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ABSTRACT

Barley protein based microcapsules (1-5um) incaioog fish oil-carotene
were successfully prepared. Well suspended solickratapsules, rather than
emulsions, were able to form after high pressuralsgifging process. These wet-
status microcapsules could be turned into dry povgea spray drying process.
The microcapsules demonstrated spherical shapehaid loading capacity.
Oxidative stability tests under accelerated coodgi and in food formulations
suggest barley proteins are effective microencapisn materials to protect fish
oil against oxidation. Microcapsule degradation amhctive compound release
behaviors were studied in the simulated gastrcsimtal tract. The data revealed
that nano-encapsulations (20-30nm) were formed asesalt of enzymatic
degradation of microcapsule bulk matrix in the deted gastric tract. These
nano-encapsulations deliver@dcarotene to a simulated human intestinal tract
intact, where they were degraded by pancreaticreagyand steadily released the
B-carotene. These uniquely structured microcapsul®g provide a new strategy

to develop target delivery systems for nutracelgica

Keywords: barley protein; microencapsulatiof:carotene; fish oil; oxidative

stability; controlled release
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Chapter 1 Literature Review

1.1 Nutraceutical and functional food

A nutraceutical is a product isolated or purifiedni foods that is generally
sold in medicinal forms not usually associated viibd (Health Canada, 2002).
It is demonstrated to have a physiological ber@fiio provide protection against
chronic disease (Health Canada, 2002). The repobteaeficial effects of
nutraceuticals are growing steadily (Wildman, 2060r example, vitamin D has
been shown to decrease the risk of diabetes, vitd&nis found to decrease the
incidence of cardiovascular disease, lycopene esitle risk of prostate cancer,
and experiments in animal models and tissue culwerwhelmingly support a
protective effect of n-3 polyunsaturated fatty aci(PUFAs) against colon,
prostate, and breast cancer (Beristain et al., ;2B6&men and Pajkovic, 2008;
Hamrick and Counts, 2008; Nishino et al., 2008¥uActional food is similar in
appearance to, or may be, a conventional food ¢bnsumed as part of a usual
diet and is demonstrated to have physiological fitsn@nd/or reduce the risk of
chronic disease beyond basic nutritional functidhtealth Canada, 2002).
Examples include vitamin-enriched bread, omegafilead dairy products,

fermented food with live cultures, etc.

A report published by WHO (World Health Organizafion 2005 illustrates
the impact of chronic disease in Canada. It poous the chronic diseases,

including cancer, cardiovascular disease, chrogspiratory disease and diabetes



account for almost 90% of all deaths (WHO, 2009)e Tsupplementation of
certain nutraceuticals to avoid diseases is thezetmnsidered necessary and
receiving increasing recognition. In fact, it haseb also reported that at least
80% of premature heart disease, stroke and typaltks and 40% of cancers
could be prevented through healthy diets, regulbysigal activities and

avoidance of tobacco products (WHO, 2005).

The addition of nutraceuticals to our food systawvjges a convenient way
to develop novel functional foods that may contrébio a healthy diet and reduce
the risk of chronic diseases (heart diseases, @igpeancer, etc.). (Chen et al.,
2006; Nishino et al., 2008). The growing undersiagdf nutrition and health,
increasing health-care costs, together with angagiopulation have created a
market for functional foods and natural health pieid (Agriculture and Agri-

Food Canada, 2007).

1.2 Challenges of incorporating nutraceuticals indod products

The effectiveness of nutraceutical products in enéng diseases depends on
the bioavailability of the active ingredients (Chetral., 2006). However, in many
cases only a small portion of active molecules renaaailable for absorption
after oral administration due to: (1) low permeigpiland/or solubility of
molecules in the gut and insufficient gastric resice time and (2) instability
during food processing (temperature, oxygen, lighth the gastro-intestinal (Gl)

tract (pH, enzymes, presence of other nutrients).



1.2.1 Oxidation of omega-3 fatty acid

Omega-3 fatty acids have been regarded as impartdrdaceuticals because
of their remarkable benefits for human health. Theglp to prevent
cardiovascular disease, assist brain developmedthave ameliorative effects on
hypertension, inflammation, immune problems anceottiseases (Curtis et al.,
2008; Kagami et al., 2003; Lin and Su, 2007; Waihgl.e 2006). Two examples
of omega-3 fatty acids are docosahexaenoic acidA)D&hd eicosapentaenoic
acid (EPA) (Figure 1-1). Their structures containaaboxyl head group and an
even numbered carbon chain (22 or 20 carbons) twtiror more (6 or 5)
methylene-interrupted double (unsaturated) bonds. t€rm “omega 3” signifies
that the first double bond exists as the third earbarbon bond from the terminal
methyl (omega) end (n) of the carbon chain. Themib& structure of fatty acids
is commonly abbreviated by a listing of the numbgicarbons, the number of
double bonds, and the location of the first dodlmad from the methyl terminal.
For example, DHA is represented as C223 indicating a carbon chain length
of 22 with 6 double bonds; the first unsaturatechdbds inserted at carbon 3

(SanGiovanni and Chew, 2005).

22 20 19 17 16 14 13 1 10 8 7 5 4 2

COOH
21 18 15 12 9 ]

Docosahexaenoic Acid (C,,H4,0,, 22:6w-3, MW: 328.448)

20 18 17 15 14 12 1 9 8 6 5 3

COOH

19 14 13 10 7 4 2

Eicosapentaenoic Acid (CogH302, 20:5w-3, MW: 302.451)

Figure 1-1 Chemical structure of DHA and EPA
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The high degree of unstauration in DHA and EPA sstg) they are
susceptible to oxidative deterioration. OxidaticGually encompasses a variety of
chemical reactions between oils and ambient oxygecluding free radical
generation, peroxide formation, hydroperoxide dgoosition, scission,
branching, polymerization, etc. And the formatiarfsthe various degradation

products typically have an unpleasant smell an t@arrow et al., 2009).

H.0
7/  + "OH i» 7/ Lipid radical
H -
Initiation

Unsaturated lipid
Propagation

Lt %

Lipid peroxide Lipid peroxyl radical

Figure 1-2 Mechanism of lipid peroxidation
http://en.wikipedia.org/wiki/Lipid_peroxidation (plic domain)

Figure 1-2 shows the free radical mechanism oftlljperoxidation. Briefly,
when a fatty acid radical is produced in an iniiatstep, it reacts readily with
molecular oxygen, thereby creating a peroxyl-fattid radical. This lipid peroxyl
radical is very unstable and can easily react aibther free fatty acid, producing

a different fatty acid radical and a lipid peroxide a cyclic peroxide if it has



reacted with itself. This cycle continues as the faty acid radical reacts in the
same way. This process is called “chain reactiochaeism” (Marnett, 1999;
Trevisan et al., 2001). The chain reaction can laégupen on allylic hydrogen and
induce delocalization or saturation of the doubtends. Polyunsaturated fatty
acids, which contain “bis-allylic hydrogens”, areuch more vulnerable to be

oxidized (Asadauskas et al., 2007).

1.2.2 Instability and limited absorption of beta-carotene

Figure 1-3 Chemical structure of beta-carotene

Beta-carotene is an organic compound and classiféed terpenoid (Figure
1-3). It cannot be synthesized by humans, but it ba provided by a diet
enriched in fruits and vegetables (Granado et28l01). Beta-carotene has the
highest provitamin A activity amongst the caroteiso(Delgado et al., 2000;
Nishino et al., 2008) and is increasingly in demahdcause of its reported
anticancer (Giovannucci, 1998jshino et al., 2008Trombino et al., 2009), free
radical scavenging and other biological antioxidaaotivity (Murakoshi et al.,
1999). The high degree of unstauration in the batatene structure however
suggests it is extremely susceptible to oxygenthadipplication op-carotene is
therefore limited by its sensitivity to light, heand air/oxygen and also by its
extremely poor solubility in water (Sutter et 2007).
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Limited absorption is another problem for beta-tame, thus restricting its
bioavailability in humans. As lipid soluble compalsy carotenoids follow the
same absorptive pathways as other dietary lipitkppsSfor carotenoid absorption
(in vivo) include: (1) release of carotenoids from the foowhtrix, (2)
solubilization of carotenoids into mixed lipid miles in the lumen, (3) cellular
uptake of carotenoids by intestinal mucosal cédlsjncorporation of carotenoids
into chylomicrons (CM) and (5) secretion of caratels and their metabolites
associated with CM into the lymph (During and Hsor, 2004). The efficient
digestion and absorption of dietary fat, as wellhespresence of bile salt micelles,
are essential for carotenoid absorption. Dietarséaves at least two functions in
carotenoid absorption. Firstly, it provides a hyatrobic domain within which
carotenoids can be solubilized and secondly it atsoulates bile flow from the
gall bladder (Furr and Clark, 1997). Failure toetak enough dietary fat will
therefore limit the use of beta-carotene in humadyb The presence of bile salt
micelles is also obligatory, as absorption is mualinor nonexistent when
intraluminal bile salts are below the concentratiequired for aggregation into
micelles (Furr and Clark, 1997). Normal gastricregons and their acidic effect
on the pH of the upper small intestine were obskteamprove absorption ¢
carotene, whereas excessive acidity (pH < 4.5) cedluthe solubility of
carotenoids into bile salt micelles, thus markedlgcreasing carotenoid
absorption. The incomplete digestion of the foodrimand a negative influence
from other components in food may also decreasaliserption of beta-carotene

(Furr and Clark, 1997; Marisiddaiah and Baskar@992.



Both environmental factors and drawbacks of nutracals themselves are
able to limit their activity and potential healtreriefits (Chen et al., 2006;
Pothakamury and Barbosa-Canovas, 1995). Thergdavgective mechanisms are
necessary not only to guarantee a safe delivetyalsa to ensure optimal dosage
and efficient absorption of nutrients in human bd@hen et al., 2006; Gouin,

2004; Pothakamury and Barbosa-Canovas, 1995).

1.3 Microencapsulation and controlled release

1.3.1 Microencapsulation

Microencapsulation is defined as a process in whighparticles or droplets
are surrounded by a coating, or embedded in a henemyis or heterogeneous
matrix, to give small capsules with many useful gembies (Figure 1-4)
(Gharsallaoui et al., 2007; Gibbs et al., 1999ad$as for encapsulating an active
ingredient include: (1) protection from chemicalypital agents like oxygen,
humidity, acid pH, light and heat, (2) conversioonfi liquid to solid state of
products, (3) reduction of potential gastric damddgreduction of corrosiveness
during storage, (5) taste-masking, (6) physicabsspn of the active principles
from incompatible substances, (7) controlled redeiasthe gastrointestinal tract
and (8) rumen bypass (Desau and Park, 2005; Glsgakt al., 2007; Gibbs et

al., 1999).
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Figure 1-4 Morphology of different types of microcgsules
1.3.2 Controlled release

Controlled release is defined as a method by wbr@hor more active agents
or ingredients are made available at a desiredasitetime and at a specific rate
(Pothakamury and Barbosa-Canovas, 1995). It has beggested that a very
important feature for microcapsules is its capatatycontrol the release of the
core components (Pothakamury and Barbosa-Cano985).1The food industry
is taking advantage of the technology of controltetbase for food additives
including flavoring agents (flavor oils, spicesasenings), sweeteners, colors,
nutrients (vitamins, amino acids, minerals), esakmiils, acids, salts, bases,
antioxidants, antimicrobial agents, preservativiegiredients with undesirable
flavor and cross-linking agents (Pothakamury andb8sa-Canovas, 1995).
Controlled release helps to overcome both the eéffe utilization and the loss
of food additives during the processing steps. Ma@ms involved in controlled
release include: diffusion, swelling, biodegradaticetc. (Pothakamury and

Barbosa-Céanovas, 1995).



1.3.2.1 Diffusion controlled release system

Diffusion describes the spread of the active cornepts through random
motion from the polymeric matrix to the hydrophiliexternal environment
(Nissim, 2008). The concept is tied to mass trandfezen by a concentration
gradient, but diffusion can still occur when thes@o concentration gradient. It is
considered the most important mechanism used far@éed release (Siepmann
et al., 1999). Figure 1-5 shows one diffusion syst®nsisting of active agent
(core) buried within a microcapsule matrix. Thenpipal steps for the diffusion
release include: (1) diffusion of the active ageithin the matrix; (2) dissolution
or partitioning of the active agent between theimmmental fluid and the matrix
barrier; (3) diffusion through the barrier into @mmwmental fluid (Pothakamury

and Barbosa-Canovas, 1995).

Barrier

!

Active /
agent

Figure 1-5 Diffusion controlled release system

The release rate from a matrix system dependsethibkness, the area and
the permeability of the barrier. The desired retepsofiles can be achieved by

adjusting the geometry and the dimensions of te&egy (Siepmann et al., 1999).



1.3.2.2 Swelling controlled release system

Figure 1-6 Swelling controlled release system

In swelling-controlled systems, the active agertattis dissolved or
dispersed in a polymeric matrix, is unable to difuto any significant extent
within the matrix (Pothakamury and Barbosa-Cano%895). When the polymer
matrix is placed in a thermodynamically compatitviedium, the polymer swells
owing to absorption of fluid from the medium. Thetige agent in the swollen
part of the matrix then diffuses out (Figure 148).diffusion-controlled systems
the barrier or matrix is assumed to be unaffectedng the release process,
whereas in swelling controlled systems, the mendrandergoes a transition
from a glassy to a gel state upon interaction Withfluid. The polymer chains in
the gel state, being more mobile than those ingthssy state, allow the active
agent to diffuse out of the matrix more rapidly eTielease rate is determined by

the glass-to-gel transition process (PothakamudyBarbosa-Canovas, 1995).
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1.3.2.3 Biodegradation controlled release system

' ~~. ) (R .
D\ XONVITA
] AR
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Figure 1-7 Biodegradation controlled release system

Biodegradation is the chemical breakdown of malerdsy a physiological
environment. In a biodegradation controlled releagstem, the active agent
within the polymer is released when the polymerddegs. As shown in Figure 1-

7, after enzymes break down the microcapsule matcikve agents are released.

The release rate of active agents may be contrblediffusion, erosion or a
combination of both (Pothakamury and Barbosa-Cé&so{895). Heterogeneous
or homogeneous erosion commonly happens for erosamtrolled release.
Heterogeneous erosion occurs when degradatiomimed to a thin layer at the
surface of the delivery system, whereas homogeneoosion is a result of
degradation occurring at a uniform rate throughbetpolymer matrix. The type
of erosion, heterogeneous or homogeneous, depentlsechydrophobicity and
morphology of the polymer. Heterogeneous erosiomrmisre common with
hydrophobic polymers, whereas homogeneous eros®ncammon with
hydrophilic polymers (Pothakamury and Barbosa-Céaesp®¥995). Heterogeneous
erosion is more desirable because it can lead ¢onatant release rate that is

independent of the chemical and physical propertésthe active agent.
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Additionally, the release rate can be varied bynginag the active agent loading,
while maintaining the integrity, because the emosis limited to the surface

(Pothakamury and Barbosa-Canovas, 1995).

The well designed coating may allow variable retesates of the active
agents and the matrix can also be built to delihesse active agents to a
preferential area. The timely and targeted releag®oves the effectiveness of
bioactive compounds, broadens its application moua areas such as functional
food, cosmetics, pharmaceuticals (intramuscularnmtutaneous injection) etc.

(Brannon-Peppas, 1995; Gouin, 2004).

1.3.3 Technologies used in microencapsulation

Sophisticated technologies have been developedmiaroencapsulation
(Gouin, 2004). The processes that are employedrta fmicrocapsules include:
spray drying, spray cooling, extrusion, coacervgtmm-crystallization, molecular
inclusion, etc. (Desau and Park, 2005; Gharsallabal., 2007; Gibbs et al., 1999;

Gouin, 2004).

