia (por microscopia eletrénica de varrimenéd)bertacdo controladéem aguaa pH 5.6 e

pH 2)e aatividade antioxidante (por ensaio ABTS). Métodos analiticos de espetrofotometvies UV

foram desenvolvidos para a quantificagiCGA e CAF durante o estudo lilleertacdocontrolada

A curva decalibragédo do CGA foi linear entre 0,814 mg.L* e ado CAF foi linear entre 0,28 15

mg.L?. O limite de detecdo foi 0,10 mgtlpara o CGA e 0,29 mglpara oCAF enquanto dimite

de quantificagdo foi 0,34 mgiipara o CGA e 0,96 mglpara o CAFAmbosos métodos foram
considerados prisos(com valores de repetibilidade e precisdo intermédia inferiores a 5%, exceto
para a concentracdo mais baiga@xatogcomvalores deexatidio proximos de 100%P rendimento
doprocesso foi 37,6% 40,8% para ioroparticulas conrtGA e CAF, respetivamentRarticulas com

CGA apresentaram tamanhos médios de grB8{considerando distribuicdo em volume) e Qa4
(considerando distribuicdo em nimero). Particulas com CAF apresentaram tamanhos médios de 8,78
um (consderando distribuicdo em volume) e Oprh (considerando distribuicdo em namero). Todas

as microparticulas apresentaram morfologia pequena, aonafesférica e superficie ligas perfis

de libertacdo controlada foram semelhantes para todas as formula¢gdes, mostrando dependéncia tanto
da composicédo do nicleo (libertacdo mais rapida para CAF do que para CGA) como do pH do meio
(libertacdo mais rapida a pH 2 do que a pH 5,6)e@pos de libertacdo total variaram entrer80

a 2 h sendo considerados satisfatérios comparando com o tempo médio de digestdo. A atividade
antioxidante foi maior ap0s o processo de microencapsulacao do que em solugdes livres, mostrando
que a metodologi@scolhidando comprometa capacidade antioxidante do CGA e CAF. Como
estudos preliminares, o0s resultados apresentados neste trabalhoramostrgotencial de
microparticulas deNaCMC obtidas através de secagem ptwmizac¢do como fornecedords
antioxidantes do caféNo entantosera necessario a realizacadomdgsestudosie modo a melhorar a

funcionalidade destamicroparticulapara aplicacdes alimentares.

Palavras-chave: antioxidantes,aplicagées alimentares, acido cafeiémido clorogénico,café,

carboximetil celulosdibertacdo controladanicroencapslagcéo, secagem por atomizagao.
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CHAPTER 1: BACKGROUND MOTIVATION AND PROJECT GUIDELINE

CHAPTER 1. BACKGROUND MOTIVATION ANEROJECT
GUIDELINE

1.1. Background motivation

Consumers nowadays are concerned about their health and leading a healthy life, showing interest
in foods that contain bioactive or functional ingredients (especiatlyralaones) that increase

food nutritional value and health stat(iSBu et al., 2011; Hygreeva, Pandey, & Radhakrishna,
2014) Recent studies confirm that one of the main causes behind premature aging and dangerous
diseases like cancer, cardiovascular diseases, neurodegenerative diseases (Alzheimer and
Parkinson)(Stelmach, Pohl, & Szymczychaadeja, 2015pr diabetes lies on the excessive
accumulation in the human body of products derived from oxygen and nitrogen reactions such as
superoxide anion, hydroxyl radical and hydroperoxyl radi¢akhin, Yashin, Wang, & Nemzer,

2013) The constant buildup of free radicals causes oxidative stress conditionsjripDisig\
molecules, blood vessels walls, proteins and lipids. More specifically, the cleavage of DNA
molecules influences cell growth regulation, resulting in the formation of canceroug\tsal|s.
cardiovascular diseases may be a result of the accunmutditexidized lowdensity lipoproteins

on blood vessels wall¥ ashin et al., 2013)

Antioxidant therapy is a powerful tool to reduce oxidatiteess in the body since these
compounds are able to terminate or delay the chain reaction caused by free (@diials &
Escriche, 2015)By consuming natural antioxidants present in foods such as vegetables, fruits,
beries, grainsamong other§Sies, 1993; Yashin et al., 2018)e appearance of various common
diseasesnay be prevaeted However, consumers do not always prefer the aforemeadtioogs
andtheir consumptiomlone mightot be enoulg to obtain the necessary intakfeantioxidants

Thus, functional foods fortified with antioxidants could overcome the presented problem,

providing a higher amount of antioxidants.

The major categories of antioxidants found in food include vitaneing.yitamin C and vitamin

E), carotenoidse g.carotenes and xanthophylls) and polyphenelsg(flavonoids, phenolic

acids, lignans andikbenes). However, they may present diffemaeichanisms of action, namely:

scavenge of peroxidan-inducer speciesshelation of metal ions in order to stop them from

creating reactive spas and from degrading peroxid®A mi t i gat tooprevent n or der
peroxides formatiorinterruption of the autoxidative chain reaction and attenuation of areas of

high & concentrations. Besides their amigtant capacity, antioxidantge often associated with

other beneficial effects such as anflammatory, ati-carcinogenic and anétherosclerotic
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properties and gut microbial healfBartoszek & Polak, 2012; Boffetta et al., 2010; Cardona,
AndresLacueva, Tulipani, Tinahones, & Quei@rtuno, 2013; Diaz et al., 2012; Oroian &
Escriche, 2015)

As mentioned before, there are food products whietmaturally rich in antioxidant€offeeis
considered the most consumed and commercialized food product in the world and the second
most traded commodity, after petrole@kturthy & Naidu, 2012) Regardless of its controversial
effects on human health, coffee is acknowledged as one of the keyssafumodoxidantgsuch
aschlorogenic and caffeic acidand other bioactive compnds in thedaily dietof population
worldwide (CaneMarquina, Tarin, & Cano, 2013; Farah, 2012)

Despite their beneficial effects, natural antaaats are usually easily oxidized and sensitive to
heat and light, which limit their application in the food indugtthao, Wang, Zho, Zhang, &
Zhang, 2011; Lozan¥azquez et al.,, 2015)Also, some of these compounds show other
limitations such as unpleasant tagigor availability andlsohigh susceptibilityto storage and
processingonditionsandgastrointestinal environmendedovic, Kalusevic, Manojlovic, Levic,

& Bugarski, 2011; Pdsadri & Kuna, 2010; Wilson & Shah, 2007)

In many cases, microencapsulation is a reliable technique that might overcome these challenges
since it is able tgreserve stability of the bioactive compounds during processing and storage
improve the retenbin time of the nutrient in the food, allow controlled and targeted release,
prevent undesirable interactions with food matrix, slow down the degradation processes (e.g.,
oxidation or hydrolysis), mask bad tasting or smell and increase bioavailabilitg, méintaining
thebioactive component functionality. Other advantages might include ease of handling, adequate
concentration and uniform dispersiitozanaeVazquez et al., 2015; Nedovic et al., 2011; Wilson

& Shah, 2007)

Therefore, the development of food applicatiocontaining microencapsulated coffee
antioxidantsshows great potential since itdapdole of providingthe natural benefits offered by
antioxidants while protectindgpemfrom degradation.
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1.2. Thesis objectives

The main objectives of the currgmtoject werethe microencapsulation of coffee antioxidants,
namey chlorogenic and caffeic acidsharacteriation of resulting microparticletheir controlled
release and antioxidant activity assessment. Siimagg was used as the microencapsulation
method due to its flexibilityJow cost and availability. The use of dietary fibers as encapsulating
agent (namely carboxymethylcellulose) was also an important goal of this work since they
promote beneficial physiological effects.

Specific aims included eduation of the spragrying process by its product yieldjeroparticles
characterizatioby particle e distributionmorphologyandcontrolled releasesincethe desired
targd-location for the microparticlescleasewas the gastrointestinal tract,ntmlled release
assays were performed in watdrpH 5.6 andalso pH2 in order to approximate the acidic
conditions experienced in the stomacWalidation of analytical method MW-Vis
spectrophotometry) waserformed in order to quantify the controlledaase of chlorogenic and
caffeic acidsEntrapment efficiency was also determined through the controlled release assays.
Moreover, antioxidant activity wameasured to verify whethéne microencapsulatioprocess

resuled in the loss of antioxidanapadty.

1.3.  Organization and structure

Present thesis is dided in 7chapters. Chapter 1 mentions the project background motivation, its
main objectives as well as it organization and structure. Chapter 2 incudeecoretical
introduction to the topics andqgredures discussed along the thesis, such as coffee antioxidants,
microencapsulation concepts, techniques and encapsulating agents (with special emphasis to
spraydrying and casoxymethyl cellulose). Chapterc®mprises an overall review the state of

the art so far regardinthe encapsulation of chlorogenic and caffeic acids, providing some
commentsand simple statistic€hapter 4 describes the materials and methods required for the
implementation of this project.iapter 5 shows the main resultastigularly, the validation of

the analytical methodused for chlorogenic and caffeic acid quantificatiggV-Vis
Spectrophotometrythe spraydrying product yield microparticlescharacterization by particle

size distribution and morphaly; controlledrelease profilegor chlorogenic and caffeiacidin

water at pH 5.6 and pH Zntrapment efficiencyand antioxidant activity. Finallychapter 6
contains the project main conclusions and chaptev@alssome limitations and future work
suggestions. Bilbbgraphy used during the development of this work may be consulted at the

References section and additional information may beuttelsin the Appendix section.
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CHAPTER 2INTRODUCTION

2.1. Chlorogenic and caffeic acids in coffee

Coffee tree (Rubiaceae family, gerfDisffeg has more than 80 identified species, although only
two are of economic interestoffea arabicgArabica) andCoffea canephoréRobusta)Farah,
2012) Arabica is responsible for approximately 75% of the world production, reaching higher
prices since it is considered superior due to its sensory properties (nmttéaeorful taste).
Robusta is more acidut moreresistant to plagues and is associated with the instant coffee
industry (Mussatto, Machado, Martins, & Teixeira, 2011; Panusa, Zuorro, Lavecchia, Marrosu,
& Petrucci,2013)

