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ABSTRACT

ENHANCEMENT OF STORAGE STABILITY OF WHEAT GERM OIL
BY ENCAPSULATION

Karadeniz, Meltem
M., Department of Food Engineering
Supervisor : Prof. Dr. Serpil Sahin

Co-Supervisor: Prof. Dr. Gulim Sumnu

December 2015, 85 pages

Wheat germ oil is a rich source of omega 3 and omega 6-fatty acids, octacosanol
and tocopherol which has vitamin E activity. Due to these properties it is very
beneficial for health but it is prone to oxidation in free form. Encapsulation
provides protection of food ingredients from environmental stresses and increases
the stability and functionality of the ingredient, which makes it possible to be used

in functional foods.

The main objective of this study was to encapsulate wheat germ oil and to
investigate its physicochemical properties and stabilities during storage. In
encapsulation, aqueous solutions of maltodextrin (MD), gum arabic (GA), whey
protein concentrate (WPC), chitosan (CS) and sodium caseinate (NaCa) at
different concentrations were used as wall material. Core to coating ratio was
constant as 1:8.The effects of different homogenization techniques
(ultrasonication (US), high speed blending by silent crusher (SC) and

microfluidization (MF)) on particle size distributions of emulsions and efficiency



of microcapsules were investigated. The effect of different treatment passes in MF
was also studied. In addition, the capsules prepared at the optimum conditions
were studied for their storage stability by determining totox value and a-
tocopherol concentration during storage at 15°C and 45°C at 33.3% RH and
31.10% RH, respectively.

NaCa was found to have better encapsulation properties than CS, WPC and GA in
encapsulation of wheat germ oil. The SC and MF techniques were better in the
formation of stable emulsions as compared to US. The change in treatment passes
of MF did not have significant effect on encapsulation efficiencies; on the other
hand, the increase in treatment passes decreased particle size of the emulsions.
When storage temperature was 15°C, even the non-encapsulated oil was stable to
oxidation. Storage stability analyses showed that rate of oxidation of fresh oil was
higher than that of encapsulated oil stored at 45°C and microcapsules could
maintain their stability for 20 days.

Keywords:  Microencapsulation, wheat germ oil, sodium caseinate,

microfluidization, totox value
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oy4

RUSEYM YAGININ DEPOLAMA STABILITESININ KAPSULLENEREK
ARTTIRILMASI

Karadeniz, Meltem
Yuksek Lisans, Gida Miihendisligi Bolumu
Tez Yoneticisi : Prof. Dr. Serpil Sahin

Yardimc1 Tez Yoneticisi : Prof. Dr. Gulim Sumnu

Aralik 2015, 85 sayfa

Bugday ruseym yagi, omega 3 ve omega 6 yag asitleri, oktasanol ve E vitamin
aktivitesi gosteren tokoferol bilesenleri agisindan zengindir. Bu bilesenleri ile
saghga oldukga yararhidir; fakat serbest halde oksidasyona egimlidir. Kapsulleme
gida bilesenlerinin ¢evresel etmenlere karsi korunmasmi saglar. Gidanin
stabilitesini ve islevselligini arttirarak fonksiyonel gidalarda kullanilabilmesini

saglar.

Bu c¢aligmanin amaci, bugday ruseym yagmin kapsiillenmesi ve kapsiillerin
fizikokimyasal  Ozellikleri ile depolama sirasindaki  dayanikliliklarin
incelenmesidir. Kapstllemede,  kaplama  malzemesi  olarak  farkli
konsantrasyonlarda maltodekstrin (MD), arap zamki (GA), peynir alti suyu
protein konsantresi (WPC), kitosan (CS) ve sodyum kazeinat (NaCa) sulu
cozeltileri kullanilmistir. Yag:kaplama malzemesi orani 1:8 olarak sabitlenmistir.

Ultrasonikasyon (US), yiiksek hizli karigtirma (SC) ve mikroakiskanlagtirma (MF)

vii



homojenizasyon tekniklerinin kapsilleme verimliligi ve parcacik boyutu dagilimi
Uzerindeki etkisi incelenmistir. Ayrica, farkli sayida mikroakigskanlastirma
isleminde dongli sayisinin etkisi de calisilmistir. Buna ek olarak, optimum
kosullarda hazirlanan kapsiillerin 15°C ve 45°C sicakliklarda goreceli olarak
33.3% ve %31.1 bagil nem kosullarinda saklanmalar1 sirasinda totox degeri ve a-

tokoferol konsantrasyonu tespit edilerek raf omrii stabiliteleri ¢alisiimistir.

NaCa kaplama malzemesinin, bugday riiseyminin kapstllenmesinde, CS, WPC ve
GA’dan daha etkili oldugu goriilmiistiir. SC ve MF homojenizasyon tekniklerinin
stabil emiilsiyon olusturmada US’den daha iyi oldugu goriilmiistiir. MF dongu
sayisindaki artis, kapsilleme verimini etkilememistir; fakat diger yandan islem
sayist arttikca emiilsiyon pargacik boyutu kii¢iilmiistiir. Depolama sicakligi 15°C
oldugunda kapsiillenmeyen yag bile oksidasyona dayaniklidir. Raf omri
dayaniklilik analizleri, 45°C’de kapsiillenmemis yagmn oksidasyon hizinin
kapstillenen yagdan daha yiiksek oldugunu ve kapsiillerin dayanikliliginin 20 giin

korunabildigini gostermistir.