1.3.3.1 Spray drying

Spray drying was first applied to encapsulate ftaugsing gum acacia as the
wall material. Since then the process has been fasetkcades to provide flavor
oils with protection against degradation/oxidatiand to convert liquids to
powders (Gouin, 2004). It is the most common tetdgofor microencapsulation
due to its low cost, available equipment and carus production in plant. Many

products such as instant food products, laundnerdents, pharmaceuticals,
12



ceramics and agrochemicals, can be produced by sioyang. The best known
example is milk powder (Gharsallaoui et al., 20@Hgure 1-8 shows structure of

a laboratory scale spray dryer.
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Figure 1-8 Structure of a laboratory-scale spray dyer

A: solution or suspension to be dried in; B: ataatin gas in; 1: drying gas in; 2:
heating of drying gas; 3: spraying of solution es@ension; 4: drying chamber; 5: part
between drying chamber and cyclone; 6: cyclondrying gas is taken away; 8:
collection vessel of product. http://en.wikipedig/aviki/Spray_dryer (with permission)

In a broad sense, three basic steps are involved ispray-drying
microencapsulation process: preparation of the edsspn or emulsion,
atomization of the infeed emulsion, and dehydratiérthe atomized particles

(Gharsallaoui et al., 2007).
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Hydrophobic cores like various flavors and lipiade asually encapsulated in
a comparably hydrophilic wall material (starch, gligx proteins, etc.) by the
spray drying process. In these cases, emulsiosually the first stage to stabilize
core material in wall solutions. It can be prepabgddispersing the hydrophobic
core into an immiscible solution of the coating rstgelrhe dispersion must be
homogenized, with or without the addition of an é&sifier, because some of the
coating materials themselves have emulsifying fateal activities (Gharsallaoui
et al., 2007). Before the spray-drying step, thenfd emulsion must be stable
over a certain period of time. Oil droplets shobkl rather small and viscosity
should be low enough to prevent air inclusion i plarticle (Drusch and Schwarz

2006).

In the spray chamber the incoming emulsion is atechiby rotary wheel
atomizers or pressure nozzles. The goal of atomizas to create a maximum
heat-transferring surface between the dry air &edliuid in order to optimize
heat and mass transfers. The choice of the atoro@drguration depends on the
nature and viscosity of feed and the desired cheniatics of the dried product.
The higher the energy input is, the finer the fadrdeoplets are. Given a constant
energy input, the size of formed particles canrmeiased with increased feed
rate. The size of particles also increases wheh Wigtosity and surface tension

of the initial liquid are increased (Gharsallaocuak, 2007).

The atomized emulsion droplets will then be drigdh®e hot air (150-220°C)
introduced at the top of the chamber. The evapmrati solvent, usually water,

occurs instantaneously, leading to the formatiomafrocapsules. The short time
14



exposure to heat together with instant evaporatieeps the core temperature
below 40°C, thus limiting thermal degradation (Ga#laoui et al., 2007). The

rate of water diffusion from the droplet core te #urface is usually considered
constant and equal to the surface evaporation\dten the droplet water content
reaches a critical value, a dry crust is formethatdroplet surface and the drying
rate rapidly decreases and becomes dependent evatbediffusion rate through

this crust. Drying is theoretically finished wheretparticle temperature becomes
equal to that of the air. Most dense particlesraomvered at the bottom of the
collection vessel, while the finest ones pass thinotihe cyclone to be separated
from the humid air. In some cases, the powder @astileave the spray dryer at

the bottom into the fluid bed, where further drytages place.

Air inlet temperature and air outlet temperature asually considered
essential operation factors to obtain good quatityrocapsules (Liu et al., 2004).
Air inlet temperature is directly related to thecnoicapsule drying rate and the
final water content. When the air inlet temperatisrdow, the low evaporation
rate may cause the formation of microcapsules higgh density membranes, high
water content, poor fluidity, and a tendency foglagheration (Gharsallaoui et al.,
2007). However, a high air inlet temperature mayseaexcessive evaporation,
resulting in cracks in the membrane, inducing sgbset premature release and
degradation of the encapsulated ingredient or asiples loss of volatiles
(Gharsallaoui et al., 2007). It is quite diffictdt predict this outlet temperature for
a given product, since it depends on the dryingasttaristics of the material.

Contrary to the air inlet temperature, the air @utémperature cannot be directly
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controlled, since it is dependent on the air itdghperature. The ideal air outlet
temperature for microencapsulation of food ingretiesuch as flavors, has been

reported to be 50-80°C (Gharsallaoui et al., 2007).

Since almost all spray drying processes in the foddstry are carried out
from aqueous feed formulations, the wall materiaktrbe soluble in water at an
acceptable level. This limits the number of avddatvall materials for spray
drying. Typical walls include gum acacia, maltodid, modified starch, whey
proteins, soy proteins, and sodium caseinate (G@@@4). Another disadvantage
of spay drying is the energy waste due to the imgeta use of heat through the

drying chamber (Gharsallaoui et al., 2007).

1.3.3.2 Spray cooling/chilling

Spray cooling/chilling is the least expensive erscdgtion technology and is
routinely used for encapsulating a number of orgamd inorganic salts as well
as textural ingredients, enzymes, flavors and dilnectional ingredients (Gouin,
2004). In spray-chilling and spray-cooling, the ecoand wall mixtures are
atomized into the cooled or chilled air, which easighe wall solidification
around the core. The coating material is typicatiyne form of vegetable oil or its
derivatives. However, a wide range of other malermaay also be employed
including fat, stearin, as well as hard mono- amayglycerols (Desau and Park,
2005). Unlike spray-drying, there is no evaporatiovolved in spray-chilling or
spray-cooling, therefore these solidified microecdps possess almost perfect

sphere shape and smooth surface to give free-flpyiowders. The formed
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microcapsules are also insoluble in water due @olithd coating. Consequently,
these techniques tend to be utilized for encapsglatater-soluble core materials

such as minerals, water-soluble vitamins, enzymies,Desau and Park, 2005).

One drawback for the spray cooling/chilling systerthat, this encapsulation
process leaves a significant proportion of actngredient lying on the surface of
the microcapsules or sticking out of the fat matitixis having direct access to the

environment (Gouin, 2004).

1.3.3.3 Extrusion

Encapsulation of food ingredients by extrusion ieekatively new process
compared to spray-drying (Desau and Park, 2005gadtbeen used almost for the
encapsulation of volatile and unstable flavors lasgy carbohydrate matrices
(Gouin, 2004). Unlike extrusion used for cookingl dexturizing of cereal-based
products, the extrusion applied to flavor encapgsgais a relatively low
temperature entrapping method, which involves fagyca core material into a
molten carbohydrate mass, through a series of idiesa bath of dehydrating
liquid (Desau and Park, 2005). Figure 1-9 showscii@nal view of an extrusion

nozzle forming a microcapsule.

17



W

Nmmnmmnmnsmm

\}

A
B

3

Figure 1-9 Sectional view of an extrusion nozzle fiming a microcapsule

When the core materials (1) and shell materialsa(8)extruded at different
rates, the mode of compound drop formation changesow flow rates, drop
formation is orderly and regular and the drops wrgorm (6). At higher flow
rates, connected drops (3) form. At still higheowfl rates, the capsule size
distribution is much broader, which is usually lefssirable. If the nozzle is
vibrated during the extrusion process, capsule digibution can be controlled
to give capsules relatively uniform diameter cof®sand shells (4). When the
capsule drops into the dehydrating liquid, the iogamaterial hardens, and the
encapsulating matrix forms to entrap the core natefhe shell materials used
may be composed of more than one ingredient, sackuarose, maltodextrin,

glucose syrup, glycerine, and glucose (Desau arkd P@05).
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The advantage of extrusion is that the core materimtally isolated by the
wall material (Gibbs et al., 1999). This providesexcellent stability of the core
against oxidation and therefore prolongs the shifelf(Desau and Park, 2005).
Shelf life of up to 5 years has been reported kbrueled flavor oils, compared to
1 year for spray dried flavors and a few monthsuieencapsulated oils (Gibbs et
al., 1999). Carbohydrate matrices in the glasstestalso have very good barrier
properties to avoid gases diffusion due to the dyuiic nature, thus further
preventing oxidation by providing an almost impeatle barrier against oxygen
(Gibbs et al., 1999). The payload in these systdmgjever, remain very low
(8%~25%); whereas higher payloads led to unstalstes)s, leaking out and fast
oxidation of the sensitive flavor oil. Such low p@ads in flavor microcapsules
are very unattractive, from an industrial pointwiéw (Gouin, 2004). Another
drawback is the rather large particles formed kyusion (500-1000 pm), which
restricts its application where mouth-feel is ac@lfactor. The limited range of

wall material is also an undesirable factor foresion (Gouin, 2004).

1.3.3.4 Coacervation

Coacervation can be defined as partial desolvabbna homogeneous
polymer solution into a polymer-rich phase (coaatsy and the poor polymer
phase (coacervation medium). The concept behind ceceation
microencapsulation is the phase separation of ongaay hydrocolloids from the
initial solution and the subsequent deposition led hewly formed coacervate
phase around the active ingredient suspended olséied in the same reaction

media (Gouin, 2004). The hydrocolloid shell cannthee crosslinked using an
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appropriate chemical or enzymatic crosslinker, #geded (Gouin, 2004).
Coacervation is typically used to encapsulate flaits, but can also be adapted
for encapsulation of fish oils nutrients, vitaminmeservatives, and enzymes

(Curtis et al., 2008; Korus, 200lamprecht et al., 2001).

Currently, two methods for coacervation are avédélabamely simple and
complex processes. The mechanism of microcapsuigatmn for both processes
is identical, except for the way in which the phasgaration is carried out. In
simple coacervation a desolvation agent is addegliase separation, whereas
complex coacervation involves complexation betwéso oppositely charged
polymers. Usually three steps are involved in a mem coacervation: (i)

formation of three immiscible phases; (ii) depasitiof the coating; and (iii)

rigidization of the coating (Figure 1-10).

Figure 1-10 Schematic representation of the coaceation process

(a) Core material dispersion in solution of shellymer; (b) separation of coacervate
from solution; (c) coating of core material by nadroplets of coacervate; (d)
coalescence of coacervate to form continuous ahalind core particles.
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The first step includes formation of three immiseibphases: liquid
manufacturing vehicle, core material, coating materThe core material is
dispersed in a solution of the coating polymer. Thating material phase, an
immiscible polymer in liquid state is formed by (thanging temperature of
polymer solution, (2) addition of salt, (3) additiof nonsolvent, or (4) inducing
polymer — polymer interaction, for example, intéi@e of gum arabic and gelatin
at their iso-electric point. The second step inekudeposition of liquid polymer
upon the core material. Finally, solidification dfe coating is achieved by
thermal cross-linking, or desolventization techmeigjiand forms a self-sustaining
microcapsule. The microcapsules are usually catecty filtration or
centrifugation, washed with an appropriate solvemg subsequently dried by
standard techniques such as spray- or fluidizedelogithg to yield free-flowing,

discrete particles (Desau and Park, 2005).

Coacervation is a unique and promising microendafien technology, due
to the very high payloads and desirable releas&ra@omowever, this process is
very expensive and rather complex, and cross-lmkinthe wall material usually
involves glutaraldehyde, which must be carefullgdiaccording to the country’s
legislation. The problems related to harmful cheheross-linkers, however, may

be solved by using enzymatic cross-linkers ins{€ulin, 2004).

1.3.4 Wall materials used for microencapsulation

A variety of synthetic or natural biodegradable ypoérs have been

developed for microencapsulation of nutraceuticalslrugs. Synthetic polymers
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like poly (lactic acid) (PLA) and poly (lactic-coglolic acid) (PLGA) are
commonly used due to their superior biodegradabiland regulatory
physiochemical properties (Liu et al., 2005). Hoesethey cannot be used in food
applications, where require compounds generallggeized as safe (GRAS) for
consumption in large quantities (Chen and Subi2@if}¥). Natural polymers such
as starch, lipid, polysaccharides and proteins, tlom contrary, are usually

considered safe and they demonstrate advantageddiirable absorbability and

low toxicity of the end degradation products (Tabl&) (Liu et al., 2005).

Table 1-1 Coating materials and technology used fanicroencapsulation

Category Coating materials Widely used methods
Starch, maltodextrins,
chitosan, corn syrup solids,
dextrin, modified starch, Spr_ay and frgeze
: drying, extrusion,
cyclodextrins oo .
carboxymethylcellulose coacervatlpn, inclusion
Carbohydrate ' complexation
methyl cellulose, X
coacervation,
ethylcellulose, sprav-drvin
celluloseacetate-phthalate, pray-arying,
and edible films
celluloseacetate
-butylate-phthalate
Protein Gluten, casein, gelatin, Emulsion,
albumin, peptides spray-drying
Gum Gum acacia, agar, sodium Spray-drying,
alginate, carrageenan syringe method
Lipids Wax, paraffin, beeswax, Emulsion, liposomes,

diacylglyerols, oils, fats

film formation

The choice of wall material is very important. Ferample, in spray drying

encapsulation, a suitable wall material should pesgood emulsifying activity

and stability, low viscosity, a tendency to fornfiee and dense network during
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drying and should not permit lipid separation fremulsion during dehydration

(Desau and Park, 2005). The cost and the avatiabhiould also be considered.

1.3.4.1 Carbohydrates

Carbohydrates such as starches, maltodextrins and syrup solids are
usually used in microencapsulation of food ingrati€Gharsallaoui et al., 2007).
Due to their desirable drying properties and mafasming abilities, they are
preferred. However, the use of low molecular weigtdrbohydrates in
microencapsulation is usually associated with motsl of caking (formation of
inter-particle bonds between adjacent particlesnnwd@face viscosity reaches a
critical value) (Le Meste et al., 2002), sticking¢dslhikari et al., 2005), collapse
and re-crystallization of the amorphous region. stalization of carbohydrates
via glass transition can cause disruption of stmadtintegrity of the wall matrix
and induce agglomeration or caking of powders gineresulting in the release of
some encapsulated oil and induction of lipid oxmat (Drusch et al.,
2006&2007). For this reason it is better to usegydarmolecular weights of
maltodextrins (MD) with low dextrose equivalent (DEalues, which have much
higher glass transition temperatures and offerebgihysical stability to the wall
matrix systems (Fuchs et al.,, 2006). However, somsearchers showed
contradicting results, for example, in Kagami'sdstuMDs with higher DE values
have been reported to provide better oxidativegutain compared to MDs with
lower DE values (Kagami et al., 2003). MoreoverSimeu’s study, combinations
of whey protein isolate with high DE value carbotatds were more effective in

limiting surface-dents formation than those witmbodydrates of low DE value
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(Sheu and Rosenberg, 1998). Thus, the choice farelift carbohydrates as wall
materials needs further study and should be tmedpecific situations. Some
other negative comments on carbohydrate as walludec caramelization
properties, adherence to the surface of the spigr@Bayram et al., 2005), and
a rapid oxidation of microencapsulated oil (Drusthal., 2006&2007), which
may be due to the polarity difference between w&atl core materials (Shaikh et
al., 2006). Relatively, pectin (Monsoor, 2005) aguwin arabic are reported to
have better properties as wall materials in endapsn. The good emulsifying
properties of both pectin and gum arabic may resaln the presence of the
protein fraction (Dickinson, 2003; Leroux et alo03). But recent studies showed
that gum arabic was not efficient as a wall matdrecause of its limited barrier
capacity against oxidation (Bertolini et al., 200I9pgether with high cost, limited
supply and quality variations, the use of gum ardbi encapsulation is restricted
(Gharsallaoui et al., 2007). A reported alternabgum arabic is mesquite gum,
which can be used in the preparation of oil-in-wa@ulsions over a wide range
of pH values. Cardamom-based oil microcapsules weceessfully produced by
spray drying using mesquite gum (Beristain et aD01). Soybean soluble
polysaccharide was also found to be a superior gfiaul over gum arabic to

retain microencapsulated ethyl butyrate duringyspirging (Yoshii et al., 2001).

1.3.4.2 Proteins

Wall materials that are based on carbohydrates hasar interfacial
properties and must be chemically modified in ortkeimprove their surface

activity (Drusch and Schwarz, 2006; Kanakdandel.et2@07; Krishnan et al.,
24



2005; Soottitantawat et al., 2005). In contrasbtgins have an amphiphilic
character that offers physicochemical and functiop@perties required to
encapsulate any ingredient, whether hydrophobidrdphilic, or even microbial
(Chen et al., 2006). Unique functional propertiesgessed by proteins, including
the ability to form gels and emulsions, allow thrbe an ideal coating material
for encapsulation (Chen et al., 2006). The most monly used protein for
encapsulating food ingredients is milk (or wheyptpms (Kagami et al., 2003;
Rosenberg and Sheu, 1996). Other animal proteicls as gelatin, casein, and
some plant proteins such as soy protein, zein amehatvproteins have also been
developed as efficient coating materials (Ezped¢tal., 1996; Latha et al., 2000;

Lazko et al., 2004; Liu et al., 2005; Paynea et24l02; Swatscheka et al., 2002).