Like most plants, green coffee beans major components are insoluble polysaccharides such as
cellulose and hemicelluloses, accounting for approximately 50% of the weight. Nevertheless, a
variety of soluble carbohydratés. g.fructose, glucose,afpctose, arabinose and sucjose

also pesent in coffee beans aark responsible for aroma binding, foam stabilization and extract
viscosity. Other constituents include rawiatile aliphaic acids (such as citrand quinic acids),
volatile acids (sch as acetic acid), phenolic species (e.g. caffeaféeic andchlorogenic acids),

oils and waxesprotein and free amino acidend mineral§Arya & Rao, 2007; Bicchi, Binello,
Pelegrino, & Vanni, 1995; Esquivel & Jiménez, 2012; Fischer, Reimann, Trovato, & Redgwell,
2001; GonzaleRios et al., 2007; Naidu, Sulochanamma, Sampathu, & Srinivas, 2008; Stelmach
et al., 2015; F. Wei et al., 2012Furthermore, offee beans contain @iversity of bioactive
compounds that can interact with the human body in a complex way, resulting in many beneficial
outcomes, namely improvement of antioxidant and scavenging properties, neural system
stimulation(Stelmach et al., 2018)nd alsaveight management through metabolism acceleration
(Shimoda, Seki, & Aitani, 2006}t has been acknowledged thmneficial efects from coffee
consumption are related to its high content of antioxidants such as chlorogenic, ferulic, caffeic
and coumaric acids for green coffee beans and also melanoidins for roasted coff¢€dsdans

et al., 2013)being that chlorogenic and caffeic acids are considered the most relevant markers in
coffee samples Br ezov§, Gl ebodov§, & St agkhoyghtBe8ed 9; C2 m
are the main contributors, other compounds present in coffee such as caffeine, trigonelline and
phenylalanines (formed during coffee roasting) alsowslamtioxidant propertiegFarah &
Donangelo, 2006Paraneters like plant species, climate, technological productiorcespe.g.
roasting conditions)among others may influence the content of antioxidantsoffee beans
(Amare & Admassie, 2012; Kilmartin, 2003; Oliveirgeto et al., 2016; Vignoli, Viegas, Bassoli,

& Benassi, 2014)
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Table 1 showsome of the properties and chemical structurehlafrogenic and caffeic acids.

Table 1. Chlorogenic acid and caffeic acid characteristics and chemical structure.

Compounds Chlorogenic acid Caffeic acid
CAS number 327979 331-395
Synonym 3-Caffeoylquinic acid 3,4-Dihydroxycinnamic acid
Molecular Formula Ci16H1809 CoHgOx4
HQ,_" CO,H o
HO /
Chemical Structure Ho T N =
OH OH
oH OH
Molecular Weight (g.mol?) 354.31 180.16
Solubility in water (g.L™?) 3.44 1.61
Melting Point (°C) 205 225

Adapted from HMDB and PubChem, 2016

The most common polyphenols in coffee are phenolic acids ynaaffeic acid, a type of
transcinnamic acid, and its derivative, chlorogenic acid. Chlorogenic acids (CGAshemelic
compounds formed by the esterification of traimamic acids with quinic acigigure 1A) that

may exist in different isomeric forms depending on the positiaihe®stebond Figure B).
Thesecompounds confer astringency, bitterness and acidity to the coffee brew. The main types
of chlorogenic acids in coffee are caffeoylquinic acids (CQA, which represent 80% of total
chlorogenic content), dicaffeoylquinic dsi (diCQA), feruloylquinic acid (FQA),
p-coumaroylquinic acidspfCoQA) and caffeoyl feruloylquinic acids (CFQA). However, other
minor classes such as diferuloylquinic acids (diFQAR-doumaroylquinic acids (¢i-CoQA),
dimethoxycinnamoylquini@cids and others are also found in less than 1% of total chlorogenic
content While 3-O-caffeoylquinic acid (SCQA) is customarily recognized as chlorogenic acid,
isomers of CGA include -®©-caffeoylquinic acid (cryptddorogenic acid or €QA) and
5-O-caffeoylquinic acid (neochlorogenic acid ofrCRA) (Figure 1B (CaneMarquina et al.,
2013; Farah & Donangelo, 2006; Perrone, Faramangelo, de Paulis, & Martin, 2008)
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Figure 1. A) Reaction between quinic acid and caffeic acid resulting in the formation of chlorogenic

acid. B) Most common isomers of chlorogenic acid.

Green coffee is the richest source of CGA with the contentlafod (Perrone kal., 2008) In

fact, high levels of chlorogenic acids have been measureatlincbffee Arabica and Robusta,
although greatevalues are present in Robusthlorogenic acids able to directly interact with
reactive oxygen specigkono et al., 197), making it an effective OBiscavenge(Shi et al.,

2006) Althoughthe exactmolecular mechanism underlying its antioxidant activity ignmwn,

it is attributed mainly to the double bond conjugated catechol structure of the phenyl ring
(Nallamuthu, Devi, & Khanum, 2015 owever, other numerous biological properties have been
credited to this compound, namely: antimicrojRliupponesPimia et al., 2001; Zhu, Zhang, &

Lo, 2004) antiobesg(Cho et al., 201Q)antiinflammatory(Shan et al., 2009; Shin et al., 2015)
neuroprotective(Bouayed, Rammal, Dicko, Younos, & Soulimani, 2007; Li et al., 2008)
antidiabetic (Karthikesan, Pari, & Menon, 2010jadio protective(Cinkilic et al., 2013)
prevention 6 diseases associated with oxidative stress (namely cardiovascular, cancer and
neurodegenerativéKasai, Fukada, Yamaizumi, Sugie, & Mori, 2000; K. Lee et al., 2G1&v

the release of glucose into the bloodstream and also antiviral, hepatoprotective and

immunostimulatory activity in vitr¢gFarah, 2012)

Caffeic acid, consideredne ofthe main representative of the hydroxycinnamic and phenolic
acids, also offers several beneficial properties, with particular highlight to its antioxidant activity.
Other studies alsattribute biological and pharmacological properties to caffeic(@eiganthi &
Subash, 2010pamely: antioxidant(Gebhardt & Fausel, 1997antiviral (Frank, Thiel, &
MacLeod, 1989) anti-inflammatory (Joyeux, Lobstein, Anton, & Mortier, 1995)
anticarcinogeni¢Challis & Bartlett, 1975and mmunomodulatory activitie@wahashi, Ishii,
Sugata, & Kido, 1990)
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2.1.1. Changes during coffee roasting

During roasting, green coffee beans undergo several chdagel as pyrolysis, Maillard
reaction, Strecker degradation and caramelizatieagling not only to the development of
characteristic properties of the coffee beverage such as flavor, aroma and color but also to the
formation of new compoundglves, Almeida, Casal, & Oliveira, 201Buffo & Cardelli-Freire,

2004; Esquivel & Jiménez, 2012Ppue to chlorogenic acidthermal instability, roasting
temperatures trigger several reactions, specifically isomerization, epimerization, lactonization,
degradation tdow-molecularweight compondssuch as phenols améthecolgFigure 3, and

to a lesser extent incorporation into melanoidins through noncovalent or covalent bounds
(Bekedam, Schols, Van Boekel, & Smit, 2008; Farah, 2012; Ludwig et al., 2012; Funds &
Coimbra, 2009) Since chlorogenic acighares the same building blocks as caffeic and quinic
acids, these last two may alsoibeorporated into melanoiding. should be borne in mind that
roastingresulsin the loss of antioxidant activity aoffee brewandis also responsible for the
production of harmful compounds such as carcinogenic compounds (e.g. polycyclic aromatic
hydrocarbons, though in small amour{@@jecchio, Ciotti, & Culotta, 200@9nd acrylamide (right

within the first minutes of the roasting proseéEsquivel & Jiménez, 2012)In order to avoid

loss of bioactive compounds as well as the formation of dangerous compounds, coffee beans can
also be used without roasting. Thus, green coffee beans are extracted with hdBuaikt,
Kagawa, Ochiai, Tokimitsu, & Saito, 200&hanol(Thom, 2007)or their mixture(Naidu et al.,

2008y pr oduci ng Agr e which maylatér becengasuldted, anaibtaning coffee
beans benefits.
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Figure 2. Reactions CGA suffers during coffee roasting.
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2.2.  Microencapsulation of antioxidants

Microencapsulation is a technique in which solid, liquid or gaspatticles (referredo as the

core, internal phasar fill) are surrounded by a coating material (referreastovall shell, coating

or membrane) creating a microcapsule with a range of diameters between a few micrometers and
a few millimetergAgnihotri, Mishra, Goda, & Arora, 2012; DubeShami, & Bhasker Rao, 2009;
P.Venkatesan, R.Manavalan, & K.Valliappan, 2009; Umer, Nigam, Tamboli, & Nainar, 2011)

Particlessize may be classified as: macro (>5000 um); micrd 8000 um); and nano (<1.0 um)
(Jafari, Assadpoor, He, & Bhandari, 200Barticle size has great influence on food applications
sersorial propertiespeciallythrough its influence on texture. The presence of particles larger
than 30um may induce a gritty mouthfeel sensat{derkus & Meesters, 2013)

Regardingmorphology, two major classificatis are generally recognized:iamocapsules
(reservoir system), where the casesurrainded by an outside layer origrospheres (matrix
type), where the core is homogenously integrated within the shell méfraadgxiang Fang &
Bhandari, 2010; Peres, 201Moreover, micropdiclesmay present other morphologies such as
mononuclearwith multiples shells and microparticles clusters. Micropartictesphology
depends on the core and wall material as well as on the technique efigalgey et al., 2009;
Jyothi & Seethadevi, 2012; Umerad., 2011) Structure of microparticlesan be assessed through
techniques such as scanniglgctron microscopy (SEMYafari, Assadpoor, He, et al., 2008)