Anahtar Kelimeler: Kapsilleme, bugday ruseym yagi, sodyum kazeinat,

mikroakigkanlastirma, a-tokoferol
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CHAPTERS

1. INTRODUCTION

1.1 Wheat

Cereal crops are the main supply for dietary food due to their nutritional
composition and being a good source of energy. Besides human diet, through
animal feeding and industrial applications cereal crops are major feeds providing
protein and starch requirements for animal growth and industrial processes. In
accordance to highly need of cereal crops, they are widely grown throughout the
world. The World cereal production was about 2.3 billion tons in 2013 (Wrigley
& Batey, 2010; Dunford, 2012; FAO, 2014).

Wheat, which is one of the first and widely grown cereal crops, comprises twenty
percent calories of human consumption. Nutritional characteristics, ease of growth
and production of many different foods out of wheat make it the basic constitute
of world’s diet (Table 1.1) (Wrigley & Batey, 2010; Pomeranz, 1987). Among all
cereal crops, wheat is the one having the highest production and trade. According
to FAO statistics, in 2013 the world wheat production was about 661 million tons
as major cereal crop (FAO, 2014).

Wheat is cultivated on a broad land space over the world. It is adaptable to
different climatic conditions from Arctic Circle to Equator and various types of
land when the sufficient water is supplied. It has the highest growth yield in the
regions where the temperature is moderate of about 15°C and the annual rain is
high such as North America, Europe, Asia and North Africa (Pomeranz, 1987;
Khan & Shewry, 2009; Bushuk & Rasper, 1994; Wrigley & Batey, 2010).
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Figure 1.1 The relationship among parts of the wheat spike or
ear (Khan & Shewry, 2009).

Turkey is in the top ten among world wheat leading producers and annual wheat

production was 20.5 million tons wheat produced annually in 2013 (FAO, 2013).

Table 1.1 Human consumption of wheat based foods and of foods from all cereal
sources in the year 2003 for the world. Source: FAOSTAT data, accessed in 2009
via the website (www.fao.org; Wrigley & Batey, 2010)

Units From wheat  From all cereals
Food kg/person/year 67 151
Food g/person/year 184 414
Protein g/person/year 15 31
Fat g/person/year 31 5



http://www.fao.org;

Wheat has botanical name Triticum under the grass family, Graminae called for
cereals. Triticum aestivum and Triticum durum are the most widely grown among
5,000 species of Triticum genus. T. aestivum which is processed for the
production of bread, cakes, pastries, biscuits, puddings, thickeners and noodles
has about 90% cultivation of total wheat growth (Bushuk & Rasper, 1994;
Wrigley & Batey, 2010; Pomeranz, 1987). Wheat, the progeny of wild einkorn
species, is further classified according to its agricultural and physical
characteristics attributed to its chemical composition. Wheat is rich in chemical
composition thereby one of the primary supplies for lipids, proteins, vitamins and
minerals other than being a major contribution to daily calories (Bushuk &
Rasper, 1994; Pomeranz, 1987).

In Fig.1.1, the parts of wheat spike can be seen. Wheat grain (caryopsis)
constitutes for almost half of total biomass in whole one seeded wheat crops. Its
chemical composition differs in proportion along the layers of wheat kernel
(Table.1.2). Structure of wheat kernel can be seen in Fig.1.2. (Pomeranz, 1987;
Yu, 2008).

Table 1.2 Weight, ash, protein, lipid and crude fiber contents of main anatomical
parts of the wheat kernel and of flours of different milling extraction rates
(Pomeranz, 1987)

Wheat kernel fractions

Parameter Pericarp Allzt;r('ac;ne enSdtggggm Germ
Weight (%) 9 8 80 3
Ash (%) 3 16 0.5 5
Protein (%) 5 18 10 26
Lipid (%) 1 9 1 10
Crude fiber (%) 21 7 >0.5 3
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Figure 1.2 A wheat kernel (Yu, 2008)