Globular proteins such as whey proteins have thidityalio denature,
dissociate, and aggregate under different conditiohpH, ionic strength, and
temperature to form particles with size rangingnfrd0 nm to 2 mm. These
properties can be exploited to formulate active enole-loaded particles of
specific size (Chen et al., 2006). The ability tmtrol the particle size of protein
materials is of primary importance, not only fortetenining food product
properties such as taste, aroma, texture, and eppea but also for determining
the release rates of the carried bioactive compeamd ultimately how much is
absorbed into the body. In addition, owing to nplifunctional groups in the
primary sequences of polypeptides and the resullimgrsity of chain folding
structures, food proteins can be exploited to erddterent interactions with core

compounds and subsequently form three-dimensiatalarks to incorporate and
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protect these compounds in a matrix and delivemtte the site of action in a

active form (Chen et al., 2006).

Despite numerous desirable properties, a proteith matrix may prove
unsatisfactory, due to possible oxidation of theagsulated bioactive compounds.
A wall matrix comprised only of protein (i.e. wheyotein) has much higher
oxygen permeability due to the similar hydrophopdadarity of oxygen (Kagami
et al., 2003). The addition of hydrophilic carboraig might be one solution to
improve the protective stability of wall systemsa@i@mi et al., 2003). Studies
already revealed that adding hydrolyzed starché&scdge, lactose, corn syrup
solids and maltodextrin as a secondary wall mdtarigvhey protein can improve
drying properties of spray droplets by enhancirggfirmation of dry crust and to
increase the oxidative stability of core materiglrbducing oxygen permeability
of the wall matrix (Kagami et al., 2003). As a résif a single encapsulating
agent cannot provide all the ideal wall materiabparties, a combination is

recommended to achieve maximum benefit.

The solubility of the target protein is the key neiguisite for many other
functional properties like emulsion and gelatiorydrbphilic proteins that are
highly soluble in an aqueous environment are tloeeetommonly considered
first in many food applications. However, in a noencapsulation area, high
solubility of the wall could also be a main drawkatnce a rapid solubilization
means a fast core release profile (Liu et al., 20@hemical cross-linking
procedures (e.g. glutaraldehyde and formaldehystrtrent) are usually applied

to achieve a sustained core release (Latha €t985;Sahin et al., 2002; Vandelli
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et al., 2001). Unfortunately, in most cases thesgmee of residual cross-linking
agents could lead to toxic side effects. Also, uheanted reactions between the
core and cross-linker could also result in the faron of toxic or inactivated
derivatives (Liu et al., 2005). Natural hydrophobiotein systems, on the other
hand, possess the potential to overcome the prebberd can be considered a
promising sustained release vehicle. For exampglankg Liu et al. successfully
developed microspheres using hydrophobic protein (@cohol soluble protein
from corn) as coating material. They concluded ttied desirable sustained
release resulted from the hydrophobic propertyenh.z This might be attributed
to the delay of water penetration consequentlyifgptb retarded diffusion of the
drug into the release medium (Liu et al., 2005)other similar study reported
nanoparticles formed by gliadin (alcohol solubletpm from wheat). These
nanoparticles were found unnecessary for furtheensbal or physical
solidification, owning to the low solubility of thegroteins in water (Ezpeleta and
Irache, 1996). In spite of the potential of hydropitc protein as coating material,

the research in this area is still limited.

1.4 Barley proteins

1.4.1 Barley

As the fourth most important cereal in the worlteafvheat, rice, and corn,
barley is broadly grown in about 100 countries wwiltle among which the
European Union, Russia and Canada are the three tmmiley producers

(Abdellatif et al., 2007). It is a very adaptabl®m, popular in temperate areas
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where it is grown as a summer crop and tropicasarehere it is sown as a winter
crop. In many western countries, 80-90% of barledpction is for animal feeds
and malt while the use of barley in human foodgeiy limited (Jadhav, 1998). In
recent years, increased incorporation of barlep itte human diet has been
recommended, since it is unigue among cerealsctivatin high concentrations
of B-glucan, which is known to have cholesterol-lowgrieffects, regulating

blood glucose levels and insulin response in dieb¢Cavallero et al., 2002).

1.4.2 Barley grain

endosperm

scutellum

embryo

''''''''

Figure 1-11 Barley grain structure
http://www.agoracosmopolitan.com/home/Frontpage/200Y03/01286.html

The barley kernels are spindle-shaped, thickerhan ¢enter, and tapered
toward each end (Figure 1-11). The starch granatabedded in the protein
matrix are encased within individual "endospernilscand are protected by a cell
wall. Many of these cells are packed tightly withite cereal grains as "starchy

endosperm”, which is the white material found ie thiddle of the kernel. The
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endosperm is protected by the aleurone layer tbatams protein bodies and
enzymes connected with endosperm digestion (Jadi¢®8). Endosperm is the
main source of nutrients for the developing embiiylee embryo is located at the
attachment end of the caryopsis on its dorsal dile. entire structure is finally
covered by the seed husk. From the plant’s pensgedll of this packaging is
absolutely critical for its survival and is design® protect the plant embryo and
its stored sources of energy and protein, to engungll be able to grow and
survive for the first few days following germinatioThe enzymes in the aleurone
layer play a very important role for brewing, besathe amylase, protease, lipase
etc. are able to loosen the packed grain and nmakady for further milling and
efficient hydrolysis. The husk is also specialcsiit can act as an efficient filter
separating the liquid part (fermentable sugar) aod-liquid part (nhon-soluble
precipitates) in the following brewing process. [Eali-2 shows a proximate
composition of barley grain (Jadhav, 1998). Notkaltley grains have a similar
composition; it varies according to the differemvieonmental conditions like

temperature, day length, water supply, and thdahisiy of soil minerals.

Table 1-2 A proximate composition of barley grain

Component Content (%, dry weight)
Starch 60-64

Arabinoxylans 4.4-7.8

Beta-glucans 3.6-6.1

Cellulose 1.4-5.0

Simple carbohydrates (glucose, fructose, sucrose, maltose) -2.0.41
Oligosaccharides (raffinose, fructosans) 0.16-1.8

Proteins 8-15

Lipids 2-3

Minerals (ash) 3-3

29



As with other cereals, starch is the main componenbarley (60-64%)
(Table 1-2). Normal barley starch contains 20 t®38mylose (70 to 80%
amylopectin), which may vary from less than 1% &%64in waxy and high-
amylose starches, respectively. Specialized useaxy starches are attributed to
their high swelling power and colloidal stabilityhereas high-amylose starches

have unique gelling and film-forming propertiesdidav, 1998).

Proteins are the second abundant component inybéBiel5%). They are
one of the by-products of the barley starch pradacprocess (Andersson et al.,
2001). Their amounts and compositions affect imhisisage of the barley grain
(Yalcin and Celik, 2007). For example, the beeustd/ may choose low protein

barley, while for animal feeding, barley with highotein content is preferred.

Barley has been recognized as an important comtribior beta-glucans.
More consumption of barley as human food is thesekirongly recommended.
The lipid or oil content of barley is relatively vio (2-3%). However, the
tocopherols and tocotrienols, that are found iredyaand extracted with its oil,
have biological value, including inhibition of Igbiperoxidation in biological
membranes, reduction of serum LDL cholesterol iman and protection against

heart disease, etc (Vivekananthan et al., 2003).
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1.4.3 Protein in barley

1.4.3.1 Protein content in barley grain tissues

aleurone layer a
embryo

starchy
endosperm

% seed % exiractable
dry weight protein

Figure 1-12 Protein content in barley grain tissues

(a) soluble protein contents in barley grain tiss{i@nnie and Svensson, 2009). (b) a
scanning electron micrograph of the endosperm Wép&website-public domain) (Black
J.L., Quality Feed Grains, Warrimoo NSW 2774, Aai).

As shown in Figure 1-12a, the three main tissuethefbarley seed are the
aleurone layer, the embryo and the starchy endospérich account for about
9%, 4% and 87% respectively, of the seed’s dry tedmd 23%, 30% and 47%,
respectively, of the seed proteins, that are etebde in a low-salt buffer (Finnie
and Svensson, 2009). However, the major endospemnage proteins are alcohol
soluble hordeins, which comprise 30-50% of thel @ptain protein. Figure 1-12b
shows a scanning electron micrograph of the endosmd barley. The starch
consists of a mixture of large, lenticular granu{@® to 25 mm diameter) and
smaller, irregular-shaped granules (<10 nwich are known as A- (Sa) and B-
(Sb) type granules, respectively. All these stapanules are then imbedded in a
protein matrix. Most of these proteins are commaométer insoluble but can be

extracted with alcohol or dilute acid/alkali sobrts.
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1.4.3.2 Protein classification and amino acid comgdion

Table 1-3 Osborne classification

Protein fraction Definition

Albumin Water soluble, coagulated when heat

Globulin Water insoluble, soluble in dilute salt (0.5 M®!)

Prolamin Soluble in 70% ethyl alcohol

Glutelin Soluble in dilute acid (0.5 M acetic acid) or alkalb(M NaOH)

As shown in Table 1-3, protein can be divided asialin, globulin, prolamin
and glutelin by sequential extractabilities as desd by Osborne (Celus et al.,

2006; Qi et al., 2006).

E In barley: A Horddthe smallest polypeptides) < 15 kDia
i Albumins: 3-4% vy Hordein (sulphur rich) <20 kDa 1-2°/ciy
i Globulins: 10-20% B Hena (sulphur rich) 35-46 kDa 70-90‘%0
: Prolamins (Hordein): 35-45% C Hordein pgwlr poor) 55-75 kDa 10-30%6
i Glutelins: 35-45% D idem (high MW) > 100 kDa 2-4%§

Figure 1-13 Barley protein fractions according to @borne classification

Figure 1-13 shows barley protein fractions accagdio the Osborne
classification and their individual properties @ial., 2006). Hordein and glutelin,
which together comprise 70-90% of the total graiotgin (TGP), are known as
the major endosperm storage proteins in barley.hbndein fractions (35-45% of
the TGP), extracted with alcoholic media, can b#hkr divided into five groups
based on their electrophoretic mobilities and anaioid compositions: B hordein
(sulphur-rich), C hordein (sulphur-poory;hordein (sulphur-rich), D hordein

(high molecular weight), and A hordein (the smadlleslypeptides) (Celus et al.,
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2006). In this context, the B hordeins account 70+90% of the total hordein
fraction (mol wt 35-46 kDa) (Shewry et al., 1985&889. C, as well as some B
hordeins, appear as monomers (sulphur-poor therefmntains limited disulfide
bonds for monomer connections), while most B anthdbdeins are linked by
interchain disulfide bridges. Most hordeins are monomers with intrachain
disulfide bonds, but polymeric types may also oc@ime A hordeins, the smallest
polypeptides, average molecular weight (MW) 15 kbey be alcohol-soluble
albumins or globulins or breakdown products of ¢éargordeins rather than true
hordeins (Celus et al., 2006). It has been hypatkdsthat in barley, HMW
subunits form a backbone, which binds LMW subutht®ugh disulfide bridges
to form a gel-like aggregate. Hordein extractionhwncreasing concentration of
sulphydryl reducing agents, revealed that D hosleire extracted only at the
highest 2-mercaptoethanol concentration, suggeshiryg form the gel protein

‘backbone’ (Celus et al., 2006).

Glutelin is defined as an alkali soluble proteiteafthe hordein has been
extracted. It has been reported impossible to peepalutelin fraction totally free
of contamination from hordein. The non-hordein comgnts tend to contain
HMW and some LMW components (Celus et al., 2006y Hf any of the barley
glutelins, have been characterized in detail. Bathdein and glutelin fractions
possess a high hydrophobic nature and thereforeomgnate low solubility in

agueous solutions.
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Table 1-4 Barley protein amino acid compaosition (miéso)

" 5 :

Amino Acid A(\rlgglr;:;] ((Erlnoct))ll‘f/g)n Insolubl?%rgvglgr(rrs]g:lﬁ?e in water ?nlquotl?’;lnr)]
Ala 9.3 7.9 2.6 6.6 10.0
Asp 10.6 10.5 1.8 5.2 11.5
Cys 6.5 5.6 2.4 / /
Glu 19.2 145 35.0 30.2 21.0
Gly 10.8 12.7 3.1 10.1 12.5
lle 3.8 3.0 5.3 3.2 6.0
Leu 6.8 8.4 7.8 8.0 10.9
Lys 3.4 7.8 0.6 15 0.8
Met 2.5 1.6 1.2 1.6 1.9
Phe 3.6 4.4 6.8 4.9 5.3
Pro 6.1 7.3 20.1 13.8 2.1
Ser 6.7 7.9 5.8 7.1 9.7
Tyr 4.4 3.0 3.3 3.1 11

Val+Thr 6.4 55 4.3 4.8 7.2

Barley for feeding purposes has a shortage of #abkeamino acids,
especially lysine (Lys), arginine (Arg), threonifighr), and methionine (Met),
whereas an excess of proline (Pro) and glutamitg) (Gable 1-4) (Linko, 1989).

It is reported that the first and second limitirggential amino acids for feeding
pigs are lysine and threonine and for broilers they methionine, lysine, and
threonine (Abdellatif et al., 2007; Mette, 2007)s 8hown in the Table 1-4, an
excess of proline and glutamine has been founaidéin fractions. This excess
is actually one typical property for all alcoholdae proteins and also the reason

we call them “prolamin”, the combination of the tworiched amino acids.
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Table 1-5 Amino acid composition for hordein

ARG 1.6 2.6 1.8
oS 15 29 35 |
GLX 28.0 32.1 30.1
HIS 30 15 14
ILE 07 4.4 3.8
LYS g iy V- Y 0z~ 1871
MET 04 71 8 |
PRO 105 19.4 16.8
THR 73 22 3.1
TYR 49 28 21
VAL 4.1 6.2 73

Table 1-5 shows the amino acid composition foredéht hordein fractions
in barley (Mette, 2007). The C hordein of barleylasking in cysteine and
contains little or no methionine which two are gwdfur-containing proteinogenic
amino acids. Their shortage is correlated with fdat that C hordein (sulphur-
poor) appears as monomers with limited disulfidedso On the contrary, the C
hordein is the main contributor for the high preliand glutamine content in
hordein. As a monomer, the C hordein has beenestughtensively compared to
other relatively complex hordein fractions. Resbkdras already revealed that the
C hordein has an ordered conformation indicatirg miolecule is rod shaped,
with dimensions varying from 360 x 17 A to 265 x 20The circular dichroism
spectroscopy also indicated its secondary structanein -turns, but na-helix
or B-sheets. The results are compatible with the C dinrdhaving a helical

secondary structure based on repetitpseurns (Field, 1986). Recent studies
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proved the C hordein appears to consist predominahtan octapeptide repeat
motif (consensus Pro-GIn-GIn-Pro-Phe-Pro-GIn-Glithwghort non-repetitive N-
and C-terminal domains of twelve and six residwspeetively stiff coil — worm
like chain (Kenneth, 1992). No other significansativery, however, has been
published so far referring to barley protein stuekgcept one paper that clearly
defined the crystal structure of a barley lipidnster protein (Bakan, 2009).

Consequently, the structures of most barley pretane still far from clear.

1.4.4 Barley protein as coating material in microencapsulation

Barley protein is one of the byproducts in brewingustry. Almost all
protein fractions go to animal feeding with limitedlue-added application. The
use of barley protein as a functional ingredientrastricted due to its high
hydrophobic nature that comes from the high contérdlcohol soluble protein
(hordein) fractions. Many researchers have triedsg® hydrolysis (enzymatic or
chemical hydrolysis) to improve their solubility tvithe purpose of improving
protein functionality such as emulsion, formingJligg, and filming properties
(Abdellatif et al., 2007). However, a rapid solutation also means a fast
permeation of the material in an aqueous enviroymnenich may also result in
the loss of their favorable properties when in wethumid environments. For
example, hydrophilic proteins and polysaccharides mostly used as wall
materials in microencapsulation; however they uguathibit rapid diffusion of
the core from the matrix which broadly limits theisage in liquid/semi-liquid
systems. On the contrary, hydrophobic proteins fasess low solubility in

agueous environments may have the potential to teiairthe matrix integrity
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even in high humidity conditions and to achievetoalied release of the core due
to the low permeation of the wall. Both hordein ayhdtelin from barley possess
high hydrophobicity and recent research has redetlle excellent emulsifying

and film-forming properties of these two fractiaiVdang et al., 2010; Xia et al.,
2010). Additionally, as the main storage proteirbarley, hordein showed good
oxygen barrier properties which may make it suéadd food coating/packaging
material, since food degradation is often oxygepeaeent (Gillgren and Stading,
2007). Studies also demonstrated the antioxidadivé reducing activity of C

hordeins, suggesting that protein fractions derifrech barley grains could be
potential natural antioxidants in preventing ligidroxidation of polyunsaturated
oils (Kawase et al., 1998; Wasaporn et al., 20B@wever, the study on using

barley protein as coating material in microencagusom is currently unavailable.