Examples of microparticlamorphologies are shown Figure 3

A B C D

Figure 3. Microparticles different morphologies: A) microcapsule (reservoir type) , B) microsphere

(matrix type), C) capsule with two layers and D) capsule with several cores.
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Numerous reasons lead to the use of the microencapsulationigieesy, mainly the following:
increase stability by isolating active ingredgeritom its surroundings in order to preve
environment deterioratiomiday evaoration of a volatile coranask coreundesired properties
suchas taste, odor or activitgpntrolled and/or targete@lease of active ingredientsansform

a liquid activeingredient ino a dry solid structure anthprove product ebetics and marketing
perception, while maintaining core propert{@gnihotri et al., 2012; Dubey et al., 2009; Jyothi
& Seethadevi, 2012; P.Ventesan et al., 2009; Umer et al., 2011)

Several factors should be considered when usiiggoencapsulation, namelgore material,
microencapsulation technigueall material, releasmechanism and itroparticlesapplication

The core composition may ma- a liquid core might include dispersed and/or dissolved
constituents and a solid core can also be a combination of different constituents (active
ingredients, stabilizers, diluents, recipients and releateeretardants or acceleratdrsllowing

a flexible microcapsule developme@iyothi & Seethadevi, 2012; Umer et al., 2011)

2.2.1. Microencapsulation technigues

Some criteriashould be consideredhen preparing the microparticlesich ashigh core
concentration incorporation; system stability with high shelf iecompatibility andparticle

size and distributiofJyothi 2012; Umer et al. 2011; P.Matesan et al. 2009; Agnihotri et al.
2012) Technique selection for microencapsulation is complex and mainly dependent on physical
and chemical properties of core and coating materials as well as the intended application of food
ingredient§Poshadri & Kuna, 2010Y here arevarioustechnigues available to choose from since

no single encapsulation process is adaptable to all coreiafmts product applicatiofWilson

& Shah, 2007)These techniques may be divided into chemical or mechanical processes though
this classification can bevariable and somewhat misleading.Table 2 showssome

microencapsulation techniques used in the food industry, their classification and characteristics.

11
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Table 2. Examples of microencapsulation techniques used in the food industry and characteristics.

Technique Classification Steps Cost Typical
morphology
1. Preparation and
homogenization of feed
Sprav-drvin Physical dispersion Low Matrix
pray-arying mechanical 2. Atomization
3. Dehydration
1. Melting of the coating
solution
2. Addition of core into coating
. Physical solution . .
Extrusion mechanical 3. Passingf mixture through High Matrix
dehydrating liquid
4. Drying
1. Microfluidization
Liposome Phy5|c_al 2. Ultra-sonication _ High Variable
entrapment mechanical 3. Reversephase evaporation
1. Mixing of compounds
Inclusion Physical 2. Complexes formation Medium .
. - . Reservoir
Complexation chemical through variable processes low
1. Preparation of a dispersion
with three chemical
Physical immiscible phases
Coacervation chemical Coating deposition High Reservoir

Coating solidification
Use of crossinker (optional)

PN

Adapted from (Azeredo, 2005; Zhongxiang Fang & Bhandari, 2010; Gouin, 2004; Jyothi & Seethadevi,
2012; Poshadri & Kuna, 2010; Wilson & Shah, 2007; Zuidam & Shimoni, 2010)

2.2.1.1. Spray-Drying

Among the microencapsulation methods presented, sjyityg is the most used in the food
industry dueo several factarsuch as: process simplicitglativelylow cost flexibility, allowing
continuous operatiotjgh stability of the final drieghroduct (de to low moisture&ontent), high
volume reductionease of handling, transportation and storage of the particles. Also, it can be
used for many hedabile (low-boiling point) materials becauséthe lower temperaturéise core
material reacheqGharsallaoui, Roudaut, Chambin, Voilley, Saurel, 2007; Nedovic et al.,
2011; Peres, 2011; Sosnik & Seremeta, 20it% broadly used for largecale encapsulation of
several encapsulated substances, such as antibiotics, medical ingredients, additives, vitamins and
polyphenols, among othef®edovic et al., 2011; Peres, 201However, some limitations
include high energy consumption, waste of supplied heat, high initial capital investment, low
yields at laboratory scale and noniform conditions in the drying chamb@tedovic et al., 2011;
Sosnik & Seremeta, 2015)

12
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Schematic pathway of the procedure is presentédgre 4. It beginswith preparation of the

feed, which may be a solution, emulsion or suspension. After homogenization of the feed, this
mixture is then fed into the spray dryer and atomized with a nozaginning wheel. A spray is
formed which is then dried by the inlet hot dryaig The resulting microparticlese transported

to a cyclone and collected by falling on to the colle¢@@harsallaoui et al., 2007; Phisut, 2012)
Retention of the core material happens due to chemical and physical properties and interactions
between core and coating materialspgeiss temperature and also by the nature and the
performance of the encapsulating support (emulsion stabilizing capabilitie$ofiimng ability

and low viscosity at a high concentoat). Spraydried microparticlesonventionally have matrix

type morplology (Jafari, Assadpoor, Bhandari, & He, 2008)

Hot drying air
[ 7—\“
:f lw
| Feed | Exhaust air
\
Cyclone
Drying
chamber
Product
collector

Figure 4. Spray-drying schematic pathway.

There are differents ways to determine the capture efficientlyeomicrospheres also called
percent of entrapment or eapment efficiency (EE). One methasl by allowing washed
microspheres to lyse and then determine the ammount of active ingredient in the lysate (Equation
1). Other possilble method is to measueerésidual ammount of active ingredient in the solution
immediately aftedispersion of the microparticlés the solvent and then subtract this value to

the total loaded amount of active ingredient (Equation 2). This residual value correspondes to the

amnount of active ingredient that wastrwithheld in the microparticles

00op p T (Eq.1)
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00bpb p T TT (Eq.2)

In order to increase EE, sompapating factos could be optimized such aetl temperature (it
might change viscosity and therefore homogenizatioititya of the feed solution), air inlet
temperature (lowtemperatures results low evapoation rate while highemperatures might
cause degdation of compounds), and autlet temperatures (depends onfimed and air inlet
temperature though it should be between 80 °C)(Peres, 2011Nozzle geometry sluld also
be considered when using this meth@d Fang & Bhandari, 2012; Munin & Edwardgvy,
2011)

2.2.2. Encapsulating agents

The selection of the encapsulation method and wall materials is interdependeptty3ibal and
chemicalproperties of the microparticlésalsodetermined by the selected coating matefiak
coating agenshould be compatible witthe core material, microparticlésal destination and
release mechanism; be able to form a cohesive film with the coreahaiBow stabilization of

the core material; provide specific coating properties (stability, strength, flexibbiginert
towards active ingredients and allow controlled release under certain conditions. Other
restrictions might include its availdity and competitive pricéAgnihotri et al., 2012; Jyothi &
Seethadevi, 2012 .Venkatesan et al., 2009; Umer et al., 2011)

There are numerousubstances available for microencapsulation by sgngng. However,
considerations must be made regarding their use in the food industry since some coating agents
accepted for drug eapsulation are not adequate for food applications unless they are certified as
Agenerally recogni z e (Nedaw etsalg 20&1Fhe MGBRcASMonwakh t er i a |l
materials used in the food industry can be divided in carbohydrates, prtien proteins,
caseinates, and gelatin) and new biopolym@efari, Assadpoor, Bhandari, et al., 2008)
Carbohydrates include modified and hydrolyzed starches (amylose, antylppextrins,
maltodextrins, polydextrose, syrups), celluloegivatives and cyclodextrinslgmt exudates and
extracts (such as gum Arabic, gum tragacanth, gum karaya, mesquite gum, galactomannans,
pectins and soluble soybean polysaccharides), marirecex(such as carregeenans and alginate)

and microbial and animal polysaccharides (such as dextran, chitosan, xanthan and gellan) are also
suitable for food applications. Most commonly used proteins consist of whey proteins, milk
protein, gelatin and gtan(Nedovic et al., 2011)able 3 summarizesome of the coating agents

used for food applicains by spraydrying techniqueits main properties and applications.

14
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Table 3. Some mating materi als used for spray-dried particle s, properties and examples of applications.

Coating . . L
category Coating agents Properties Examples of applications
Carbohydrates
Citral andlinalyl acetate;
Very good oxygen barrier Cheese aroma;
Hé?;?%iid ﬁg:?ozé;utﬁn Low viscosity at high solids Linoleic acid;
Low cost Orange peel ail;
Lemon oil.
Meat flavor;
. . . Fish oil;
Modified Acetylated starch Good emulsion stabilizer Orange oil;
Starches Low cost

Black pepper oleoresin;
Vitamin E.

Cyclodextrins

g, -, b0
Cyclodextrins

Good inclusion of volatiles
Great oxygen barrier
Relatively expensive

Pine flavor;
Shiitake flavor;
Ethyl hexanoate;
Caraway fruit oil;
Lemon oil.