1.5 Conclusion

Based on the hypothesis that barley protein map®et promising protective

vehicle for nutraceutical delivery, the purposéto$ work is to:

(1) Test the feasibility of using barley protein to paes microencapsulation;

(2) Study the impact of processing conditions on miapstile
characteristics (size, morphology, etc.) and omarprocessing suitable

for industrial production;

(3) Investigate the capacity whether these microcapsare able to stabilize

and controlled release nutraceuticals.
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Canada is the third largest barley producer inwoeld. Alberta produces
almost five million tonnes of barley per year, abbalf of Canada’s annual crop.
Nearly 80% of Alberta’s barley crop is grown fovdstock feed, particularly for
the province’s hog and beef sectors. About 15%sedufor malt production and
only 5% is used for human food. The success ofwioikk may open a new route
to enhance barley consumption by developing nowallelp protein based
microencapsulation system. This is also a way tweld@ value-added

applications for barley.
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Chapter 2 Physical Characteristics and Oxidative
Stability of Barley Protein Stabilized Fish Oil

Microcapsules

2.1 Introduction

Microencapsulation has been widely used to prdisbtoil from oxidation
by forming a physical and impermeable barrier tggen diffusion (Shu et al.,
2006). In addition, the barrier masks its unpleasaste and forms free flowing
‘dry’ powders, improving patient acceptability aedse of handling (Barrow et al.,
2009; Curtis et al., 2008). The type and physicentical properties of the wall
material used are the most critical aspects thatemo the functionality of
microcapsule systems (Gharsallaoui et al., 200&)b@hydrates such as starches,
maltodextrins and corn syrup solids are usuallydug® microencapsulation
(Gharsallaoui et al., 2007) due to their desiratiiging properties as well as
matrix forming ability. However, wall materials thare based on carbohydrates
usually have poor interfacial properties and mestihemically modified in order
to improve their surface activity (Kanakdande et 2007;Krishnan et al., 2005;
Soottitantawat et al., 2005). In recent years,ra@gein using food protein based
microencapsulation has increased owing to theiele@ emulsifying, gel- and
film-formation properties (Chen et al., 2006). Alalally, protein coatings are,
in general, excellent oxygen and aroma barriers @egradable by digestive

enzymes, thus can be used in developing microcaps$ort controlled core release
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in food applications (Chen et al.,, 2006). So fahew proteins, caseinate and
gelatins are the most common coating materials tsezhcapsulate fish oil by
spray drying, spray cooling and coacervation methamnong which, spray
drying is the most commonly used in the food industue to its continuous

production and easiness of industrialization (Gdléasui et al., 2007; Gibbs et al.,
1999; Gouin, 2004; Shu et al., 2006). This proacessnally involves an initial

step to form emulsions in which the protein walltenal acts as a stabilizer for
the core lipid, followed by a spray-drying to cortvemulsions into free-flowing

powders. Emulsions can be also solidified by ad@dirmyoss-linking reagent (e.g.
transglutaminase), or coacervating with opposipgiysaccharides before spray-
drying to reinforce the microcapsule structureswieer, most research has
focused on animal proteins (Curtis et al., 2008gami et al., 200Xeogh et al.,

2001; Subirade and Chen, 2008), whereas, little atterttas been paid to plant
proteins, which are generally less expensive andice the risk of spreading

diseases such as bovine spongiform encephalitid ¢oa disease).

Barley Hordeum vulgare 1).is a very adaptable crop grown primarily for
animal feeding and brewing (Eagles et al., 199%grEin brewing industry, its
by-products are also used as livestock feed. Bagtains and their brewing by-
products are abundant and affordable plant prateurce which contain 8-13%
and 20-30% (w/w) protein, respectably (Yalgin ef 2008). Hordein and glutelin
are the major storage proteins enriched in banepsperm which constitute 35-
55% and 35-40% total barley endosperm proteinsyadsealbumin and globulin

are enriched in barley bran and germ (Finnie anehSson, 2009)The hordein
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fractions, extracted with alcoholic media, can beher divided into five groups
based on their electrophoretic mobility and amiom a&ompositions: B hordein
(sulphur-rich), C hordein (sulphur-poory;hordein (sulphur-rich), D hordein
(high molecular weight), and A hordein (the smadlleslypeptides) (Celus et al.,
2006). In this context, the B hordein (mol wt 354d8a) and the C hordein (mol
wt 55-75 kDa) account for 70-90% and 10-30% of tibial hordein fraction
(Shewry et al., 1985&1983). Glutelin is definedaasalkali soluble protein after
hordein extraction. But it is not possible to prepa glutelin fraction totally free
of hordein contamination (Celus et al., 2006). Botindein and glutelin fractions
possess a high hydrophobic nature and recent okshas revealed the excellent
emulsifying and film-forming properties of these otwmajor barley protein
fractions (Wang et al., 2010; Xia et al., 2010)u$hkve assume barley protein may
function as a promising potential coating matefaalfish oil encapsulation. Plus,
there are studies that have already demonstratedrttioxidative and reducing
activity of the C hordeins, suggesting that protieactions derived from barley
grains could be potential natural antioxidants rieventing lipid peroxidation of
polyunsaturated oils (Kawase et al., 1998; Wasapbat., 2009). In these studies,
however, the C hordein powders were just mixed witisaturated fatty acids.
Microencapsulation, relatively, may provide betpeotective effect due to the

physical shielding; however such work is currenthavailable.

The purpose of our research was therefore to hestfdasibility of using
barley proteins to encapsulate fish oil. The miapstle preparation conditions

were optimized and the particle size and morpholegse carefully characterized.
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The stability of encapsulated fish oil was evaldateaccelerated storage tests as
well as in real food formulations. The roles of lbgrhordein and glutelin,

contributing to microcapsule functionalities, weliscussed.

2.2 Materials and methods

2.2.1 Material

Regular barley grains (Falcon) were kindly provided Dr. James Helm,
Alberta Agricultural and Rural Development, Lacomidberta. Barley protein
content was 13.2% (w/w, dry status) as determinecoinbustion with a nitrogen
analyzer (FP-428, Leco Corporation, St. Joseph, WBA) calibrated with
analytical reagent grade EDTA (a factor of 6.25 wasd to convert the nitrogen
to protein). Barley grains were first de-braned aniled into flour. Barley
glutelin and hordein were extracted using alkaliaed alcohol methods,
respectively, according to our previous work (Wastgal., 2010). Endosperm
protein was characterized as protein extracted fdeaioraned barley flour and
whole grain protein was characterized as proteitnaeted from milled whole
grain flour (with bran). The protein content (dtatsis) was > 85% (w/w) for all

the extracted proteins.

Fish oil (Omega 30 TG Food Grade (Non-GMO) MEB-Fish Oil) was
kindly donated by Ocean Nutrition Canada LimitedN@ (Canada) with
(EPA+DHA) content ~ 31%. Whey protein concentra®0%) used for
comparison was provided by Le Sueur Food Ingrediamhpany (USA). Fat free

yogurt (Yoplait Vanilla Yoplait USA, Inc) and fat free milk (Lucerne skim,
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Safeway Inc) used for food formulation were purelthfom a local superstore

(Edmonton, AB, Canada). All chemicals were of reaggade.

2.2.2 Microcapsule preparation

Aqueous solutions of the wall materials were pre@dry dispersing them in
water. Table 2-1 (page 63) shows different proteintions/combinations used for
wall materials. The barley protein powder was hiettaat pH 11.0 (adjusted with
3N NaOH) to form a 15% w/v solution. The solutioasmhen adjusted back to
pH 7.4 followed by an immediate mixing of fish ¢d form a coarse emulsion
using a homogenizer (30,000 rpm/min) (PowderGenshd¥i Scientific
International, Inc., CA, USA). Microcapsules wehen formed by passing the
premixed emulsion through a high pressure homogéoiz system (Nano
DeBEE, BEE international Inc. MA. USA) operated8800 psi. To prevent an
increase in temperature of the final product, thaulsifying cell of the high
pressure homogenizer was immersed in ice. The mdpaicrocapsules (wet
status) were stored at@ with 0.025% (w/v) sodium azide until further aysis.
The wet microcapsules can be turned into free fbmwder by a spray drying
process (Buchi 190 Mini Spray Dryer, Buchi Labone&, Flawil, Switzerland).
Three different air inlet temperatures (380 150C and 126C) were applied to
study the impact of hot air on microcapsule morpggl The outlet temperature
was controlled between 55-&5 (Shu et al., 2006). The dried microcapsules (dry
status) were stored in plastic bottles ¥ #efore analysis. The prepared samples
were coded as shown in Table 2-1 aNedandD- stand for wet-status and dry-

status, respectively. Whey protein microcapsule®vweepared for comparison.
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2.2.3 Microcapsule characterization

The size of the microcapsules in wet status wassuored at room
temperature by dynamic light scattering using aaZieer NanoS instrument
(model ZEN1600, Malvern Instruments Ltd, UK). Theotein refractive index
(RI) was set at 1.45 and the dispersion medium & W.33. The microcapsule
suspensions were diluted in deionized water to italde concentration before
analysis and data were averaged from at least thathes. The morphology of
the spray-dried microcapsules was observed wittearsng electron microscope
(SEM, S-2500, Hitachi, Tokyo, Japan) operating @atkV. The surfaces of the
microcapsules were sputtered with gold, observed photographed. The
powders were also fractured carefully after frozenliquid nitrogen, and the

interior morphology was observed and photograplsatguthe SEM.

2.2.4 Encapsulation efficiency, loading efficiency, and moisture content

Extraction of oil from barley protein microcapsuleas based on the method
described by Beaulieu et al. (Beaulieu et al., 20D2y status microcapsules (250
mg) were precisely weighed to the nearest 0.1 nijeatded into 5 ml of pure
ethanol. The mixture was shaken on a vortex migerlf min, the sample was
allowed to rest for 5 min, and then 5 ml of hexarss added. The mixture was
shaken vigorously with a vortex mixer for 30 s alldwed to stand for 2 min.
These mixing and standing procedures were repdatee. Five milliliters of
water was added, and the tube was inverted setrsra$, and then sealed and

shaken using a Multi-purpose rotator (Barnsteadd284, USA) for 1 h. After
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centrifugation (Beckman Coulter Avanti®J-E Centgé) CA, USA) at 8,000 x g
for 15 min at 23C, 4 ml of hexane was transferred to a tube angareted under
nitrogen to remove the solvent. The remaining @bweighed to the nearest 0.1
mg. The encapsulation efficiencyEE) and loading efficiency LE) were
calculated by the following equatian8E (%) = Wencapsulated oif Whotal oil X 100;
where Wincapsulated oifepresents the weight of oil encapsulated in tleravapsule
and W oil represents the oil added initially in the partidemation mixtureLE
(%) = Wencapsulated oif Wmicrocapsules¢ 100; where Wicrocapsules€presents the weight
of the microcapsule encapsulating the oil insidee Tnhoisture content of the
microcapsules was measured gravimetrically by dry#0.5g of the dry status

samples in an air oven at f@5for 12h.

2.2.5 Fish oil oxidative stability in accelerated storage test

The oxidative stability of the microencapsulateshfoil was tested at both
dry status and in aqueous solutions (HCl-salinetsol pH 2.0 and phosphate-
buffered saline pH 7.4, presenting acidic and raw@nvironment, respectively)

by the accelerated storage test at 40°C for 8 weeks

For stability test at dry status, approximately(8gy weight) of each sample
was placed in pre-dried airtight glass and storecn incubator at 40°C. For
stability test at wet status, approximately 5g (dweight) freshly prepared
microcapsules (without spray-drying) were suspendegH 2.0 and 7.4 media,
and incubated at 40°C. The oxidative stability wasnitored by measuring the

peroxide value (PV) of the extracted oils. Approately 100 mg (dry weight)
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(Soottitantawat et al., 2005) of each sample wabkdsawn from the bottle at

weekly intervals. The oil extraction process wasghme as indicated in 2.2.4.

The colorimetric method described by Bae et al.e(Bad Lee, 2008)as
used to measure the PV of oils with some modifceti The extracted oil
(40mg~50mg) was added to 9.8ml of chloroform/meth&n@, v/v) mixture in a
glass tube, followed by the addition of 50ul eaélammonium thiocyanate and
ferrous chloride solutions. The final mixture waern mixed and incubated for 5
min in a dimmed light at ambient temperature. Afterubation, the absorbance
was measured with a UV/vis spectrophotometer (muee30, Jasco, CA, USA)
at 505nm. Reagent and oil blank assays were atsedaut. PV was quantified
using a standard curve created from a series ofolggth peroxide standard

solutions and expressed as milliequivalents (mgdydperoxide per kg of oil.

2.2.6 Fish ail stahility in selected food formulations (milk and yogurt)

The oxidative stability of the microencapsulateshfoil (wet status) was also
tested in two food products. The microcapsule susipas were mixed with milk
or yogurt by stirring for 15 min to obtain homogens dispersions. This
microcapsule-incorporated milk and yogurt was tpasteurized (80°C, 30 min)
and stored at 4°C. Sodium azide (0.025%, w/v) wdded as a bacteriostasis
reagent. Samples were withdrawn weekly for fishstélbility analysis. The oll
extraction process and the PV analysis were thee sssrthat described in 2.2.4
and 2.2.5. Stability test was conducted for 4 andegks for milk and yogurt,

respectively. Original fat free milk and yogurt was as zero controls.
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2.2.7 Satistical analysis

Each type of microcapsule was prepared in threepeddent batches. The
microcapsule size and the moisture measurememtglass the quantification of
the fish oil EE and LE values were done in duplicate for each batch. Dsmta
represented as the mean of three batches + SDedébr type of microcapsule,
one batch of the sample was randomly selectedtébilisy experiments. The PV
data is the mean of three independent determirsatitn SD. Statistical
significances of the differences were determinedABYDVA and Student’s t-test.

The level of significance used wps 0.05.

2.3 Results and discussion

2.3.1 Microcapsule preparation

Understanding of the roles of barley protein fraiasi for microencapsulation
will be helpful for designing a wall material thzdn better protect core ingredient.
In this context, barley glutelin (BG), hordein (BH)d their mixtures with
glutelin to hordein ratio of 1:1, 1:2 and 2:1 (BGBG1H2, and BG2H1) were
used as wall materials to prepare fish oil micre@salation (Table 2-1). The
feasibility of using barley endosperm protein (B&mposed of both hordein and
glutelin) and whole grain protein (BWG, composedatifumin, globulin, hordein

and glutelin) for fish oil microencapsulation wadscainvestigated.

The emulsifying-stabilization process which hasrbegdely used to prepare
globular protein (whey and soy protein) based nuapsules (Subirade and Chen,

2008) was adapted in this work to prepare barleygom microencapsulation. This
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process normally involves an initial step to formutsions in which the protein
wall material acts as a stabilizer for the cordélipn the second step, the protein
wall materials are solidified by adding a crosiing reagent (e.g. glutaraldehyde,
transglutaminase), or by coacervating with oppbsitharged polymers. These
stabilized microcapsules can then be convertedfiaflowing powders using a
spray-drying technique (Subirade and Chen, 200830Ading to our preliminary
work, the well suspended solid microcapsules, ratean emulsions, were able to
form from all barley protein based pre-mixture attee high pressure treatment.
Therefore, no solidification reagent or process wasded. The spray drying in
this work was consequently used as a drying mettmdurn wet-status
microcapsules into dry powders. This phenomenoquige different from that
observed for globular protein (whey and soy prqgtstabilized emulsion systems,
where the emulsions only form soluble aggregates surface hydrophobic
interactions after high pressure treatment (Beaudit al., 2002Floury et al.,
2002). The unique behavior of barley proteins tanfeolid particles during the
high pressure homogenization process may be atdbto the hydrophobic
nature of their molecular structures that are &edcwith non-polar amino acids
(~ 35-38%) including proline, alanine, valine, isadee, and leucine (Wang et al.,
2010). This hydrophobic nature may allow barley tpio to adhere and
completely cover the oil droplets rapidly in theeq@mulsion process. The
complexes would then tend to strongly aggregatetduke hydrophobic surface
patches, to form thick unruptured coatings afteghhpressure treatment. The

unique behavior is quite favorable from an indugiomnt of view for the mass
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production of micro-encapsulations. Processinglsasimplified by removing the
cross-linking or the coacervation process, andctaxi expensive cross-linking

reagents are also not necessary.

A number of factors would likely affect the abilityf barley proteins to
function as microencapsulants, that is, proteirucstire and concentration,

proportion of dispersed and dispersion phases esagsing conditions.
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Table 2-1 Availability of wet (W-) / dry (D-) status microcapsules prepared by different protei systems at a given concentration of fish oil

Microcapsules except for water (wt%) Q}’:t”ig!['z 'Alsvr?/'_I:tZ'tIEZ
Code Oil Hordein Glutelin (W-) (D-)
BH Hordein 33.3% 66.7% 0% No No
50% 50% 0% Yes No
66.7% 33.3% 0% Yes No
BG Glutelin 33.3% 0% 66.7% Yes Yes
50% 0% 50% Yes Yes
66.7% 0% 33.3% Yes Sticky
BGH G:H=1:1 33.3% 33.3% 33.3% No No
50% 25% 25% Yes Yes
66.7% 16.6% 16.6% Yes Sticky
75% 12.5% 12.5% Yes Sticky
80% 10% 10% Yes Very sticky
BG1H2 G:H=1:2 50% 33.33% 16.67% Yes Yes
BG2H1 G:H=2:1 50% 16.67% 33.33% Yes Yes
Qil Protein
BE Endosperm protein 50% 50% Yes Yes
BWG Whole grain protein 50% 50% Yes Yes
WP Whey protein 50% 50% No Yes
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2.3.1.1 Impact of protein concentration and oil/pr¢ein ratio

The protein concentration and oil/protein ratio ammportant in
microencapsulation system since a high protein eatnation normally facilitates
protein-protein interactions to form thick and astastic layers at the oil droplet
surface for a better encapsulation of the incofeardipophilic compounds
(Hogan et al.,, 2001). And a high oil/protein ratienerally leads to a high
carrying capacity of the final microencapsulatiaoducts. In preliminary trials,
the maximum protein concentration of 15% was acdkdefor barley protein
microencapsulation. Further increasing the proteimcentration led to formation

of aggregated sticky substances rather than wadketdsed microcapsules.

Trials were then carried out to vary the comporarthe wall material and
oil/protein ratio in order to evaluate the effeofsthese two parameters on the
microcapsule quality. The results are describe@ainle 2-1. The oil/protein ratio
significantly impacted BH microcapsule formation Bld could be formed into
good coarse emulsions only at oil/protein ratiol.0 after homogenization
treatment. We noticed that hordein tends to aggeetgaform soft and viscous
dough when dispersed in water, due to the strorfg@hydrophobicity (Wang et
al., 2010). This protein aggregation could be assed with a reduction in the
emulsifying capacity of the hordein at the oil/@iotratio of 0.5. Increasing the
oil/protein ratio> 1.0, more protein molecules had an orientatiohyafrophilic
groups towards water phase and hydrophobic grapartls oil phase due to an
increased dispersed phase volume, thus preventiotgip aggregation and

allowing formation of good coarse emulsions. Afparssing the high pressure
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homogenizer, solid BH microcapsules (wet statusewermed at an oil/protein
ratio of 1.0 to 2.0. BG microcapsule formation wemaffected by increasing the
oil/protein ratio from 0.5 to 2. The formed BH aB& microcapsules were then
spray-dried. BH microcapsule powders were hardlyaiokd they tended to
adhere to the drying chamber wall surface due itkystcharacteristic whereas
free flowing BG microcapsules could be obtainethatoil/protein ratio of 0.5-1.0.
Further increase of the oil/protein rativ2(0) induced high apparent viscosity,
owing to a high dispersed phase volume (Hogan .et2801) which made it
difficult to be completely spray-dried, leadingdlmmping particulate substances.
The optimized condition (15% protein concentra@o an oil/protein ratio of 1.0)
was therefore applied to prepare all microcapsbbiesed on gluten and hordein
mixture at BG/BH ratio of 1:1, 1:2 and 2:1, markedBGH, BG1H2 and BG2H1,
respectively as well as on endosperm protein (Bid)whole grain protein (BWG)

(Table 2-1).

2.3.1.2 Impact of spray-drying inlet temperature

The spray drying inlet temperature is another majaictor for
microencapsulation since it will influence the noicapsule morphology. Figure
2-1 shows the SEM micrographs of the BGH microckgssprepared at three
different inlet temperatures (120°C, 150°C, and °C0 Irregular shaped
microcapsules with surface indentations were obthit the inlet temperature of
180°C (Figure 2-1a). The surface indentations miightiue to the rapid particle
shrinkage during the early stage of the drying essc(Shu et al., 2006). Such

particle features suggest that a 180°C inlet teatpex may be too high for barley
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protein microsphere preparation since high dryiates, associated with small
particles, usually lead to a rapid wall solidificet and thus smoothing cannot
occur (Rosenberg and Sheu, 1996; Sheu and Roserl898). Decreasing the
inlet temperature to 150°C resulted in microcapswath a spherical shape,
uniform size (3-pm) and smooth surface (Figure 2-1 b-c) whereasjrtndr
decrease of the temperature to 120°C, resultedggiomeration of powder
particles (Figure 2-1d). This can be attributedhte relatively high water content
in the particle wall material, resulting from inefent drying. It has been reported
that as an efficient plasticizer, water can de@dhe glass transition temperature
of the microsphere matrix. At the glass transittemperature, surface droplet
viscosity and the stickiness of the powder paridlecrease, resulting in inter-
particle bridge formations that finally lead to cak and the collapse of the
particles (Beristain et al., 200Prusch et al., 2006&2007; Le Meste et al. 2002,

Partanen et al., 2005).

The above results indicate that barley glutelimdieon and their mixtures are
able to be prepared into microencapsulation inaatpwy lipid compounds by a
pre-emulsifying process followed by a high pressusenogenization treatment.
The optimal condition for microencapsulation forroatwas determined to be
15% protein concentration and a 1.0 oil/proteiforathe formed microcapsules
suspension can then be converted into white, foeeirig powders by a spray-
drying process at the optimum inlet temperature 160°C. Microcapsules
prepared under the optimized conditions were usethtir size and morphology

characterizations as well as the oxidative stgtidist in the following steps.
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Figure 2-1 Surface morphology of spray dried BGH ntrocapsules with different
inlet temperature by SEM
(a), 180°C; (b-c), 150°C; (d), 120°C.

2.3.2 Microcapsule size and morphol ogy

The size and morphology obtained is typical for nmeapsules intended for
food application. The spray-dried microcapsulesasttbgenerally spherical shape
with the diameters ranging from 1u®. There were no significant differences in
the diameters of microcapsules made from diffepnotein fractions. However,

their surface morphology differed as assessed iy Figure 2-2).
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The presence of surface porous structure was ielyenelated to the
proportion of included glutelin in the wall matdridD-BH and D-BG1H2
microcapsules exhibited porous outer shell (Fidgi+# a-b) wherea®-BGH, D-
BG2H1 andD-BG microcapsules demonstrated dense, crack-freesammbth
surfaces (Figure 2-1 b-c and Figure 2-2 c-d). Aeaéed in our previous work,
the hordein matrix may have similar physical prapsrto wheat dough, and thus
can expand or “balloon” when heated. During spraynd), fast drying rates
could lead to rapid hordein wall ballooning at aarlg stage of heating. This
process was also accompanied by hordein denaturagimd the loss of
viscoelasticity (Cauvain, 2003). Thus, further engian resulted in the breaking
of coating networks, leading to a porous structuB& does not exhibit
viscoelastic characteristics, and therefore, coulintain a dense coating wall
structure during the whole spray-drying procd38BGH, D-BG2H1, D-BE and
D-BWG (Figure 2-1 b-c; Figure 2-2 ¢ ,e ,f) exhibitgdhilar surface morphology
as that ofD-BG microcapsules (Figure 2-2d), suggesting thatabating wall
surface may be mainly composed of glutelin, formengense outside structure
that prevents hordein ballooning. This result iatks that addition of glutelin is
important to maintain the integrity of the microsafe coating during spray-
drying. Remarkable sphere microcapsules with a #maurface and little
aggregation were found specifically for tbeBWG matrix whileD-BE exhibited
more aggregation, comparably (Figure 2-2 e-f). Wheyotein (WP)
microcapsules demonstrate less uniform size anpeshad the dents on surface

may result from the uneven shrinkage during thendryrocess (Figure 2-2Q)
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(Sheu and Rosenberg, 1998). Figure 2-2h showsntier istructure of the BGH
microcapsules. The small pores inside indicate thatdroplets were well
distributed/separated within the protein micronsmat Other barley protein
microcapsules showed similar porous inner strustydata not shown). The
dense, crack-free surface features together wehiriterior “bee-net” multiple
emulsion structure of barley protein microsphemasy allow them to better

withstand mechanical stresses and protect the pocated ingredients against

harsh environments (e.g. oxidation, light, low @thpH).
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Figure 2-2 Surface morphology of spray dried microapsules prepared by different
wall systems by SEM

(a) D-BH; (b) D-BG1H2; (c)D-BG2H1,; (d)D-BG; (e)D-BE; (f) D-BWG; (g) WP; (h)
inner structure ob-BGH.

2.3.3 Encapsulation efficiency (EE), loading efficiency (LE) and moisture

Barley protein based wall materials were quitectife encapsulating agents
as most of the microcapsules demonstrated rathggr BE and LE values as
shown in Table 2-2. This is probably related to ldarprotein’s excellent
emulsifying property (Wang et al., 2010) as wellitsscapacity to form solid

microcapsule-coating-granule structures during tpgessure treatment. In spite
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of their porous structure, BH microspheres dematetr similarEE and LE

values compared to other barley protein microcassulhis suggests that the
hordein may have the capacity to bind oil dropletel keep them inside the
microcapsule matrix, even when the surface intggnas destroyed to some

degree during the spraying drying process.

The moisture content is very critical for formed croicapsules. High
moisture will induce high viscosity and stickinegsgpowder particles, resulting in
inter-particle bridge formations that finally lead caking and collapse of the
particles and the release/oxidation of the coreugbn et al., 2006&2007;
Beristain et al., 2002;e Meste et al. 2002, Partanen et al., 2005). i gtudy,
the moisture content of barley protein microcapsuieaintained at very low
levels ranging from 0.63 to 0.92% (w/w), signifitatifferent from that of whey
protein microcapsules (5.57%, w/w). This is likelye to the hydrophobic nature
of both barley glutelin and hordein enriched witfdiophobic amino acid groups
including proline, leucine, alanine and valine. Iglst decrease of moisture was
observed with the increase of hordein content enviall material. As an alcohol
soluble protein, hordein has been reported to hayleer percentage of non-polar
amino acid groups compared to glutelin (Wang et 2010). It is therefore
reasonable to deduce that increasing the hordeitesbmay be an efficient way
to decrease water content in the wall system aackthre somehow limits lipid

core oxidation.
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Table 2-2 Encapsulation efficiencyEE), loading efficiency LE), and moisture of
fish oil microcapsules prepared by different proten systems

(+SD)
Eheioncy (08)  Effioancy oe)  Moisture (%)

BH 93 + 1.67 46 +0.83 /
BG 97 +2.96 49 +1.47 0.90 + 0.0167
BGH 96 +2.61 48 +1.30 0.86 + 0.0636
BG1H2 100 +2.12 50 + 1.06 0.75 + 0.0319
BG2H1 97 +2.22 49 +1.11 0.77 + 0.0700
BE 95 + 2.83 45 + 3.42 0.92 +0.0258
BWG 98 + 1.89 50 + 1.42 0.63 + 0.0320
WP 95 + 2.50 48 +1.25 +5.57 + 0.0345

2.3.4 Oxidation stability
2.3.4.1 Stability of dry status microcapsules in aelerated storage test

The oxidative stability of the encapsulated fishwaas analyzed under the
accelerated condition of 40°C because low and arhte@enperatures often require
a long period of time. The oxidation of unsaturadddusually results in a variety
of compounds including free radicals and hydropeles (Firestone, 1993).
Peroxide value (PV) is an index to quantify the antoof hydroperoxide in fat
and oil. It is commonly chosen as a useful indegdwotrol food safety and quality
since it indicates the initial stage of fat anddeterioration. Figure 2-3 shows the
PV changes of the encapsulated fish oil in dry atapsules in an accelerated
storage test (40°C, 8 weeks). The unencapsulat&disiu oil was also tested as a
control under the same conditions. The oil blankude fish oil without any

processing treatment and contains no antioxidat)ahstrated desirable stability

65



within 2 weeks of storage (< 10 meq peroxide/kg, dut its PV value started
rising sharply after 5 weeks and reached a maxinewal at almost 350 meq
peroxide/kg oil in the 8th week. On the contrafye tPV values of fish oil
encapsulated in barley protein microcapsules gthduacreased initially and
reached maximum levels of 45-76 meq peroxide/kgnaihe 3-4 weeks and then
declined to 6.6-15 meq peroxide/kg oil in the 8thel. The relatively higher
initial PV was attributed to the oxidation of swé#near surface oil of the
microcapsules when exposed to oxygen, light antl dieang microencapsulation
processing. Research has revealed that the autleton of the encapsulated and
non-encapsulated core material already happeneaigdilve spray drying process
(Drusch and Berg, 2008; Drusch and Schwarz, 2006¢. peroxide values in
oxidized oil are usually unstable and are themsebxedized to other compounds.
In this study, at the beginning of oxidation, pedeas increased but they were
eventually oxidized to aldehydes and ketones aedetbre the peroxide levels
fell in the later stages of oxidation (Drusch et @D06&2007;Firestone, 1993;
Naohiro and Shun, 2006). After the deep oxidatibaurface/near surface oil, no
further increase of the PV value was detected, estgyy the inside oil was well
protected in the microcapsule matrix. There wewneliss discussing that in some
cases, wall matrix comprised of only protein mayehanuch higher oxygen
permeability due to the similar hydrophobic polaf oxygen and the matrix; if
so, this might be one reason contributing to thenadiate oxidation of parts of
the fish oil. Hydrophilic carbohydrates such asdae or hydrolyzed starch can be

considered as a secondary wall material with thepgee of reducing oxygen
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permeability and at the same time limiting the wsfon of the hydrophobic core
through the wall, consequently leading to a betieidative stability of the
encapsulated core (Gharsallaoui et al., 2007; Kagamal., 2003; Moreau and

Rosenberg, 1996).
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Figure 2-3 Peroxide value (PV) changes for encapsiiéd fish oil in dry status O-)
microcapsules prepared by different wall systems iaccelerated storage test
Oil blank stands for crude/unprocessed fish oil.

For barley protein microcapsules, the PV reachedagimum level around
40-80 meq peroxide/kg oil after 2-3 weeks of tremitn Whereas, for whey
protein microcapsules, PV increased more rapiégcihing a maximum level of
~150 meq peroxide/kg oil in the 5th week. This resulggested barley protein
microcapsules may provide better protective abiéiyainst fish oil oxidation

compared to whey protein microcapsules. One the laned, barley protein
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microcapsules may possess less surface/near suoiadban whey protein
microcapsules because solid barley protein micrergsh were able to form
directly just after high pressure homogenizatiomcpssing. This may allow
barley protein microcapsules to better protect #meapsulated oil against
oxidation during the spray drying process. One dh®er hand, less favorable
morphology of whey protein microcapsules was alyeatbserved by SEM
(Figure 2-2g) and their high moisture (Table 2-Qynalso contribute to the less

protective ability of whey protein microcapsules.

Among barley protein microcapsules, the BG1H2 mautlemonstrated
desirable protective ability and generally, thostha high content of hordein all
demonstrated the lowest PV values, suggesting tloatlein may play an
important role in preventing oil oxidization. Thisight be attributed to the unique
structure of hordein with abundant hydrophobic amaeids (Leu, Val, Phe and
Tyr) which may better bind encapsulated oil (Wangale, 2010). It was also
reported that C-hordein (one major hordein fragtiomnsists almost entirely of
repeats based on the octapeptide motif Pro-GInRetaPhe-Pro-GIn-Gln and has
demonstrated conformational transitions betweewg-pebroline 1l-like andpl/IlI
turn structures. The repetitive domain seems t farhelical secondary structure
rich in B-turns and the entire molecule of takes on a rkel-tionformation with
dimensions of about 30nm x 2nm. Such a unique tsireignay form a “cage” to
better hold lipid molecules (Kawase et al., 1998)jde the protein matrix against
oxidation Additionally, as stated before, the antioxidatrel reducing activity of

C hordeins could also be one reason contributirthedetter protective ability of
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the high-hordein-content barley protein matrix reyenting lipid peroxidation

(Kawase et al., 1998; Wasaporn et al., 2009).