Good emulsion stabilizer
Good viscosity and solubility

Orange peel ail;
Cardamom oil;

Arabic gum Good retention of volatiles  Vegetable oils;
Gums Xanthan Might contain impurities Linoleic acid;
Alginates Price dependent on Soy oil;
availability but a little D-limonene;
expensive Ethyl butyrate.
Proteins
Whey proteins Milk fat;
Milk proteins yP Good emulsion stabilizer Linoleic acid;
Caseinates S .
Good solubility in water Soy oil;
Properties depend on extern
factors
Soy proteins, (pH, ionic strength) Fish ail,
. Egg proteins, Potential allergenic Soy oil,
Other proteins: Gelatin Relatively expensive Oregano;
Gluten Marjoram.
Other
Variable properties Oranae oil
Other Chitosan, Potential benefits to core PUE ES_ '
biopolymers Gelatin stability, release mechanism Fish 0"’

or function

Adapted from (Z. Fang & Bhandari, 2012; Gharsallaoui et al.,

15
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2.2.2.1. Cellulose derivatives : carboxymethylcellulose

Dietary fibers promote beneficial physiological effects including laxation, and/or blood
cholesterol attenuationnd/or blood glucose attenuatigPeVries et al., 2001)Therefore, a
high-fiber diet has many benefitsdluding normalization of bowel movements, lower cholesterol
levels, controlled blood sugar levels, healthy weight and lower risk of diabetes and heart disease.
Dietary fiber is found mainly in fruits, vegetables, whole grains and legumes and can biedlassif

as soluble fiber or insoluble fiber. The first type forms aliggel structure when mixed with water

and is able to be readily fermented by intestinal bacteria leading to lower blood cholesterol and
glucose level as well as a modest increase in fedkl ®n the other hand, insoluble fiber is not

able to be fermented, resulting in maintenance of the fiber mass in the large bowel promoting
material movement through the digestive system and, therefore, helping with constipation issues
(Schneeman, 1987Awareness of dietary fibelbenefits acts as an extra incentive for food
manufacturers to include these compounds into the final pr¢@eung, 2013)Therefore,
addition ofdietary fiber into microparticles of great interest since it increases the nutritional
value of the food products where it is implemendnstituents of dietary fiber are shown in

Figure 5.

Constituents of dietary fiber

I
I I I

Substances Associated with the

= i Analogous
arl:l:?es;:::::tp;:yzzgztzggZZS . Non-Starch Polysaccharide and

g carbohydrates Lignin Complex in Plants

Cellulose Indigestible Dextrins Waxes

Hemicellulose Indigestible (“resistant”) Phytate

Polyfructoses Starches Saponins
inulin Synthesized Carbohydrate Suberin

Compounds

Oligofructans Tannins

Polydextrose

Galactooligosaccharides
Methylcellulose

Gums
Hydroxypropylmethyl

Mucilages Cellulose

Pectins

Figure 5. Constituents of dietary fiber. Adapted from (DeVries et  al., 2001)
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Cellulose derivativeare dietary fibers capable of being used as coating agents indspiagy
techniques(Camo, Fernandes, & Borges, 2015; Wandrey, Bartkowiak, & Harding, 2010)
Celluloseis a nonrdigestible polymer -Dbg | uc o s e : u n(lLYt4¥sglytosidiclbends by b
though the majority also contains a small percentage of other glucose units. Abssiuz of

chains allows cellulose molecules to arrange together which promotes its insolubility in water and
other ordinary solvents. Cellulose is widely available since it is the major structural material of
plants. Natural sources inclugeood, cotton, flaxhemp, jute andtraw though it might be
synthesized by acetic acid bacteria or al@®Vries et al., 2001)

Partial or complete reactions of the hydroxyl groups of cellulose may form cellulose derivatives
suitable for food applications with different degrees of substitution (DS). Specific properties of
thesederivatives depend of factors suchtag substituent type, its frequency, and distribution
along the polymer backbone, the molar mass, and the molar mass distr{ldVdiodrey et al.,

2010) Generally recognized as safe (GRAS) cellulose ethesiarmarized in Tablé.

Table 4. Food grade (GRAS) cellulose derivate and characteristics .

Cellulosederivative CAS E number DS*or DRP Water solubility
Cellulose 9004391 460 - Insoluble
Methyl- 900467-5 461 DS 1.32.6 Soluble
Ethyl- 900457-3 462 DS2.1-2.6 Insoluble

Soluble in cold water
Hydroxypropryt 900464-2 463 DR 4
(insoluble at T> 45 °C)

DS (methyl) 0.91.8
Hydroxypropylmethyl  900465-3 464 Soluble
DR (HP) 0.11.0

Ehtylmethy}t 900469-7 465 - Soluble in cold water

Soluble in both cold and

Na-Carboxymethy 900432-4 466 DS 0.41.4 hot water

Adapted from (Wandrey et al., 2010) .

aDS: Degree of substitution is the average number of substituted hydroxyl groups per saccharide unit;

bDR: Degree of reaction is the average number of reagent molecules reitlctede saccharide unit

Na-CMC is a cellulose derivative that can be used as a suitable carrier for natural antioxidants
due to its wide applications in food technolag/the E number 466 due to its properties such as

thickening, stabilizing and mouiél improving agent.

17



CHAPTER 2: INTRODUCTION

Sodium Carboxymethyl cellulose (Na -CMC)

Carboxymethyl cellulose (CMC), also known as cellulose gum, is a cellulose derivative with
carboxymethyl groupsCH,-COOH) bound to th hydroxyl groups of cellulosglucopyranose

It is produced by the alkatiatalyzed reaction of cellulose with chloroacetiid (Figure 6) and

is typically used as its salt form (normally combined with sodium). Its molar mass, chemical
formula and other functional properties are variable sincg tlepend on the degree of
substitutionandon the chain length of the cellulose structir@sually presents itself as a white,
tasteless, odorless and fig@wving powder, which is soluble in both cold and hot water, forming
clear and colorless solutisnSolution viscosityas a great influence in its solubilityiscosity

values (1% aqueous solution) range from 25 mPa.s to 8000 mPa.s and it tends to decrease with

temperature.

Since it is an anida linear polyelectrolyte, CM@olecular conformatiomiaqueous solutiois
influenced by its solutiononcentration, ionic strength and pH. Therefore, CMC chains are most
extended in solutions with low concentrations, low ionic strength and high pH; and usually coil

in the reverse conditionfandrey et al., 2010)

Na-CMC (sodiumcarboxymethyl cellulose) is a hydrophilic matforming polymer with good
swelling and erosion characteristics. On hydration, polymer chains-GM@ untangle forming

a viscous layer around the dosage surface which is capable of contdoliogeleaseMain

release mechanisms include diffusion of dissolved drugs across the gel layer and/or gel erosion.
Contribution of each release system is influenced by drug solubility: diffusion is predominant for
watersoluble drugs while erosionakey factor forthe release of poorly watepluble molecules
(Nokhodchi, Raja, Patel, & Asarddo, 2012; Palmer et al., 2011)

CH,OH COCH,CO;Na
0 (0]
H H 0 NaOH H H
+ C|\)L ' oH

—o0 OH H H ONa —© H/ H

H H OH
i oH ] i Jn

Cellulose Sodium chloroacetate Sodium carboxymethyl cellulose

Figure 6. Reaction of cellulose with alkali and chloroacetic acid, producing sodium carboxymethyl
cellulose.
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2.2.3. Controlled release

Controlled release is one of the main advantages of microencapsulation once it improves
effectiveness and, consequently, dases the need for higher doses of additives in the food
industry (Azeredo, 2005)It might be classiled asdelayed, when the main goal is to delay
compounds release untight time and/or place, owustained, when the main goal is to control
release rate. The actual release of compounds is often a combination ofpesthFigure’

exempifies possibleelease profils.

A
Sustained
)
0
@
@
[J)
@
Delayed
>
Time
Figure 7.Generi c representation of Osustainedd and odel a

Several &ctors may trigger the release thougyipically, the main systems involved in the core

release arshown inFigure 8 Core releasenay be caused or activated biffusion, degradation,

solvent, pH, temperature and presgéyeeredo, 2005)

Release Mechanisms

| | ! | ! |

Diffusion Biodegradation Solvent pH Temperature Pressure
Reservoir Matrix Osmotic Swelling

pressure

Figure 8. Diagram of a possible classification of release systems.

Diffusion-controlled systems may be divided in reservoir or matrix types. In the reservoir system,
the core is able to slowly diffuse througman-degradable layer coatingherefore the release

rate is influenced byhe chemical properties dhe core ad coating material as well as the
physical properties of the coating (e. g. pore size). In the matrix system, the core is homogenously
scatered in the coating material e rdease rate depends on the cdifeusion rate through the
coating. Biodegradeon systems involve the use of coating agents (e. g. proteins or lipids) capable

of being degraded by enzymes. Solvadtivated release systems may be controlled by osmotic
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pressure or swelling phenomena. Osmotic pressure occurs whersthearariatiorbetween the
core concentration inside and outside of a sperimeable membrane (only permeable to the
solvent). The resulig pressure leads to a solv@iotv to the inside of capsule, causing the exit
of the saturated solution. On the other hand, svgefiimenomena usually occur when the coating
agent is a hydrogel matrix which is able to absorb great amounts of water before dissolving.
Release ratis influenced by the water absorption rate of the coafitdrelease systems occur
due to changes in pHalues that may lead to changes in the ogagplubility. Temperature
fluctuationsmay cause changes in the partighbysical state and/or release rate resulting in the
collapse or distension of the coating material (theseasitive release) or itme fusion of the
coatingdue to temperature rising (therraadtivated release). Pressaretivated release occurs
when pressire is applied to the particlesurface (e. g. chewingAzeredo, 2005)Figure9

illustrates someelease mechanisms based on diffusion, swedlimdegradatiogystems.

Time 0 Timet Time 0 Time t Time 0 Time t

Figure 9. Common release systems: A. Diffusion, B. Swelling and C. Degradation.

The most common methods for controlled release in fardade solventctivatedrelease for
hydrophilic encapsulates, atftermal release for fat particléd/ilson & Shah, 2007)However,

pH control, addition of surfactants, enzymatic release, ultrasonics, grinding, anerglbate

may also berelease triggersni food prodets. Overall, particle type, geomety of the
microparticlesand corewall interactions determine relegs®file. Microparticlegesulting from
atomization technigues usually have release mechanisms associated with solubility and diffusion
processegAzeredo, 2005)Convetiional spraydried microparticlesend torelease their active

agent immediately upon addition to water. Release miglgo depend on the porosity of the
particles though addition of morgdirophobic and/or crodinked carrier materials may result in

a more gradual release upon dilution in wgiridam & Shimoni, 2010)Prediction of release
profilesremains a challenge in biological systems, whether in food or in the gastrointestinal tract.
However, identification of parameters as well as knowledge about mass transport and diffusion
of the active compounds from a regiof high concentration (microcapsule) to a region of low
concentration (destination) facilitates the process. Controlled release patterns may be investigated
using quantification methods to measure the compounds concentration released into a certain
volume of solvent. Regarding antioxidants microencapsulation, its control release goal is to avoid

an early and instant release, allowingaeted and also prolongetiect.
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CHAPTER 3STATE OF THE ART

There is a wide number of studies regarding the microencapsulation of antioxidants, and coffee
antioxidants are no exception. dfe seems to be a considerable attention to the
microen@psulation of chlorogenic and caffeic a@ither as isolated compounds or combiimed

an extract. However, severstudies use the aforesaid antioxidants from other sources besides
coffee.Figure 10showssome of the other natural souraégorogeric andcaffeic acid.