2.3.4.2 Stability of wet status microcapsules in aelerated storage test

The PV level of encapsulated fish oil in wet statagrocapsules was
measured to evaluate the potential of using bapeytein microcapsules in
agueous solutions. Buffers with a pH of 7.4 and 2@re chosen as
representatives for neutral and acidic environmemispectively. No leakage of
oil was observed for any barley protein microcapssiispensions even after
storage for more than six months at 4°C, indicatimegintegrity of microcapsules
was well maintained. No oil release was found ef@nW-BH microspheres,
suggesting the particle integrity was preserveéragitassing the high pressure
homogenizer, confirming the porous structureDeBH was formed during the

spray-drying process.
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Figure 2-4 Peroxide value (PV) changes for encapsiiéd fish oil in wet status YV-)
microcapsules prepared by different wall systems iaccelerated storage test
() in pH 7.4 buffer; (b) in pH 2 buffer.
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Figure 2-4 shows the PV changes for encapsulasdd dil in wet status
microcapsules in the accelerated storage teste $imcemulsion was formed from
the whey protein solution mixed with fish oil onlgfter high pressure
homogenization processing, the emulsion complexusas directly in this test in
comparison to wet status barley protein microcassulAll barley protein
microcapsules showed low oxidative levels of enakgted oil (PV < 30 meq
peroxide/kg oil) even after 8-week of storage. Mmigicant difference was found
in terms of different matrixes in the storage tsboth pH 7.4 and pH 2 media
(Figure 2-4 a-b). This result suggests barley pmoteicrocapsules (wet-status)
might be suitable to be used in liquid/semi-liqtndd system. The much lower
PV value observed at wet status compared to thdtyastatus confirms that the
lipid oxidation at dry status was trigger by spdaying process. This process
might also lead to leakage of the encapsulatedtwilthe exterior of the
microcapsules which resulted in acceleration ofdatton changes and higher

peroxide values after the process.

2.3.4.3 Stability of wet status microcapsules in éal formulation

W-BG1H2 andW-BWG microcapsules were selected as representditves
stability test in two food formulations: fat frealknand yogurt. The PV values of
the encapsulated fish oil were measured weeklylifand 5 weeks, respectively,
which correspond to the average shelf life of faefmilk and yoghurt. Both milk
and yogurt with microcapsules added was pasteui2@eC, 30min) in order to
simulate the real industrial situation. As shownFigure 2-5, PV values of the

encapsulated fish oil remained low (PV < 20 megpieie/kg oil) in both milk
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and yogurt during the 4-5 weeks of storage. Thie 68 microcapsules were
especially stable in yogurt as PV levels were belomeq peroxide/kg oil even
after 5 weeks of storage. It has been recommenkad RV levels shouldn’t
exceed 30 meqg peroxide/kg oil in an edible fooddpobd (Naohiro and Shun,
2006). Thus, the above result confirms the apptoat of barley protein

stabilized fish oil microcapsules being used inuiig and semi-liquid food

systems.
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Figure 2-5 Peroxide value (PV) changes for encapsiiéd fish oil in W-BG1H2 and
W-BWG microcapsules in real food formulation test (mlk and yogurt)

2.4 Conclusion

Barley protein stabilized fish oil microcapsules5{im) were successfully

prepared by a pre-emulsifying process followed by hagh pressure
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homogenization treatment. The optimal conditions foicroencapsulation
formation were determined to be 15% protein corred¢ioh and a 1.0 oil/protein
ratio. The formed microcapsules can be convertdd imhite, free-flowing

powders by a spray-drying process at the optimulet temperature of 150°C.
These microcapsules exhibited high oil encapsulagifficiency. Barley hordein
and glutelin play different roles in contributing the microcapsule properties.
The existence of glutelin is important to mainttiia integrity of the microcapsule
coating during spray-drying, thus allowing formatiof microcapsules with a
dense and smooth surface; whereas, microcapsulashesh with hordein

demonstrate a comparably higher capacity to prewvénbxidization. Both the

accelerated experiment and the stability test wdféormulations suggest that
barley protein microcapsules, especially thoseceed with hordein, have great

potential to be used in liquid and semi-liquid faydtems.
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Chapter 3 Nano-encapsulations Liberated from

Barley Protein Microcapsules for Oral Delivery of

Bioactive Compounds

3.1 Introduction

Oral administration is by far the most convenierdywfor delivery of
bioactive compounds, especially when repeated otim® administration is
necessary (Chen and Langer, 1998). However, thiters restricted for many
bioactive compounds that have poor solubility, ppermeability, and/or poor
stability in the gastro-intestinal environment (Sah et al., 2008). Polymeric
nanoparticles are promising candidates for oralvesgl of bioactive compounds
since they can adhere to the intestinal membradecan increase residence of
included compounds. Furthermof@j-cells” in the Peyer’s patches can absorb
polymeric nanoparticles byeceptor-mediated endocytosis to directly deliver
bioactive compounds into the circulation. Some kptaf polymeric nanoparticles
can also occur through transcellular and paraeelpdthways (Desai et al., 1996;
Florence, 1997; Norris et al.,, 1998). In order teesgrve functionality,
nanoparticlesmust survive the harsh gastric conditions of low ahktl pepsin
digestive enzymes. Anajor drawback of these dispersions is their tangeo
decrease their interfacial surface aesal then aggregate (Li and Kaner, 2006).

Strategies for preventing aggregation include ogatparticles with foreign

Y A version of this chapter has been submittegfdlication.International Journal of Pharmaceutics.
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capping agents and/or tailoring the particle s@fabharges to create separation
through electrostatic repulsigielbadawy et al., 2010; Medina-Rami'rez et al.,
2009). For gample, polyethylene glycosylated nanoparticlesehgreatein vitro
stability due to a steric stabilizatiamechanism (Hinrichs et al., 2006). Also,
some surfactants can improve the stability of sdifid nanoparticles during
storage (Freitas and M"uller, 1998; Kim et al., 20Mehnert and Mader, 2001,
Olbrich and Mduller, 1999). Despite various surfavedifications to increase
nanoparticle stability, their shelf life is stilften limited (Hinrichs et al., 2006).
Once released into the human gastrointestinal mystie stability of the
nanoparticles is largely influenced by pH, protsased the presence of other

food compounds (e.g. polysaccharides and lipids).

Research using natural biodegradable polymers, pikdeins, as delivery
systems continues to be an area of active reseatetest despite the advent of
synthetic biodegradable polymers (Park et al., 200%res-Lugo and Peppas,
2000). Aside from being a vital macronutrient irodip proteins possess unique
functional properties including their ability torfo gels, films and emulsions,
offering the possibility of developing delivery $gms for both hydrophilic and
lipophilic bioactive compoundf&Chen et al., 2006; Liu et al., 2005; Picot and
Lacroix, 2003; Weinbreck et al., 2004). In pastatks, gelatin, casein, whey
protein, soy protein, zein and gliadin have beespared into gels, micro- and
nano-particles incorporating drugs, unsaturatety fatids, vitamins, probiotics as
well as bioactive peptides (Subirade and Chen, R08gdrophilic compounds

release from a protein matrix by diffusion, wherdi@®philic compounds are
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released mainly by enzymatic degradation of thaepmmomatrix in the Gl tract
(Chen, 2009). Barley proteins are an abundant #oddable plant protein source
(Yalgin et al., 2008). Recent research has revethledxcellent emulsifying and
film-forming properties of two major barley proteifmactions: hordein and

glutelin (Wang et al., 2010; Xia et al., 2010).

Our objective was to develop barley protein-basedilsion microcapsules
for oral administration of lipophilic bioactive cqgmunds. This may provide a
new approach for targeted and controlled delivdrpano-encapsulations in the
human gut by avoiding nanoparticle aggregation @egradation during storage
or in stomach conditions. This research describegpteparation, characterization,
and evaluation of emulsion microcapsules basedaotey glutelin and hordein.
Microcapsule degradation and bioactive compouneassd behaviours were
studied usingn vitro systems and are presented together with a discus$ia

proposed encapsulation release mechanism.

3.2 Materials and methods

3.2.1 Materials

Regular barley grains (Falcon) were kindly providad Dr. James Helm,
Alberta Agricultural and Rural Development, LacomBédberta. Barley protein
content was 13.2% (w/w, dry status) as determiryecbimbustion with a nitrogen
analyzer (FP-428, Leco Corporation, St. Joseph, WBA) calibrated with
analytical reagent grade EDTA (a factor of 6.25 wssd to convert the nitrogen

to protein). Barley glutelin and hordein were ecteal using alkaline and alcohol
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methods, respectively, according to our previouskwi@Vang et al., 2010). The
protein content (dry status) was 85% (w/w) for theracted glutelin and 90%
(w/w) for the extracted hordein. Canola oil used the emulsification was
purchased from a local supermarket. Unstained atdnarotein molecule marker
for SDS-PAGE was purchased from Bio-RAD (Richmo@h, USA). Beta-

carotene, pepsin (from porcine gastric mucosa, éd2is/mg) and pancreatin
(from porcine pancreas) were purchased from Sighdaigh Canadaltd.

(Oakville, ON, Canada). All other chemicals wereedgent grade.

3.2.2 Microcapsule preparation

Three types of emulsion microcapsules were prepasety barley glutelin,
hordein and a 1:1 (w/w) mixture of glutelin and ¢h@in. The barley proteins acted
as coating materials and emulsion microcapsulese warepared by an
emulsifying-stabilization method. Firstly, a premik emulsion was prepared by
mixing 15% (w/v) aqueous protein suspension withota oil containing 0.05%
(w/v) pB-carotene (bioactive compound model) at the pragéiratio of 1:1 (w/w)
using a homogenizer (PowerGen, Fisher Scientifieriational, Inc., CA, USA).
Microcapsules were then formed by passing the pretnemulsion through a
microfluidizer system (M-110S, Microfluidics Co.,34) operated at 350 bar. To
prevent an increase in the temperature of the pnadluct, the pipe components
of the Microfluidizer were immersed in a bath oflccavater. The prepared
microcapsules were stored &CAwith 0.025% (w/v) sodium azide until usad
vitro for release and degradation studies. A portiorthef microcapsules were

spray-dried using a mini-spray dryer (Buchi 190 MBpray Dryer, Blchi
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Labortechnik, Flawil, Switzerland) at an air intemperature of 15C and an air
outlet temperature of 55-85 for oil payload evaluation and particle morphglog
observation. The prepared samples were coded as B, and BGH,
corresponding to microcapsules prepared from giytdélordein and their 1:1

(w/w) mixture, respectively.

3.2.3 Microcapsule characterizations

The size of the microcapsules in wet status wassuored at room
temperature by dynamic light scattering using aaZieer NanoS instrument
(model ZEN1600, Malvern Instruments Ltd, UK). Theotein refractive index
(RI) was set at 1.45 and dispersion medium Rl w&S8.1The microcapsule
suspensions were diluted in deionized water toitalde concentration before
analysis and data were averaged from at least thathes. The morphology of
the spray-dried microcapsules was observed wittaarsng electron microscope
(SEM, S-2500, Hitachi, Tokyo, Japan) operating Bk\L The surfaces of the
microcapsules were sputtered with gold, observed photographed. The
powders were also fractured carefully after beirazén in liquid nitrogen, and
the interior morphology of the microcapsules waslgtd and photographed using
the SEM (Xu et al., 2007). The interior morpholagythe wet microcapsules was
also observed using a transmission electron miopes¢TEM, JEOL 2100 EX,
Tokyo, Japan) at an accelerating voltage of 120MWrocapsules were fixed in
2.5% glutaraldehyde in Millonig’s buffer (pH 7.2rf1.5 h and postfixed in 1%
Osmium in the same buffer for 2 h. After dehydrgtin a series of ethanol

solutions of different concentrations, the samplesre then replaced with
81



propylene oxide for two changes for 15 min eacle $ample was then embedded
in Araldite and polymerized at 80 for 48h. The ultrathin section was stained in

2% uranyl acetate and 0.2% lead acetate and plaptiogd (Leung et al., 2005).

3.2.4 Oil payload in the microcapsule

Extraction of oil from barley protein microcapsulgas based on the method
described by Beaulieuet al. (Beaulieu et al., 2002). The spray-dried
microcapsules (250mg) were precisely weighed tongerest 0.1mg and added
into 5ml pure ethanol. The mixture was shaken aoréex mixer for 1 min, the
sample was allowed to rest for 5 min, and then &hthexane was added. The
mixture was shaken vigorously with a vortex mixer 80s and allowed to stand
for 2 min. These mixing and standing proceduresewepeated twice. Five
millilitres of water was added, and the tube waseited several times, and then
sealed and shaken using a Multi-purpose rotatorndead 2314, 1A, USA) for
1h. After centrifugation (Beckman Coulter Avanti®JC€entrifuge, CA, USA) at
8,000 x g for 15 min at 2%, 4ml of hexane was transferred to a tube and
evaporated under nitrogen to remove the solverg.r€maining oil was weighed
to the nearest 0.1mg. The encapsulation efficigity) and loading efficiency
(LE) were calculated by the following equatioEE (%) =Wencapsulated oif Whotal oil
x 100; whereWencapsulated oil lepresents the weight of oil encapsulated in the
microcapsules and andq ol represents the oil added initially in the particle
formation mixtureLE (%) =Wencapsulated oif Wnicrocapsules® 100; WheréMmicrocapsules

represents the weight of the microcapsules encafosglthe oil inside.
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3.25Invitrorelease

Release profiles of the microcapsules were stubiedncubating them in
four different release media: HCI-saline solutiggH(2.0); phosphate-buffered
saline (pH 7.4) or PBS; simulated gastric fluid §@&pH 2.0) with 0.1% pepsin
(w/v); and simulated intestinal fluid (SIF) (pH ¥ With 1.0% pancreatin (w/v).
Three batches were tested for each medium. For eatth, microcapsule
samples were added into 8 separate tubes filldu tivé same release medium for
incubation while continuously shaking using the ¥plrpose rotator at 3.
Each tube contained ~250mg (dry weight) microcassund 25ml release
medium. The tubes were withdrawn at different tintervals. Digestive enzymes
were inactivated by heating the release mediunb3€ %or 3 min. Quantitative
analysis of the releasddcarotene was based on the colorimetric methodaaf P
et al (Pan et al., 2007). THecarotene content in the hexane was determined by
measuring the absorbance at 450nm with a UV-vispkctrophotometer (model

V-530, Jasco, CA, USA). Blank SGF and SIF solutiaese run as zero controls.

3.2.6 In vitro protein matrix degradation

The in vitro protein matrix degradation assays were conductedeeacribed
above for thein vitro release experiments. After digestive enzyme imatitn
and oil removal, the degraded soluble proteins vikem separated from other
substances using an ultra-centrifuge (Optima WUdn&ifuge, MAX-130K,
Beckman Coulter Inc. USA) at 50,0809 for 25 min at 2%. The supernatants

were filtered through Whatman No. 1 filter paped ahe filtrates were then
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freeze-dried (FreeZone 6 Liter Console Freeze Drysteé®n, Labconco
Corporation, Kansas City, MO, USA) and weighedthe hearest 0.1mg. Blank
SGF and SIF with digestive enzymes were also rurccedrols. The percent
protein matrix degradation was calculated by thdlofdng equations:
degradation (%) = Wuegraded protein/ Wmicrocapsule protein Where Waegraded protein
represents the weight of degraded soluble proteithe release medium, and
Winicrocapsule proteif€presents the total protein in the microcapsulgsanges in
microcapsule morphology after incubating in SGF &tld were observed using
the TEM. The samples were prepared by coating perogrid with a thin layer of
digestive suspensioand then staining with 1% (w/v) phosphotungsticdaci
Excess liquid was blotted from the grid, and thamgles were air dried and

examined using the TEM at an accelerating voltdd?0 kV.

3.2.7 Characterization of the protein layer stabilizing nano-

encapsulations

After thein vitro degradation of BGH, BG and BH microcapsules in SGF
with pepsin (section 3.2.6), the liberated nanaglarfprecipitates were isolated
using an ultra-centrifuge at 50,080y for 25 min at 2C and washed thoroughly
with distilled water followed by hexane to remowe remaining oil. Both soluble
fractions and the precipitates were freeze-driedorbe analysis. SDS gel
electrophoresis (Mini-PROTEIN Tetra Cell, BIO-RABercules, CA, USA) was
performed to study the subunits of the protein daysolated from the

nanoparticles and the digested soluble proteinsomparison to the original
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barley glutelin and hordein. The protein sample wased with loading buffer
(0.125 M Tris-HCI, pH 6.8, 4% (w/v) SDS, 20% (v/iglycerol, 0.5% 2-
mercaptoethanol and 1% bromophenol blue (w/v))taed heated at 100 for 5
min. After cooling, 12ul samples (5mg/ml) were leddon 5% stacking gel and
15% separating gel and then subjected to electreglsat a constant voltage of
75V. After electrophoresis, the gels were staineth W.1% (w/v) Coomassie
Brilliant Blue-R-250 in water - methanol - aceticich (4:5:1, v:v:v) for 30 min

and destained with water -methanol-acetic acid:{3\:v.v).

For amino acid analysis, the isolated protein layas hydrolyzed under
vacuum in 4M methanesulfonic acid with 0.2% (w/v) tryptamine@rling to the
method of Simpson et al. (Simpson et al., 1976l wiight modifications. Glass
sample tubes (& 50 mm) were used in the reaction vial assemblyichvivas
then placed to the Work Station (Waters, MilfordAMJSA). After treating as
suggested in the Work Station manual, where théeotsm were hydrolyzed at
115°C for 24h, the pH was adjusted to neutral with BL3NaOH. Amino acid
analysis was performed using the Waters ACCQ-Taghade The high-
performance liquid chromatography (HPLC) systemil@yg series 1100, Palo
Alto, CA, USA) consisted of an autosampler andreabi pump, a control system
with a column heater maintained at 37°C, and a @¥ctor set at a wavelength
of 254nm. A reversed-phase AccQ.Tag ¥58.9 mm C18 column with a solvent
system consisting of a three-eluent gradient (Ate@.eluent, acetonitrile, and
water) was used at a flow rate of 1.5ml/min. Datguisition was controlled by

ChemStation software.
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3.2.8 Satistical analysis

Each type of microcapsule was prepared in threepeddent batches. The
microcapsule size measurements and quantificafiadhed3-caroteneEE andLE
values were done in duplicate for each batch. Begaepresented as the mean of
three batches + SD. For each type of microcapsule,batch of the sample was
randomly selected for thén vitro release and degradation experiments. The
release and degradation data are the mean of ittdependent determinations +
SD. Statistical significances of the differencesravdetermined by Student's t-

test. The level of significance used weas 0.05.

3.3 Results and discussion

3.3.1 Microcapsule preparation

The emulsifying-stabilization process is widely dis® prepare globular
protein (whey and soy protein) based microcapsuldss process normally
involves an initial step to form emulsions in whitte protein wall material acts
as a stabilizer for the core lipid. In the secotepsthe protein wall materials are
solidified by adding a cross-linking reagent (e.glutaraldehyde,
transglutaminase), or coacervating with oppositeharged polymers. These
stabilized microcapsules can then be convertedfiaflowing powders using a
spray-drying technique (Subirade and Chen, 200&his work, the emulsifying-
stabilization process was adapted to prepare BGEHaBd BH microcapsules. A
high protein concentration in particle mixture natiy facilitates protein-protein

interactions to form thick and viscoelastic layatsthe oil droplet surface for a
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better encapsulation of the incorporated lipophdmmpounds (Hogan et al.,
2001). Our preliminary experimental data demonstrdhat the maximum protein
concentration of 15% and an oil/protein ratio of tan be achieved for barley
protein microcapsule formation. Further increadimg protein concentration and
oil/protein ratio led to formation of aggregatettlsy substances, rather than well
dispersed microcapsules. Therefore, a protein cdradeon of 15% and

oil/protein ratio of 1:1 were applied to prepare B@G and BH microcapsules

in this research.

Since barley glutelin and hordein have low soltypiin aqueous solution at
neutral pH (Wang et al., 2010), they were initidilydrated and dispersed in a pH
11 solution adjusted using 8 NaOH at 23C. The dispersion pH was then
reduced to 7 by adding M HCI, followed immediately by the pre-emulsion
process. Such processing allowed the formatiorelatively stable barley protein
suspensions at neutral pH without apparent pretipit, facilitating the
emulsification process. The stable formed pre-migedilsions were then passed
through a microfluidizer system (Wang et al., 201Dterestingly, the well
suspended solid microcapsules, rather than emslsweere formed from all three
types of coating materials immediately after thghhpressure treatment. This
phenomenon is different from that observed for glab proteins (whey and soy
protein) stabilized emulsion systems, where the Igions only form soluble
aggregates via surface hydrophobic interactioner dfigh pressure treatment
(Beaulieu et al., 2002; Floury et al., 2002). Thaque behaviour of barley

proteins to form solid particles during the micudlization process may be
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attributed to the hydrophobic nature of their malac structures that are enriched
with non-polar amino acids (~ 35-38%) including pre| alanine, valine,
isoleucine, and leucine (Wang et al., 2010). Addailly, the hydrophilic amino
acid residues in barley proteins are probably lbuire the core, whereas the
hydrophobic amino acid residues are exposed owuks&de (Zhao et al., 2010).
Barley protein’s surface hydrophobic nature mayla&rpits tendency to adhere
and completely cover the oil droplets rapidly i gore-emulsion process. These
complexes would tend to strongly aggregate dueytivdphobic surface patches
to form thick unruptured coatings after high preestreatment. This unique
behaviour is quite favourable from an industry poai view for the mass
production of micro-encapsulations. Processinglsasimplified by removing the
cross-linking or the coacervation processing, axictor expensive cross-linking

reagents are not necessary.

3.3.2 Microcapsule characterization

All three types of microcapsules can be convertgd white and free-flow
powders by spray-drying. SEM photographs of thapiried BGH, BG and BH
microcapsules are shown in Figure 3-1. These pestidemonstrated diameters
ranging from 3-5um with a spherical shape; however, their surfacepmaogy
differed. BGH and BG microcapsules were dense, kefi@@e and possessed
smooth surfaces (Figure 3-la and b) with many sipates homogeneously
distributed inside (Figure 3-1d). A porous struetuvas observed for BH
microcapsules (Figure 3-1c). As revealed in ouwiptes work, hordein forms

soft and viscous dough when dispersed in water /¢aml., 2010). Hordein may
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have similar physical properties as wheat dough @ expand or “balloon”
when heated. During spray-drying, high drying ratessociated with small
particles can lead to rapid hordein wall balloonatgan early stage of heating.
This process is also accompanied by hordein demtaior and the loss of
viscoelasticity (Cauvain, 2003). Thus, further exgian can result in the breaking
of coating networks, leading to a porous structuB& dose not exhibit
viscoelastic characteristics, and therefore cannta@m a dense coating wall
structure during the whole spray-drying processe Bmall pores inside the
microcapsules indicate that oil droplets were veelparated within the protein
micron-matrix. Similar surface morphology of BGH amocapsules and BG
microcapsules suggests that the coating wall serfaas mainly composed of
glutelin, forming a dense outside structure thavpnted hordein ballooning.
Figure 3-1e shows the internal morphology of theHB@icrocapsule without
spray-drying observed by a TEM. Unlike hydrophpioteins which form a thin
layer membrane around oil droplets that stabilize émulsion, barley protein
formed solid granules coating oil droplets with esizranging from several
hundred nanometers to aroundni These granules then associated to form
microcapsule. BG and BH microcapsules (without wlgring) showed a similar
interior morphology compared to BGH microcapsulegufes not shown). Such
dense, crack-free surface features and interiorramépsule-coating-granule
structures may allow BGH and BG microcapsules ttebevithstand mechanical
stresses and protect the incorporated ingrediggamst harsh environments (e.g.

oxidation, low or high pH).
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Figure 3-1 Surface morphology of spray-dried microapsules

Prepared from (a) BGH, (b) BG, (c) BH, and (d) iiltemorphology of spray-dried BGH
microcapsules by SEM, as well as (e) interior motply of BGH microcapsules
(without spray-drying) by TEM.
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3.3.3 Microcapsule loading and in vitro release

Beta-carotene was selected as the model bioactwgpaund, since this
precursor of vitamin A is well recognized as a dsepreventing antioxidant.
Although abundantly available in vegetables andgywnly a small proportion of
B-carotene is bioavailable from its natural plantnravhen taken orally (Rich et
al.,, 2003; Tyssandier et al., 2003). Incorporatifigcarotene into micro-
encapsulated emulsions provides a convenient metbo@&nhance its oral
absorption in the human GI tract. As shown in Tablg, three types of barley
protein microcapsules all demonstrated very Hgh(92.9-97.0%) andlE (46.5-
48.5%) values, indicating most of the addedarotene was encapsulated in the
barley protein microcapsules. This is probably tudarley protein’s excellent
emulsifying properties (Wang et al., 2010) as veallits capacity to form solid
microcapsule-coating-granule structures during hogbssure treatment which
means the oil droplets are well retained inside pheticle matrix during the
particle formation and spray-drying processes.pitesof their porous structure,
BH microcapsules demonstrated simite andLE values to those of BGH and
BG microcapsules. This suggests that the BH mateay bind oil droplets, which

prevents their leakage during the spray-drying @ssc

Table 3-1 Encapsulation efficiencyEE) and loading efficiency LE) for barley
protein microcapsules

Microcapsules EE (%) LE (%)
BGH 955+2.6 47.8+1.3
BG 97.0+3.0 485+1.5
BH 929+17 46.5+0.8
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The release properties of the three types of mapsales were investigated
in the simulated gastric and intestinal fluids watind without digestive enzymes.
A control experiment verified thgt-carotene cannot be released from BGH, BG
and BH microcapsules without digestive enzymes kh 20 and 7.4 buffers,
indicating that the integrity of the microcapsueas well maintained. Thus only
B-carotene release profiles in SGF with pepsin al#l th pancreatin were
described in Figure 3-2. In SGF with pepgircarotene was slowly released from
BGH microcapsules and less than F&arotene was detected in the release
medium after 2h of the test. This corresponds ¢ousual time for food and drugs
to pass through the stomach to the small integirgure 3-2a). Even after 6h of
the test, only 11.3%-carotene was released. Interestingly, in SIF wéhcreatin,
B-carotene was steadily released from the BGH mapsgles at almost zero-
order release kineticg’(= 0.97) in the first 2h. Over time the releaseveur
levelled off gradually, until after 6h when 91.6% tbe B-carotene had been
released. Similap-carotene release profiles were observed for BG BKRd
microcapsules in the simulated Gl tract, excepBidrmicrocapsules in SGF with
pepsin, wher@-carotene release rates increased rapidly aftan@60.5% of the

B-carotene was released after 6h (Figure 3-2b and c)
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Figure 3-2 Release profile off-carotene in the simulated gastric (SGF) and intestal
(SIF) fluids with digestive enzymes
From (a) BGH, (b) BG and (c) BH microcapsules.

All three types of microcapsules had good stabihitipoth neutral and acidic
agueous solutions, likely due to their surface bptipbicity that formed a strong
barrier to prevent permeation of environmentald#uiAccording to our previous
work, microcapsules made from hydrophobic proteiresgenerally not sensitive
to pH changes and swell little in aqueous mediae(Cand Subirade, 2009). No
leakage of oil was observed even after storage hefse three types of
microcapsule suspensions for more than six moritdSCain different pH buffers
(without digestive enzymes). This storage test destrates their excellent

potential to encapsulate bioactive compounds fer insliquid and semi-liquid
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food and drug formulations. The stability of BH mucapsules in aqueous media
also indicates that the particle integrity was ereed after passing the
microfluidizer, confirming that the porous struawas formed during the spray-
drying process. The nature of these barley proteicrocapsules to retarf-
carotene release in SGF for 2h increases theHiketl of bioactive compounds
reaching the intestine for absorption in an intwd active condition. Moreover,
the near zero-order release kinetic$-@arotene in SIF in the first 2 hours would
enhance their absorption in the small intestBienilar release profiles were also
observed for dry status barley protein microcapsu{edata not shown).
Comparably, the dried microspheres seemed to showe netarded release than
the wet-status microcapsules, which may be atethub the reinforcement of
particle surface after spray drying process. Therdiysis therefore took more

time and finally led to more sustainable release.

3.3.4In vitro degradation

Protein degradation studies of BGH, BG and BH naapsules were
conducted in SGF and SIF media. Since no soluldeir was detected in pH 2.0
and 7.4 buffers without digestive enzymes accordinthe control experimental
data, only protein degradation profiles in SGF &@I# with enzymes were
described in Figure 3-3. Surprisingly, all thregpdy of microcapsules very
rapidly degraded in SGF with pepsin and SIF withgoaatin. Most of the protein
(65-90%) was converted to soluble protein hydrdsafter 30 min of the test.
The degradation curve then levelled off in thedwaling hours. No significant

differences in degradation profiles were observewtrag these three types of
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microcapsulesp&0.05). The rapid protein degradation in the sinadaGl tract

with enzymes indicates that all three types of dyaprotein microcapsules are
vulnerable for digestive enzyme attack, the samanasocapsules based on
globular proteins (Chen et al., 2010). The oveyadtein network degradation and
B-carotene release over time were poorly correlabedspite of rather quick

matrix degradation for all three types of barlegtpin microcapsules, seldom was
B-carotene released in SGF within 2 h. Beta-carotetease rates in SIF were

much slower than protein matrix degradation ratewell.
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Figure 3-3 Protein degradation profile

(a) BGH, (b) BG and (c) BH microcapsules in thewudated gastric (SGF) and intestinal
(SIF) fluids with digestive enzymes.

97



The degraded barley protein microcapsules were ohserved with a TEM
after samples had been incubated in simulated &t twith digestive enzymes.
Figure 3-4 shows the morphology changes of BGH oompsules in SGF and SIF.
Nanoparticles with average sizes between 20-30 r@dominated as a result of
microcapsule bulk matrix degradation when incubate8GF for 30 min (Figure
3-4a). After 1 h of incubation, bulk matrices digapred with mono-dispersed
nanoparticles remaining in the release medium (€ig+4b). In order to test
whether these nanopatrticles could be transfertedtive simulated intestinal tract
without aggregation, their stability was furthendied in pH 7.4 buffer without
pancreatin. The liberated nanoparticles were \stll-dispersed in pH 7.4 buffer
within 30 min as observed by TEM (figure not show8pme aggregation did
occur after 2h of incubation in pH 7.4 buffer; hawe most of the particles
exhibited a size of 50-250 nm (Figure 3-4c). Insérgly, in SIF with pancreatin,
both liberated nanoparticles and the original BGldratapsules were degraded
within 6h of incubation, leaving well dispersed asmulsions in the SIF
medium. Figure 3-4d shows emulsions released franoparticles. These
released nano-emulsions were probably stabilized thy soluble protein
hydyrolysates in the release media, which may imprthe absorption of the
incorporatedp-carotene in the small intestine (Rich et al., 200Bhe same
phenomenon was observed for BG microcapsules, exeepmore rapid
degradation occurred for BG microcapsules in SGik wepsin. After 10 min of
incubation, the protein matrix disappeared comptet@nd mono-dispersed

nanoparticles of 20-30 nm were found in the releasdium (figure not shown).
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Nanoparticles were also formed from pepsin degradatf the BH microcapsules,
however, these nanoparticles aggregated quicklye omteased, resulting in

formation of precipitates.

Figure 3-4 Morphology changes of BGH microcapsuleis the SGF and SIF by TEM
Nanoparticles observed after incubating microcagssil SGF with pepsin (a) for 30 min
and (b) for 1 h, and nanopatrticles incubated in(8)Rvithout pancreatin for 2 h, and (d)
with pancreatin for 6 h.

This phenomenon of obtaining nanoparticles from tlegradation of a
protein matrix has never been reported previou3lye unique degradation
behaviour of barley protein microcapsules is likediated to the special structure
of the protein layer directly coating the nanopdes. This protein resists pepsin
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degradation and stabilizes incorporated oil dreplehich explains the limiteg-
carotene release in SGF. When transferred into 8iiS, protein layer was

hydrolyzed by pancreatin to release the nano-eongstontaining-carotene.