’ Dandelions
. . Hawthorn

Artichokes, Cabbages, Aniseed,. cloves,
Carrot, Eggplant, coriander, chives, fennel,

Potatoes, Raddish, Soy Medicinal Plants / garlic, horseradish,

3 parsley
beans, Spinach Herbs/Spices

Other natural sources
of chlorogenic and
caffeic acids

Bamboo

Tea (green, black). Castor beans

Wines (rosé, red) Rollead Oats

Yerbfa mate Sunflower seeds
Chicory Tobacco leaves

Apple, Apricot, Berries, Cherry,

Currants, Grapefruits, Pear,
Plum, Tomato, Walnut

Figure 10. Some of the other natural sources (besides coffee) of chlo rogenic and caffeic acid divided in
the following categories: fruits, (plants used to produce) drinks/beverages, vegetables, medicinal
plants, herbs/spices and others.
[It should be borne in mind that not all of these sources contain both antioxidants, but at least one.]

The following Tables 5, 6, And8 compile information about recent publications studying the
microencapsulation of coffeartioxidants (namelychlorogenic and caffeic acid). Due to their

high amount, the found publicatiomgere distributed across diffent tables for a better and
straightforwardreading, vith the following organizationTable 5comprises the studies found
about the microencapsulation of chlorogenic acid as a free compound, i.e., not combined in a
mixture or extractTable 6comprises the studies found about the microencapsulation of caffeic
acid as a free compound, i.e., not &dmed in a mixture or extractable 7comprises the studies
found about the microeapsulation of coffee extracts andble 8comprises the studies found
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about the microencapsulation of chlorogenic and caffeic acids obtained from other natural sources
other than coffeePublications comprised on the aforementioned tables were selected considering
articles published at 2005 or latarhich included at least one assay about the microencapsulation
of chlorogenic and caffeic acids. No further restrictions weegle duringarticle selection
regarding the source of said compounds, encapsulating method or agent, characterization
techniques nor about whether the compound was individually encapsulated orawithtract,

mixture or combinatin. Tables 5 and 6 arerganized first by method and then by the
encapsulating agent used in each publication. Table 8 is firstly organized by the type of core (with
the following order: 1. extracts containing only caffeic acid; 2. extracts containing only
chlorogenic acid and. &xtracts containing both caffeic and chlorogenic acids) and then organized

by method for each type of core.

The presented studieconsised predominantlyin the preparation and characterization of
microparticles varying the techniques and encapsulating agents (type, concentration, combination
and formulation) used. Besides physicochemical characterization of the microparticles, release
profiles/mechanism, aiokidant activity, storage tability and other properties weralso
investigated. Althoughhe majority of the studies targetdue food industryfor their products

final application, some studies were performed considering dipplication in the cosmetic or
healthcare industryFigure 11 preseis themain statistics on thpublicationsfeatured on the

aforementioned tableggarding the type of core, microencapsulation method and encapsulating

agent used.
A C 12
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Figure 11. Main statistics on the found publications concerning microencapsulation of chlorogenic and
caffeic acids regarding the A) type of core, B) microencapsulation method and C) encapsulating agent.
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It is possible to see strong prevalence of inclusion complexation as the microencapsulation
mg hod wused probably due to its paydoderttns a l prof
versatility and availabilityBrasileiro, 2011) Nevertheless, other microencapsulation methods
are widely used, such as drying techniques (spray and {fdeging) due to their simplicity,
flexibility and eay scaleup. Other methods not so used in the found pubtisatihough feasible

and with good results, include liposome entrapment, yeddbastdmicroencapsulation, ionic
gelation and carystallization Regarding the type of cortlyere are more publications studying

the encapsulation of chlorogenic and/difeia acid combined in an extract rather than in the free
form. For wall materials, a wide variety seems to be used, though some common ones include
alginate, chitosan -Cb, maltodextm, starchand derivativessucrosewhey proteins, among
others.lt should be borne in minthat some publications referred microencapsulation processes

usingmore than one type of wall material.

The oveall results of the studies sh@anfair entrapment efficiency, satisfactory release profiles,
increased storage stabilitgnd bioavailability In addition, antioxidants properties such as

antioxidant activity and antimicrobiaapacitywere not compromised during the experiments

Although microencapsulation proves to be effective in the proteatidnmeleasef antioxidants,

a few techniques have be@vestigated to enhance its benefithe use of a coating or shell
material around the particles was found to cause retardation of the bioactive release and even
increase antioxidants properties (e.g. antioxidativity) (Sabaghi, Maghsoudlou, & Khomeiri,
2015) The implementation of high hydrostatic pressure to the coating agent may alsesilitpro
properties (Deladino, Teixeira, Navarrdilvarez, & Martino, 2014¥ound that #hough native
starch was lale to transport both minerals and polyphenols, high hydrostaticupeeseatment
increased starcibility to do so. The incorporation of a starch filler into an alginate matrix proved
to be an easy, economical and functional way to optimize antioxidants protactiatelivery

into food products. Incorporation led &m increase in entrapment efficiency, release profile
modulationandit also diminished the cambution of matrix erosio to the release mechanism
(Cordoba, Deladino, & Martino, 2013; Miriam, 2013)
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Table 5. Studies concerning the microencapsulation of chlorogenic acid (as an isolated compound), regarding the wall material, microencapsulation method, main
objectives and results.

Method Wall Objective Results Ref.
Investigate he effects o f C @Bd Degradation of anthocyanins was reduced w (Shao, Zhang,
complexes on preservation of anthocyan inclusionswere added to grape juicEGA/HP- Fang, & Sun,
and color quality of grape juice. b-CD > CGAB-CD complex > free CGA). 2014)

b-cyclodextrin Determine the effec§ of the co.mplexati( Complexatipn process produc_egl a sli¢c (Alvarezparrilla,
process on the antioxidant capacity of CG. increment in the antioxidant activitgf CGA Rosa, & Torres
(between 7 and 14%). 2005)
Develop andc h a r a ¢ «Ce camplexes b-CD complexs improved CGA storage (Zhao, Wang,
Inclusion with CGA for industrial applications. stability with no significant changes i Yang, & Tao,
antimicrobial activities. 2009)

complexation
Hydroxypropykb-
cyclodextrin

Investigate the inclusion complexatic
behavior of CGA with HFB-CD, in both
solution and theolid state.

HP-b-CD can be used for encapsulation

release of CGA since it formed a stable comp
with higher antioxidant capacity than free CG.

(Chaoetal., 2011

Synthesize chitos&t CGA covalent complex

Chitosa CGA covalent complex was mor

(Z. Wei & Gao,

Chitosan and study its structural and functiona thermally stable in terms of antioxidanttizity 2016)
properties. andit increased chitosariscosity.
Study the use of amylose to form comple> Both amyloseCGA and amylosé4-O- (Lorentz et al.,,
Amylose by conventional hydrothermal method, usi palmitoyl CGA are able to assembly. The lat 2012)
CGA and 40-palmitoyl CGA. forms amorphous complexes.
Prepare and characterize the CGA loac Synthesized nanoparticle with sustained rele (Nallamuthu et
lonic gelation Chitosan chitosan nanoparticles with  preserv property can ease the fortification dbod al., 2015)
antioxidant activity, ontrolled release matrices targeted for health benefits throt

property and enhanced bioavailability.

effective delivery of CGA in body.

Soybean lecithin
combined with
cholesterol

Liposome entrapment

Prepare, characterize and evaluate
bioavailability and in vivo antioxidant
activity of CGAloaded nanopatrticles.

Findings present a liposomal formulation wi
significantly improved oral ibavailability and
an increaseth vivo antioxidant activity of CA.

(Feng et al., 2016

Yeastcell-based

. ; Yeast cells
microencapsulation

Microencapsulate CGA in yeast, study
characteristics and stability as a powder.

Capsules werestable and prevented CGA
degralation without slowing down the release

(Shi et al., 2006)

Modified tapioca starch
filled calcium alginate

hydrogel beads

Encapsulate rad characterize the resultin
beads as well as their release profile un
simulated gastrointestinal conditions.

The use of the proposed systena suitablend
modulating
physicochemical properties and release rate:

economical altemative for

bioactivecompounds for food applications.

(LozaneVazquez
et al., 2015)

n. s.: not specified
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Table 6. Studies concerning the microencapsulation of caffeic acid (as an isolated compound), regarding the wall material, microencapsulation method, mai n objectives
and results.

Method Wall Objective Results Ref.
Study of thecomplexation behavior an Best experimental conditions were: inclusion in a (Zhang, Li,
experimental conditions. solution and inclusion ratio of 1:1. Spati Zhang, & Chao,

Hydroxypropyt . . L
cvelodextrin configuration suggests GAentraped inside the 2009)
Inclusion y hydrophobic core of HRED with the lipophilic

complexation

aromatic ringand the portion of ethylene.

b-cyclodextrin

Investigate the interaction betwes
cinnamic aci d-Cher

Experimental observations allowed the calculat (Liu et al., 2015)
of the bindi n-gD with cirantic:
acids.

Inclusion
complexation
followed by
freezedrying

Var i «ycledexrins

Evaluate the effecs of encapsulatior

with  various CDs on some
physicochemical and idogical
properties of seven polyphesol

prepared in solution or solid state.