3.3.5 Characterization of the protein layer coating nanoparticles

Since only the thin layer of protein directly coafi the nanoparticles
imparted resistance to pepsin degradation, thetstei of this layer of protein
may be more important than the protein matrix ahale in providing resistance
against hydrolysis. These surface layers of proteeme studied by separating
them from the degraded soluble proteins by pretip the nanoparticles
liberated from BGH, BG and BH microcapsules usingidracentrifuge (labelled
as CRghH, CRsg and CRy). Their SDS-PAGE patterns were compared with those
of the hydrolyzed soluble proteins from BGH, BG d&td microcapsules (SR,
SRsc and SRBy), and the original barley glutelin and hordeingiife 3-5). Four
subunits of hordein were identified of moleculangids 85-90; 55-80; 30-50 and
< 15 KDa, corresponding to D, C, B and A hordenespectively (Figure 3-5 line
b). B (S-rich) and C hordeins (S-poor) are the ma@mponents which account
for 70—80% and 10-20% of the total, respectivelgl(S et al., 2006). The 85-90
KDa molecular weight band was weak, suggestingdhit a small portion of D
hordeins were extracted when ethanol was usedeasdle extraction agent. D-
hordeins are regarded as the high molecular weitgrtige proteins of barley
consisting of polypeptides linked together withemmolecular disulfide bonds
(Celus et al., 2006). They can be extracted byhalcsolution in the presence of a

high concentration of reducing reagent to breakitier-chain disulfide bonds.
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The barley glutelin fraction showed four major bsitadl molecular weights of 85-
90; 35-55; 25 and <20 KDa, respectively (Figure 838 a). The band at 85-90
KDa was assigned to D-hordeins, which have limgellibility in ethanol alone,
but can be extracted in alkaline solution. The brband at 35-55 KDa may be a
contamination of B-hordeins in the glutelin fractidoecause it was not possible
to prepare an undenatured glutelin fraction fredaflein contamination (Celus
et al., 2006). In general, barley glutelin haslen investigated as extensively as
hordein, thus information about its subunits isitéd. All the major bands
disappeared in the SDS-PAGE patterns of the hydealysoluble proteins after
incubating BGH, BG and BH microcapsules in SGF vpépsin for 2 h. Instead,
new broad bands appeared at the bottom of laner@@&5, line c-e), confirming
that most of the proteins in BGH, BG and BH micqmaes were rapidly
hydrolyzed to form peptides with molecular weightadler than 10 KDa. The
SDS-PAGE patterns for GB4, CRsc and CRy showed a broad band at 40-50
KDa (Figure 3-5, line f-h). This confirms that throtein layers coating on
nanoparticles can resist pepsin degradation wharbated in SGF. According to
SDS-PAGE patterns, these protein layers could leepant of B-hordein subunits
or peptides resulting from partial hydrolysis ob€CD-hordeins that were resistant

to further pepsin digestion in SGF.
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Figure 3-5 SDS-polyacrylamide gel electrophoresis

(a) barley glutelin, (b) barley hordein, and (cxS§P (d) SR, () SRy after incubating
BGH, BG and BH microcapsules in SGF with pepsindr, as well as (f) GRn, (9)
CPsg and (h) CRy after incubating above microcapsules in SGF wighgin for 2 h.
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For a further structural understanding of theseegimocoating layers, their
amino acid compositions were determined (Table.3z8cH, Chsg and CRy
possessed obviously different amino acid compaostioSince glutamic acid
(glutamine) and proline are two of the most abuh@anino acids in both barley
hordein and glutelin, the percentage of these mvma acids in CRsy, Chsg and
CPsy were in proportion to their hordein and gluteliontent. The Cgs
possessed 19.58% glutamine acid (glutamine) argl’%l proline, similar to the
amino acid composition of glutelin. @& and CRBy possessed 34.75-39.45%
glutamic acid (glutamine) and 29.15-31.19% proliseqilar to the amino acid
composition of hordein. This means that the prol@yer coating on nanopatrticles
liberated from degradation of the BG matrix is @bly mainly composed of
subunits from barley glutelin, whereas, the protayers coating on nanopatrticles
liberated from degradation of the BGH and BH maiabe probably mainly

composed of subunits from barley hordein.
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Table 3-2 Amino acid composition of the hordein, gitelin and protein coatings on
nanoparticles liberated from BGH, BG and BH microcgsules (%)

Amino acid Hordein  Glutelin GRy Chsg Chsy

asx 1.47 3.05 3.57 7.79 1.75
ser 5.44 13.11 4.35 7.00 3.23
glx 34.32 15.72 34.75 19.58 39.45
gly 2.68 7.88 4.44 8.68 1.65
his 0.89 1.93 0.78 1.08 0.30
arg 3.86 6.03 1.83 3.17 1.49
thr 2.30 4.31 2.65 4.12 1.24
ala 2.95 6.28 2.37 4.88 1.11
pro 21.13 11.87 29.15 14.67 31.19
cys 2.05 1.73 0.37 1.38 0.84
tyr 2.54 3.15 3.85 4.61 3.53
val 4.21 5.33 2.09 3.91 1.28
met 0.21 0.00 0.30 0.41 0.28
lys 0.84 3.94 1.09 1.95 0.39
ile 3.66 3.90 411 5.34 2.99
leu 6.37 7.66 3.79 6.21 2.41
phe 5.07 4.10 0.52 5.21 6.90

The order of amino acids listed in the table fokawe elution order of the amino acids
from the reversed-phase HPLC chromatographic column

3.3.6 Nanoparticle formation mechanism discussion

In barley protein microcapsule preparation prociss,deduced that protein
subunits in hordein or glutelin compete to adsdr® hydrophobic oil droplets
during the pre-emulsion step. Upon high pressueatiment, these coated oll
droplets aggregate to form larger granular padickrhich are subsequently
entrapped in a microcapsule matrix. In SGF, thé licrocapsule matrices are

rapidly degraded by pepsin. However, the proteyedadirectly contacting oil
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droplets is resistant to pepsin digestion, leadmthe liberation of nanoparticles

incorporatingB-carotene.

Two main reasons may explain at least part of ithtisresting property of
degradation resistance. Firstly, proteins with hpgbline content are generally
more resistant to degradation by digestive enzy8aspson, 2001). The proline
content of CBsy and CRy was significantly higher than barley hordein, atgb
for CRsc compared to glutelin. Secondly, the majority ofpgia-labile
hydrophobic amino acid groups on protein chainsewikely buried inside the
matrix, leaving hydrophilic groups outside. §&gB, CRsc and CRy all formed
thin films with the hydrophobic amino acid residuesontact with the oil phase
to stabilize the emulsions, so gd8, CRsc and CRy layers represented a less
vulnerable substrate to pepsin digestion (ChenSarmrade, 2006; Morr and Ha,
1993). The slower bulk matrix degradation of BGHl&@H microcapsules in
SGF with pepsin compared to BG microcapsules camla attributed to a higher
proline content in hordein than that in glutelirhe aggregation of nanoparticles
coated with CBy may be related to the “dough formation” propertyhordein.
Once librated from the BH microcapsule matrix, tBBsy coating tended to
aggregate, resulting in inter-particle bridges fivally led to caking and particle
collapse. Extensive protein coating aggregationwéeh adjacent emulsion
droplets also could lead to coating rupture. Thag/mxplain the higher release of

B-carotene from BH microcapsules after 3h of incidmein SGF with pepsin.

In SIF, the liberated nanoparticles remained weslpersed within 30 min of

incubation. Although some aggregation occurrednatieds, most of the particles
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were in the range of 50-200 nm. It is expected thase nanoparticles would
adhere to the intestinal mucosa owing to their salon size which would
prolong the particles’ intestinal residence timbae3e nanoparticles are degraded
in SIF by pancreatin which is a mixture of seveligkestive enzymes produced by
the exocrine cells of the pancreas (amylase, lipaseproteases). These enzymes
could breakdown the protein-lipid and protein-pmotmteractions and therefore
interrupt protein aggregation structures in theroigarticle and nano-particle
matrices. Thus, nano-emulsions incorporaftacgrotene were gradually formed

during 6h of the test.

3.4 Conclusion

This research is the first to report that nano-psgktions were formed as a
result of enzymatic degradation of barley proteilcrotapsule bulk matrix in a
simulated gastric tract. These nano-encapsulatieisrered p-carotene to a
simulated human intestinal tract intact, where tiweye degraded by pancreatic
enzymes and steadily released fihaarotene. This vitro system shows potential
to facilitate lipophilic bioactive compound absagpt in the human digestive tract,
which needs to be proven in futurevivo experiments. The uniquely structured
barley protein matrix microcapsules do not aggreghitring storage or in harsh
human gastric conditions. Additionally, they can frepared by a simple and
convenient process without the addition of orgasavents or surfactants.
Compared to traditional submicron oil-in-water esiohs stabilized by
surfactants and/or polymers (Simovic and Presti@§€7), these nanopatrticle-

coated emulsions may offer superior potential toveseas controlled release
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systems for delivery of lipophilic bioactive compmals in the pharmaceutical and

food industries.
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Chapter 4 General Discussions and Conclusion

4.1 A summary of research results

We successfully developed barley protein microckgssuncorporating
lipophilic bioactive compounds (fish op;carotene) by a pre-emulsifying process
followed by a high pressure homogenization treatm&he optimal conditions
for microencapsulation formation were determined e 15% protein
concentration and 1:1 oil/protein ratio. The formedcrocapsules can be
converted into white, free-flowing powders by aagpdrying process at the
optimum inlet temperature of 150°C. The formed puapsules demonstrated a
spherical shape and a smooth surface with a diametging from 1 to pm as
observed by the scanning electron microscope (SBElMl)ke hydrophilic proteins
which usually form a thin layer membrane arounddodplets that stabilize the
emulsion, barley protein can form solid coatingstdrap lipophilic compounds
after passing a high pressure homogenizer, sonbatolidification reagent or
process was needed. The spray drying is therekeé as a drying method to turn
wet-status microcapsules into dry powders. The awapsules demonstrated
multiple emulsions like inner structure with oilogilets well distributed/separated
within the matrix. A high oil carrying capacity (@psulation efficiency, 93-97%;
loading efficiency, 46-49%) was observed for allllwkesigned microcapsules.
Lower moisture content was also noticed for sprajedd barley protein

microcapsules compared to spray dried whey protmicrocapsules. The
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microcapsule preparation process is simple, coewgnisolvent friendly (no

organic solvents or surfactants) and is able teetgmlcontinuous production.

4.1.1 Results for protective ability

Oxidative stability of the encapsulated fish oil smstudied in accelerated
storage tests as well as in real food formulatimdk and yogurt) with the
purpose of revealing the protective ability of legrprotein matrix. For dry status
microcapsules, all encapsulated fish oil demorstrdesirable oxidative stability.
The relatively higher initial PV values observed fdl encapsulation systems
might be attributed to the oxidation of the surfaear surface oil of the matrix.
Comparably, barley protein microcapsules providéeb@rotective ability against
fish oil oxidation than whey protein microcapsulegich might be due to their
less surface/near surface oil and the lower mastontent. Among barley
protein based microcapsules, thi®2BG1H2 matrix demonstrated the best
protective ability and generally, those containimgh content of hordein all
exhibited the lowest PV values suggesting that éaragnay play an important
role in preventing oil oxidization. For wet statmscrocapsules, all microcapsules
verified extremely low oxidation levels of the epsalated oil (PV < 30 meq
peroxide/kg oil) compared to dry microcapsulesrafte 8 week treatment. This
phenomenon suggests barley protein microcapsulessgatus) might work as
efficient carriers in liquid/semi-liquid food systs. Oxidative stability of
encapsulated oil in real food formulation (milk aymhurt) was also studied. The
W-BG1H2 andW-BWG systems confirmed desirable stability (PV < 12@q

peroxide/kg oil) especially for those in yogurtrfarlation in which the PV level
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is below 5 meq peroxide/kg oil even after 5 weeksstrage. It has been
recommended that PV levels shouldn’'t exceed 30 pmgxide/kg oil in an
edible food product (Naohiro and Shun, 2006). Thius,above result proves the
potential of barley protein microcapsules beingduse liquid and semi-liquid

food systems.

4.1.2 Results for controlled release

The release properties of barley protein microckgsswere investigated in
the simulated gastric and intestinal fluids. Fot s@tus microcapsules, nutrient
was seldom released in simulated gastric fluid (5@ith pepsin, while in
simulated intestinal fluid (SIF) with pancreatinytnent was steadily and almost
completely released during 6h. The desirable relega®file for wet status
microcapsules was found to be associated with ypgretein matrix degradation
profiles. After incubating barley protein microcafes in SGF for 30 min, nano-
encapsulations (20-30nm) were formed as a resuyleps$in degradation of barley
protein microcapsule bulk matrix. These nano-engdagisns deliveredp-
carotene to a simulated human intestinal tractintahere they were degraded by
pancreatic enzymes and steadily release@it@otene. Thén vitro data shows
potential of using barley protein microcapsulesaailitate lipophilic bioactive
compound absorption in the human digestive trabickvneeds to be proven in
future in vivo experiments. These uniquely structured barley egmomatrix
microcapsules do not aggregate during storage oharsh human gastric
conditions. Compared to traditional submicron oHarater emulsions stabilized

by surfactants and/or polymers, the formed nanabewtoated emulsions from
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micro-matrix degradation offer superior potentialderve as controlled release
systems for delivery of lipophilic bioactive compmals in the pharmaceutical and
food industries. Similar release profiles were fddar dry status barley protein
microcapsules, however no further research has dbee® so far, referring to their
release mechanisms. Comparably, the dried microsplseemed to show more
retarded release than the wet-status microcapsiliesh might be attributed to

the reinforcement of particle surface during theagmrying process.

4.2 Discussions and conclusions

Food proteins have already been widely used togpeep wide range of
matrices alone or in combination with other polymar the form of hydrogel,
micro- or nanoparticles, with the purpose to incogbe nutraceuticals to develop
innovative functional food products. The most comiyoused protein for
encapsulating food ingredients is milk (or wheyptpins (Kagami et al., 2003;
Rosenberg and Sheu, 1996). Other animal proteiols as gelatin, casein, and
some plant proteins such as soy protein, zein amehtvproteins have also been
developed as efficient coating materials (Ezped¢tal., 1996; Latha et al., 2000;
Lazko et al., 2004; Liu et al., 2005; Paynea et28102; Swatscheka et al., 2002).
Clear advantages of food protein matrices includg hutritional value, abundant
renewable sources, and acceptability as naturadtyuroing food components
degradable by digestive enzymes. Some limitatidmsyever, still exist. For
example, (a) the cross-linking reagent that is lpguaeeded for coating
solidification, may lead to toxic side effects, (hg sustainable release might not

be successfully achieved by hydrophilic protein nwatdue to their high
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permeability in aqueous environments and (c) higligen permeability was
found in some cases for wall material comprisedrd§/ protein. As one type of
hydrophobic protein, barley proteins, comparabgueal promising potential of

being used as protective vehicles for nutraceutitdivery. The demonstrated

advantages include:

(1) No cross-linking reagents were needed in the mapgsale preparation
process, since self-sustainable-solid-coating vids #® form after high

pressure emulsifying process.

(2) The high hydrophobic nature of barley protein nxaead to its favorable
protective ability against fish oil oxidation arttetformed microcapsules

were especially suitable to be used in liquid/skquiid food system.

(3) The hydrophobicity together with its unique struet@also resulted in a
limited nutraceutical release behavior in the sated gastric fluid (SGF)

but a sustainable controlled release in the siradlattestinal fluid (SIF).

(4) Nano-encapsulations (20-30nm) were observed asudt & enzymatic
degradation of microcapsule bulk matrix in the dated gastric tract.
These nano-encapsulations delivered nutraceuticassimulated human
intestinal tract intact, where they were degradggéncreatic enzymes

and steadily released the nutraceuticals.

Further research, however, is still needed for icomiig the oxidative

stability of various encapsulated nutraceuticals ainbarley protein matrix.
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Meanwhile,in vivo experiments are needed as well, to verify them@teof the

barley protein matrix in facilitating lipophilic bactive compound absorption in
the human digestive tract. Furthermore, greateddomental understanding of
protein—protein and protein—nutraceutical intexatdi at the molecular level and
their impact on the functionality of proteins is@lrequired to ensure ideal design

of these nutraceutical carriers for use in the fpbdrmaceutical industry.
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