Although a reduction in antifungal activity wa (Kfoury et al.,
observed, encapsulation irD€ improved aqueou 2015)
solubility and photostaHity and reducedoss and

degradation of polyphem®during use and storage

Electrostatic layer

Encapsulatenixtures of polyphenols tc

Polysaccharidébased capsules can be successf (Paini,

by layer self : achieve their controlled release. used to encapsulate and release low wsérble Aliakbarian,
Dextran/chitosan

assembly molecules, such as polyphenols. Casazza, Peregc

technique et al., 2015)
Produce cdeic acid phenethyl este Resulting nanoparticles showed spherical sha] (H. Lee et al.,

Methoxy polyethylene . . . .
lycokb-p 0 | -y ( incorporated nanoparticles and stu smaller than 300 nm and promising properties 2014)
n.s. gy P y their  antitumor  activity agains antimetastatic chemotherapeuticCaffeic acid

caprolactone)
copolymer

pulmonary metastasis model of CT:
coloncarcinoma cells.

phenethyl esterwas continuously released fro
nanoparticles over 4 days.

n. s.: not specified.
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Table 7. Studies concerning the microencapsulation coffee extracts regarding the wall material, microencapsulation method, main objectives and results.

Core Method Wall Objective Results Ref.
Investigate the interactiol Encapsulating of the (Zaczy,
Green coffeextract between  hydroxycinnamicaf or ement i one-@8D Belca, &
A Chlorogenic acid and chloroggic acids (free or significantly  increased  thei Pe, 2015)
A Other _ i ncl ude dD) iwith availability from processed foor
hydroxycinnamic different protein containing protein hydrolysate
acids from green hydrolysates. after digestion.
coffee _
Inclusion complexation b-cyclodextrin . -
Deduce the molecula The molecular modelling approac (Gornas,
mechanisms of the formatio confirms experimental observatior Neunert,
Coffee brew of inclusion complexes o of the -coffeeoriginated phenols Bac zy &
A Chlorogenic acid coffeeoriginated  phenolic abilites to form  inclusion & Polewski,
A Caffeic acid acids with betacyclodextrins. complexes withb-CD in aqueous 2008)
environment.
Assess the influence ¢ The best condition for the (Silva,
different combinations of microencapsuladin of green coffee Vieira, &
o encapsulating agents ¢ oil (using mixtures(75:25) of Hi Hubinger,
Combinations of microencapsulation of gree Cap starch/maltodextrin, emulsic 2014)

Green coffee oill

Spraydrying

modified starches or gun
Arabic withmaltodextrin

(DE 10)

coffee oil by spray drying an
two homogenization
processes on  emulsic
preparation step.

homogenization at 5Pa and &

drying temperature of 170 °Cpuld
alsobe applied for othefood grade
oil microencapsulation.

Roasted coffee oil
A Chlorogenic acid
A Caffeic acid

Miniemulsification
solvent evaporation

poly (L-lactic acid) and
poly(hydroxybutyrate
co-hydroxyvalerate)

Nanoencapsulation of roaste
coffee oil and
characterization of resultini
nanocapsules by volatil
compounds  profile  anc
investigation of oil recovery.

Total volatile concentratior
remained uncéinged fter
encapsulation anthe nanopatrticles
presented most of the sensor
compounds that are important
coffee aroma.

(Freiberger
et al., 2015)

26



CHAPTER 3: STATE OF THE ART

Table 8. Studies concerning the microencapsulation of chlorogenic and caffeic aci ds (from other natural sources besides coffee) regarding the wall material,
microencapsulation method, main objectives and results.

Core Method Wall Objective Results Ref.
. Microencapsulat&s. montanaextract Maltodextrin concentration showe ( Vi dovi [,
Satureja montana . . ) - .
extract by spraydrying, study the influence influence on the content of beneficialitba Va gt a g, z
A Caffeic acid of maltodextrin concentration an compounds and sensory evaluation of Popovi | ,
Spraydrying Maltodextrin characterize resulting capsules. micropatrticles.
. Study the opettive parameters an Spraydrying forms olive pomace extrac (Paini, Aliakbarian,
Olive pomace extract . . . . . .
. . . evaluatehe microparticles. microparticles with good stability an Casazza, Lagazzc
A Caffeic acid . .
antioxidant properties. et al., 2015)
. 9% (w/w) Investigate the stability of red win Water activity affected phenolics stabilit (Rochaparra,
Red wineCabernet . . . ) o . .
sauvianon Freezedrvin maltodextrin(DE  phenolics encapsulated in a low during storage. Antioxidant activity of th Lanari, Zamora, &
A C%ffeic acid ying 10) and gum  conceentration of wall materigl9%).  wine powder remained constant ovet51 Chirife, 2016)
Arabic days at accelerated storage conditions.
Achillea millefolium Solidi liquid extraction followel by Powders hadadequatephysicaichemical ( VI adi | e
extract Spraydrying Maltodextrin spray drying of A. millefolium characteristicsand moisture contenfor
A Chlorogenic acid by-product from food industry. further used in food applications.
Evaluate the effect of chitosa Coating solution with 10 g:Echitosan and (Sabaghi et al.
Green tea extract N s Chitosan incorporating green tea extract as 5 g.L! green tea extract was the best 2015)
A Chlorogenic acid T edible coating on the properties ¢ reducing oxidation activity, fungal growtt
walnut kernels. and undesirable sensory properties.
Dandelion Taraxacum Alginate and  Develop a technigue to Maximum encapsulation efficiency, whil ( Be l-g | ak
officinaleL.) extract s pectin beads  microencapsulatecompounds from maintaining morphological properties wi Cvi t ano v i
A Chlorogenic acid T (combined with  dandelion extract and characteriz obtained using whey proteins combin 2016)
(and Bcarotene) whey proteins)  resulting beads. with alginate.
Star fruit Averrhoa Determine optimum conditions fc Microcapsules from both methods can (Saikia, Mahnot, &
carambolg pomae . extraction and microencapsulation incorporated in food systems to enhar Mahanta, 2014
3p Spray and  Maltodextin (DE P P y )

extract

A Chlorogenic acid

A Caffeic acid

freezedrying

20)

polyphenols with maltodextrin b
spray and freezdrying.

their antioxidant property, though the on
resulting from freeza&rying showed highe!
encapsulating efficiency (787%).
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Core Method Wall Objective Results Ref.
Hypericum perforatum Study the inclusion behawiooh St Enc ap s ul a{CD oimprovésn the (Kalogeropoulos,
(St Johnods Inclusion Johnos wor t -CDe antl thermal stability of  nutraceutice Yannakopoulou,

A Chlorogenic acid
A Caffeic acid (low
amount)

complexation

b-cyclodextrin

complex characteristics.

antioxidants present in St Jolwort extract.

Gioxari, Chiou, &
Makris, 2010)

Different plantextracts
A Chlorogenic acid
(in one plant)

A Caffeic acid

Extrusion

Alginate

Prepare, characterize and optimi
medicinal plants extracts properti
using encapsulatiotechniques anc
alginate as wall material.

Encapsulation could potentiate the actior
the extract i promoting a protective effec
and a sustained release of act
constituents.

(Rijo et al., 2014)

Raspberry leaf,
hawthorn, ground ivy,
yarrow, nettle and olive Electrostatic

Alginate-chitosan
(with ascorbic

Characterize the original
encapsulated plant extracts.

an

High encapsulation efficiency (889%)
was obtained for all capsules. Althou
refrigerated storage reduces antioxidi

(Belscak
Cvitanovic et al.,
2011)

. acid for . . : L
leaf extracts extrusion : . stability, capsules biological activity is sti
< ) . dissolution of . L
A Caffeic acid . high for food applications.
< . . chitosan)
A Chlorogenic acid
Helichrysum Stoechas Double Characterize, microencapsulate a H. Stoechas demonstrates antioxidar (Barroso et al.,
hydroalcoholic extract . incorporate H. Stoechasinto a potential and viability for 2014)
. . . emulsion Polycaprolactone . . .
A Caffeic acid . moisturizer. microencapsulation.
" . : evaporation
A Chlorogenic acid
Sage and savory Solid livid Develop and characterize SLN, ai Witepsol SLN were the ones that be (Campos, Raquel
extracts p_ Witepsol and  study their stability and phenoli maintained their physical integrity durin Sarmento, Maria, &
. . . nanoparticles . . .
A Chlorogenic acid (SLN) carnauba waxes compound when exposed to digestion, showing to be the most stal Manuela, 2015)
A Caffeic acid simulated gastrointestinal tract. vehicles for sage and savory extracts.

Evaluate the resulting eorystallized Powders were free flowing, stable, wi (Lorena, S, S, & N,

Yerba mate extractléx Co products. reduced hygroscopicity but some solubilit 2006)

paraguariensi}
A Chlorogenic acid
A Caffeic acid

-crystallization

Sucrose

Characterize resulting powders.

Powders showed high entrapment vyie
maintaining antioxidant activity and othe
desirable properties.

(Lopezcordoba,
Deladino, Agudele
mesa, & Martino,
2013)
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Core Method Wall Objective Results Ref.
Microencapsulate yerba magxtract Maltodextrin  concentration influenced (G. L. Nunes et al.,
Spraydrying Maltodextrin by spraydrying, study the iqfluence microcapsules propgrties, . promoting 2014)
of maltodextrin concentration an polyphenol preservation during the spr
characterize resulting capsules. drying process and stability durisgprage.
Microencapsulation anc The addition of corn starchranules into (Miriam, 2013)
Calcium alginate characterization of yerba ma calcium alginate capsules was an ec
lonic gelation  (with corn starch extracts, and study of their release economical and functional approach
as filler agent)  simulated digestive fluids. optimize the antioxidantprotection and
delivery into food products.
Produce and analyze a system for - Proposed metid was able to transport (LOpezcérdoba,
Corn starch . . i S L S .
. . simultaneous carrying of zinc sulfa antioxidants and zinwith high antioxidant Deladino, &
calcium alginate L o . .
and yerba mate polyphenols. activity, maintainingmorphological aspect Martino, 2014)
Corn starch Test the ability of corn starch treate Although native starch was also able (Teixeira, Navarro,
treated with high by high hydrostatic pressure to bir transport both minerals and polyphenc Martino, &
hydrostatic and carry zinc and magnesium sa high hydrostatic pressure ttezent Deladino, 2015)
pressure and yerba mate extracts. increased starcability to do so.
Corn starch Test the ability of corn starch treate Corn starch was suitable as a carrier for (Lopezcérdoba et
treated with high with high hydrostatic pressure to bin extract, maintming its antioxidant powel al., 2014)
s, hydrostatic and carry a yerba mate extract. without affecting the polyphenol profile.
pressure

Calciumalginate
hydrogels
(containing corn
starch as filler)

Study the influence of corn starc
granules incorporation (as a fillin
agent) into calcium alginate hydroge
in yerba extract beads.

Incorporation of the starch filler to algina
matrix increased the entrapment capac
modulated the antioxidants release rate .
diminished the contribution of matri
erosion to the release mechanism.

(Cérdoba et al.,

2013)

Calcium alginate
and calcium
alginatechitosan

Encapsulate and analyze lyophiliz
yerba mate extracts in calciu
alginate beads (Wit and without a
chitosan layer).

Although entrapment in chitosarcoated
beads was lower than contrelncapsulation
in alginate and in alginatehitosan bead:
suitable for food supplementation.

(Lorena Deladino,
Anbinder, &
Martino, 2007)

n. s.: not specified
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CHAPTER 4 MATERIALS AND METHODS

4.1. Materials
4.1.1. Reagents

Chlorogenic acid standard-€affeoylquinic acidRef. C38781G, CigH1509, CAS: 32797-9,
095% purity)and caffeic acidtandardRef. C06252G, CoHgOs, CAS 332395, O 98 % pur i t
wereacquired from Sigm&ldrich Chemical Co. (MOUSA). Carboxymethylcellulose sodium
salt {/iscosity 830 mPa.s (25 °C, 2% wate@AS: 900432-4) was obtaied from VWR
International (Haasrode, Belgium) and ethanol (CAS: 6756-1) from VWR International
(FontenaysousBois, Francg. ABTS (2,2 azincbis(3-ethylbenzothazoline6-sulphonic acid),
CAS: 3093167-0) was purchased from Apg@hem GmbH (Darmstadt, Germanyptassium
persulfate(CAS: 7727-21-1) was &quired from Panreac quimi¢Barcelona, Spain) andolox
(6-hydroxy-2,5,7,8tetramethylchromarR-carboxylic acid, CAS: 531887-1, 97% purity was
obtained from Sigm&ldrich Chemical Co. (MO, USA)Ethanol (96% purity) was obtaineem
AGA (Prior Velho, Portugal) antiCI (Hydrochloric acid, CAS: 76401-0, 37% purity) was
purchased from Sigmaldrich Chemical Co. (MO, USAWater was deionized in the laboratory
using MilliporeTM water purification equipment (Massachusetts, US#)the reagents used

were of analytical grade purity.

4.1.2. Equipment

Weight measurements were performed with an analytical scale Méaulkedo AG245
(Columbus, OH, USA). Quantification analysis of the antioxidants was accomplished using a
spectrophotometer UWVis V-530 (Jascq) as well as the antioxidant activity assays
Microencapsulation was perfoed using a BUCHI B90spray dryer (Flawil, Switzerland) with

a standard 0.5 mm nozzle. pH measurements were achieved using a 900 Multiparameter Water
Quality Meter (A & E Lab; Guangzhou, China). Particle morphology was asskgsgcanning
Electron Microscopy, SEM (Fei Quanta 400 FEG ESEM/EDAX Pegasus X4M) and patrticle size
distribution was evaluated by laser granulometry using a Coulter CausiteB0O Particle Size
Analyzer(Miami, FL, USA).
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4.2. Methods

4.2.1. Validation of analytical method for antioxidant quantification

Validation of analytical method was performed as describé@bwpcalves et al., 2015)lthough
High Performance Liquid Chromatography (HBL€a common and more sensitive method used
for the quantification of CGA and CAF, previous studies showHlitC columns might clog
with somemicroparticles. Therefore, UVis spectrophotometry was selected for the quantitative
analysis of chlorogenicna caffeic acid using two high precision quartz cuvettes (Hellma
Analytics) in a Jasco ¥30 UV-Vis SpectrophotometelrCalibration sandard solutions were
prepared: 9 standards for chlorogenic gfidm 0.5to 14mg.L?) and 11standardgor caffeic
acid(from 0.25to 15 mg.L2). In order to obtaim linear response, all standaalutions pesented
absorbance values1 AU. Absorbance reading was performed at room temper@@ie25 °C)

at maximum wavelength (323 nm for chlorogenicdaand 313 nm focaffeic acid), previously
determined through the performance of aysorption spectrunin order to be validated, a

calibration cuve wagrequiredto comply with the followingparametershaving at least 5 different

standard solutionsinearity rangdactor greater than 1® > 0.995;% prma Saftlb oif<

0 < b+0 § (whereR represents the linearity coefficiemt the sensitivity,b the intercept of the
regression ands and & as the caesponding standard deviatign¥alidation perfornance
parameters such aspeatability, intermediate precisi@md accuracy as well as the limits of

detection (LOD) and of quantification (LOQ) were also determined.

4.2.2. Preparation of microparticles by spray -drying

For the microencapsulation process, batuired solutions were prepared the day before: the

solution containing the core (chlorogenic or caffeic acid) and the solution containing the
encapsulating agens@diumcarboxymethyicellulose). Encapsulating agent solution (10%y.L

was prepared by vighing 2.5 g oNa-CMC into 250 mL of deionized water, under stirring (500

rpm) at room temperatuf@0 1 25 °C) Chlorogenic acid solution (10 g'). was prepared by

weighing 52.6 mg of chlorogenic acid standarac@#eoylquinic acid, GH1s09, CAS: 32797-

9, O 95% purity) into 5 mL of deionizdg2 water,
i 25 °C) Caffeic acid solution (10 gl) was prepared by weighing ®1mg of caffeic acid

(CoHsO4,CAS 332395, O 98% pur i ty) waterturaer Stirringl(50®@rpm) dte i oni z ¢
room temperatur¢20i 25 °C) Encapsulating agent solution was kept under stirring at room
temperaturé20i 25 °C)to ensurdull saturation of the polymer arsblutions of chlorogenic and

caffeic acid were kept ovegtit sealed with parafilm at 4 °C for stabilizatiépproximately 30
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min before the sprayrying process, 250 mL of tiéa-CMC solution weranixed with 5mL of

the antioxidant solution,taoom temperatur@07i 25 °C) Therefore, e mass ratio of core to
encapsulating agent was 1:50 (w/w) and the final concentration of the core in the feeding solution
was2% (w/w).

Microencapsulation by spragrying was performed using a sprdgyer BUCHI B290 Flawil,
Switzerland) with astandard 0.5 mm nozzlexperimental conditiongor all samples (Table 9)
were previously optimized byEstevinho, Damas, Martins, & Rocha, 2014he outlet
temperature (dw) is not an established condition but a result of the experiment and was around
63 °C. Afterwards, the resulting microparti¢treed powdemere collected and storedfiacon

tubes sealed with parafilm and covered with aluminumeto®C until further analysis. Resulting
microparticles includedNaaCMC microparticles loaded with CGAYaCMC microparticles

loaded with CAF and also ndaadedNa-CMC microparticles.

Table 9. Operating conditions for the microencapsul ation process by spray-drying.

Operating conditions Values
Feed flowrate (%) 15
Tin: Inlet Temperatre (°C) 115
Tout Outlet Temperature (°C) 63
Aspiration (%) 100
Pressure (bar) 6
Nozzle (mm) 0.5

4.2.2.1. Product yield

Product yield (PY) was calculatédr all the experiments as the ratio between the mass of the
output powder obtained at the end of the syhayng process and the initial solid contef the

feed solution, i.e.mixture between encapsulagi agent la=CMC) and core(chlorogenic or
caffeic acid). PY was calculated according to the following equation:

- ARieiLoomeErd QQi

v e A(CYE: ostQQanopQ]sIg w

4.2.3. Microparticles characterization

Microparticleswere characterized by iparticle size distribution and morphology.

33



CHAPTER 4: MATERIALS AND METHODS

4.2.3.1. Particle size distribution

The size distribution of thmicroparticles was evaluated by laser granulometry using a Coulter
CounterLS 230 Particle Size Analgz (Miami, FL, USA) equipped with small volume plus. For

each experiment, a srhalample of powder was suspendedethanolbefore measurement.
Samples were characterized by number and volume as an average of two runs of 60 seconds.
Particle size distribution was performed for Aoaded NaCMC microparticles, NCMC
microparticles loaded with CGA and M&EMC microparticles loaed with CAF.

4.2.3.2. Particle morphology

Particles morphology was assesség SEM analysisusing a High resolution (Schottky)
Environmental Scanning Electron Microscope withR&y Microanalysis and Electron
Backscattered Diffraction analysis: Quanta 400 FEG ESHNDAX Genesis X4M.Samples
were coated witu/Pd thin film for 100 seandsand with a 15 mA current, by sputtering, using
the SPI Module Sputter Coater equipmevibrphology was assessed féa-CMC microparticles
loaded with CGA and N&EMC microparticledoaded with CAF.

4.2.4. Controlled release studies and entrapment efficiency

The release profile of both antioxidants (chlorogenic and caffeic acids) encapsulated with
Na-CMC was investigated under aqueautions with two different pH values: 5(pH of

normal deionized wategndpH 2. In order b reduce watepH to 2,HCI 37% was added to
deionized water under stirring. Assays were performed by adlimg of microparticles into
4.5mL of water solution, at room temperaty20 i 25 °C) protectel from light and under
continuous stirring with a small magnet. Duplicate and separate samples were performed and
examined for each defined time interval: 0, 1, 2, 5, 10, 20, 30 and 45 minutes, followed by 1, 2,
4, 6 and 24 hours. Release profiles wereainled by measuring the amount of free core
(chlorogenic and caffeic acid) the samples which was released from the micropatrticles after the
defined time interval. Quantification of the core compound was perfousied the previously

validated U\Vis spectrophotometrgnethod(Consult sectiod.2.1.).

Entrapment efficiency (EE) was measured for all the experiments as the ratio between the amount
of core (chlorogenic or caffeic acid) inside the microparticles laatital amount of antioxidant.

To determine the amount of core trapped within the microparticles, the amount of core right after
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dispersion in water(which corresponds to the amount of core not trapped within the
microparticles) was measured and sub&@do the total amounthe amount of core right after
dispersion corresponds to the controlled release value at timeTrenefore, the entrapment
efficiency was measured using the following equation:
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4.2.5. Antioxidant Activity Assessment

The antioxidant activity was estimated using the ABTS radical scavenging assay, as described by
(Thaipong, Boonprakob, Crosby, Cisne#®vallos, & Hawkins Byrne, 2006/A\n aqueous stock
solution of 7.4 mM ABTS (Sigma&ldrich) was mixed with an aqueous stock solutio@.6fmM

of potassium persulfatén equal proportionand allowed to react for 12 h at room temperature
(20- 25 °C)in the dark A small volume of the resulting solution wased withabout60 mL of
methanol in order to obtain an absorbance of 1.10 £ 0.02 AU at 734 nm. Afterwards, 150 pL of
the samples were mixed with 2850 L of the prepared solution and allowesttdor 2 h in the

dark beforemeasuring the absorbance &47nm Jasco 30 UV-Vis Spectrophotometer).
Antioxidant activity was expressed in UM Trolox (Sigwklairich) equivalents (TE), a synthetic
analogue of vitamin Eommonly used as antioxidareference. The standard cumves linear
between 10 and 380 pMAppendix B. Samplesconsistéd of free antioxidants standaris
solution(for bath caffeic and chlorogenic acid) andcroparticles at maximum release (after 4 h

in aqueous solution) loaded with caffeic and chlorogenic acid and@tdoadedmicropartides

of carboxymethigellulose.

4.2.6. Waste Management

During this work, the majority of the waste produced consistedjueous solutions containing
sodium carboxymethylcellulosend trace amounts of chlorogenic acid and caffeic. d2iter

waste generated inaledresidues of methanol, ABTS, trolox and potassium persulfate from the
antioxidant activity assessment. All waste was stored in a proper labelled bottle container until
further treatment by the specialized waste management unit at the university:nEmvital
Management System of FEWHECOFEUP.
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CHAPTER 5RESULTS AND DISCUSSION

First partof the current work consisted the validation of the ahaical method. ih this case

UV-Vis spectrophotometrywas used to quantify both chlorogenic and caffeic acid. This
validationwas done to ensure the mettsagtability for the quantification of both compouraidd

to prove that it can produce accurate and precise measurements within the scope of its intended
use(i.e.to generate a release profile of the antioxidants tlremmicroparticles over timeMain

results of the validation of the analytical method for both antioxidants are presesgetion5.1.
Additional informationcan be consulted in Appendix A.

Second partonsistedn the production of microparticles of chlorogenic or caffeic hgidpray
drying using carboxymethylcellulose sodium salt as encapsulating &gsnilts concerning the

product yield are present@usection 5.2.

After encapsulatiorby spraydrying, characterization of the aforemened particles was
required in ordeto evaluate theprocess regardingpplication of the microparticles fdiood
products. Results of microparticles characterizatippagarding its size distribution and

morphology)are presented in sectiéB.

Controlled release studies were also investigated considering the desired environment for
microparticles release: digestive tract. Therefore, these experiments were periorined
different mediumsdeionized wateat pH 5.6 angbH 2. Release at pH 2 was tested in otder
better simulate the acidic conditions experienced in the storhhobugh the release giiles, it

was possible to estimass associated entrapment efficiency by measuring the free antioxidant
amount at time zero Controlled release profileand obtained entrapment efficiency valaes

presentedn section ™4.

Antioxidant activity was also assessed in ordeinvestigate whetheahe evaluated compounds
maintain their antioxidant activity after release on the environment upon which they are intended

to act.Results from this assay goeesented isection 5b.

* "Time zero" designation is merely representative due to the fact that measurements at exactly time zero would be
hard to achieve.
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5.1. Validation of analytical method for antioxidant quantification

CGA calibration curve was linear from 0.%0 14 mg.L! and the linear regression was the
following: Abs (AU) = 0.0554+ 0.0002 [CGA] (mg.L™?) - 0.003 + 0.002 (R= 1.00Q. Values
obtained for LOD and LOQ were, respectively, 0.10 and 0.34 f&é&peatability, intermediate
precision and accuracy were deteredrusing three standards solutions (1.0, 6.0 and 14g.L
For each respective solutiorgpeatability values were 2& 0.1% and 0.1%; interndiate
precision values were 22%.5% and 1.3% and accuracy values were8%y 97.5% and 992%.

CAF calibrationcurve was linear from 0.25 to 15 md.land the linear regression was the
following: Abs (AU) = 0.067+ 0.00L [CAF] (mg.L?) + 0.009 + 0.06 (R? = 0.999).Values
obtained for LOD and LOQ were, respectively, 0.29 and 0.96 m&é&peatability, intermediate
precision and accuracy were determined using thredat@s solutions (1.0, 6.0 and d®).L?).
For each respectiveolution, repeatability values were @4 0.1% and 0.1%; interniate
precision values were 16%.0% and1.9%and accuracy values were 86.6%, 96 &% 102%.

Overall, the preseatd method compied with the required constraints, are precise and accurate
and are, thereforesuitable for CGAand CAFquantification in aqueous solution&dditional

information and esults may be consulted in Appendix A.

5.2.  Preparation of microparticles by spray -drying

5.2.1. Product yield

Product yieldis oneof the key parameters measured when evaluaisgraydrying proess
Table 10displays the PY values obtained for Aoaded carboxymethylcellulose microparticles
(Na-CMC only) carboxymethyl cellulose microparticles loddewith chlorogenic acid
(Na-=CMC + CGA) and carboxymethyl cellulose micropaegl loaded with caffeic acid
(Na-CMC + CAF).

Table 10. Product yield results.

Microparticles formulation Product Yield (%)
Na-CMC only 47.5
Na-CMC + CGA 37.6
Na-CMC + CAF 40.8
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The product yield obtained (ratio between the mass of the output powder obtained at the end of
the spraydrying process and the initial solid content of the feed solution includingNae@MC

and antioxidant mass) was similar between microparticles loadidd CGA (37.6%) and
microparticles loaded with CAF (40.8%). These values are quite satisfactory considering the
employed method and scale used. The fact thadosaed microparticles ohined higher yield
(47.5%) suggestthat the presence of antioxidaim the feeding solution may detrimentally
interfere with the drying proceddowever, the difference is not significant.

Losses of the solid content may be explained by the significant small amount of used raw
materiabwhen compared to the equipment dimsions. Particles size may also contribute to solid
losses since small microparticles are suctioned by the vacuum filter and therefore fail to be
collected in the final powderSimilar results were found bgEstevinho et al., 2014)after
producing micropartic e s ¢ o n-tjaladtosidaseg usifig different biopolymers, obtaining
product yields ranging from 36 to 59% (56% for arabic gum, 48% for chit69&t for modified
chitosan 36% forcalcium algingée and 37% for sodium alginate). Al§&ansone et al., 2012)
encapsulated soybean extracts with sodium carboxymethyl cellulose, obtaining a product yield of
65.3%, while (Su et al., 2007)obtained vyield values ranging from -62% when
microencapsulatin®. salvia miltiorrhizausing a mixure of gelatin and sodium carboxymethyl

cellulose with different spragirying conditions.

5.3.  Microparticles characterization

5.3.1. Particle size distribution

Particle size is a relevant parameter whkensidering food applicationsarger particles may
change mduct texture or cauggitty sensation in the mouth. On the other hand, particle size and
size distribution can also have an effeatmicroparticles release profilEhe size distribution of
the microparticles was evaluated by laser granulometry ustauler Countet.S 230 Particle
Size Analyer. Table 11shows microparticlesnean diameteconsideringboth volume and

number distributionFigure 12shows particleize distribution by volume and number.
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Table 11. Mean diameters obtained from particle size distribution,  considering volume and number
distribution .

Mean diameter (um)

Samples
Differential volume Differential number
Na-CMC only 13.49 0.16
CMC + CGA 8.37 0.44
CMC + CAF 8.78 0.41

Considering volumdlistribution, he nean diameteof nonloaded Na-CMC microparticles
(13.6pum) was higher tharthe mean size ofNaCMC loaded microparticlesHowever,
microparticles loaded with CGA and CAF showed similar mean size values (8.37 anuhB.78
respectively. Numberdistributionalsoshowssimilar mean diameters for microparticles loaded
with CGA (0.44pum) and CAF (0.43um) but nonloadedNa-CMC microparticles show smaller
mean diameter size (0.18n). Results therefore suggekat the presence of these anii@nts

influenced tle mean size of the microparticiesa similar way.

Particles with dianeters smallethan20.64 and 21.9um are responsible for 90% of the total
volume of micrgarticlesloaded with CGA and CAF, respectively. On the other hpadicles
with diameters smaller than 1.64 and 156 are responsible for 90% of thetal number of

microparticles loaded with CG and CAF, respectively.

Volume distribution of no-loadedNa-CMC microparticles presentsly one peakwhile CGA
or CAF loadedNa-CMC microparticles presera distribution with more than one peak
suggestinghere might have been partic@dggregation resulting in different graupr clusters of

particles.
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Figure 12. Particle size distribution of the microparticles by volume and by number for each sample: A) non  -loaded Na-CMC microparticles, B) Na-CMC micropatrticles loaded with

CGA and C)Na-CMC microparticles loaded with CAF.
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