Endosperm is mainly formed of carbohydrates which are starch in majority,
arabinose and xylose of free sugars, glucofructans, cellulose and hemicellulose.
The considerable amount of wheat proteins is present in endosperm layer. These
proteins are gliadin and glutenin proteins to a great extent (Dunford, 2012;
Bushuk & Rasper, 1994). The effect of wheat proteins on variation of product
quality was studied by many researchers and their ability of creating viscoelastic
structure which is the desired end product property was stated in several studies
(Schofield, 2000). Magnesium, phosphorous and potassium are the minerals
found in wheat grain. Thamine, riboflavin and niacin are present at high amounts
in wheat grain and it is the richest source of vitamin E, namely tocopherols of
tocols phytochemicals (Dunford, 2012; M. Eisenmenger & Dunford, 2007).
Besides tocols, there are other bioactive compounds as phenolics,
alkylresorcinols, carotenoids and phytosterols highly found in bran and germ. The
major phenolic acids in wheat are represented by ferulic acid and p-coumaric acid.
Several researchers reported lutein, zeaxanthin, B-cryptoxanthin and B-carotene
carotenoids present in different amounts for various types of wheat. The studies
state that, depending on agricultural conditions, alkylresorcinols amount show
variations for different wheat varieties. Broadly, the lipid content of wheat grain is
2.5-3.3% and scattered along the layers of germ (30-36%), endosperm (35-45%)
and the aleurone layer (25-29%) in wheat kernel (Tokusoglu, 2011). Glycolipids
at high amounts of digalactosyldiglycerides, monogalactosyldiglycerides and acyl
monogalactosyldiglycerides, phospholipids which are mainly
lysophosphatidylcholine, phosphatidylcholine, lysophosphatidylethanolamine, N-
acylphosphatidyl ethanolamine and N-acyl lysophosphatidyl ethanolamine and
neutral lipids such as triglycerides mainly compose the wheat fatty acids
(Dunford, 2012; Pomeranz, 1987; Tokusoglu, 2011). Palmitic (16:0) and stearic
acid (18:0) of saturated fatty acids, oleic acid (18:1) of monounsaturated fatty
acids and linoleic acid (18:2) of diunsaturated fatty acids include the majority of
total fatty acids in wheat (Table 1.3) (Pomeranz, 1987).

Although the lipids are accepted as minor constituents besides starch and proteins

in wheat, many studies show their functionality on chemical and physical



properties resulting from the interactions with starch and proteins. Protein and
lipid interactions contribute to gas retention and hence provide the stabilization of
foam and emulsion. The interaction of wheat lipids with proteins was proven to
have an influence on swelling and gelatinization (Tokusoglu, 2011; Schofield,
2000). The major contributors of wheat to human health are its phytochemicals
located in bran and germ which are separated during wheat milling process due to
lipid hydrolysis and oxidation concerns which lead chemical variations and
eventually cause unfavorable results in nutrients and manufacture of products
(Megahed, 2011).

About 11% of germ is oil and it contains tocopherols, polyunsaturated fatty acids,
phytosterols and policosanol of bioactive compounds. Wheat germ oil is high in

a-tocopherol and it is well known for its vitamin E activity (Dunford, 2012).
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1.2 Wheat Germ Oil

Wheat germ is separated as by-product in flour milling process in order to
eliminate the oxidation problems in flour during storage. The germ is the embryo
and constitutes 2-3% of the wheat grain. The germ contains proteins, sugars,
minerals and bioactive lipid classes which have beneficial influence on health due
to its nutritional values (Megahed, 2011; Pomeranz, 1987; Tokusoglu, 2011).

Oil extraction process is dependent on raw material quality, chemical composition
and production technique. Processing aims to produce high valued oil by
discarding unwanted materials and obtain high extraction efficiencies. Solvent
extraction, mechanical oil expression, aqueous extraction, enzyme and surfactant
aided oil extraction and supercritical fluid technology are the techniques used for
oil extraction from seeds (Dunford, 2012). Oil extraction from wheat germ has
been recently worked by supercritical fluid technology. Although the yield was
higher when hexane was used for wheat germ oil extraction than supercritical
CO,, the higher amounts of bioactive compounds were obtained in supercritical
CO, than hexane extraction. The concentration of tocols increased, when the
pressures were lowered in supercritical CO, extraction, yet the extraction yield

was lowered likewise (Tokusoglu, 2011).

Wheat germ oil has high amounts of a-tocopherol, phytosterols, polycosanols,
thiamin, riboflavin and niacin. It is known as a-tocopherol source having the
richest amount (Eisenmenger & Dunford, 2007). Nonpolar lipids are present
approximately 80% and polar lipids are present almost 18% of the germ lipids
differing from the endosperm lipids which have higher amounts of polar lipids.
Phosphatidylcholine, lysophosphatidylethanolamine, phosphatidylethanolamine
and phosphatidylserine are the phospholipids present in wheat germ oil. -
sitosterol and campesterol are the main phytosterols at amounts of 63 and 27%
respectively. Fatty acid constitutes of wheat germ oil are 17% of palmitic acid,
1% of stearic acid, 17% of oleic acid, 59% of linoleic acid and 6% of a-linoleic

acid. 1,3-dipalmitoyl-2-linoleoyl-racglycerol (PLP), 1-palmitoyl-2,3-dioleoyl-rac-



glycerol (POO), 1-palmitoyl-2-linoleoyl-3-oleoyl-glycerol (PLO), triolein (O00),
1,2-dilinoleoyl-3-palmitoyl-rac-glycerol (PLL),  linolenoyl-linoleoyl-palmitoyl-
glycerol (PLLn), 1,2-dioleoyl-3-linoleoyl-rac-glycerol (OOL), 1,2-dilinoleoyl-3-
oleoyl-rac-glycerol (LLO), trilinolein (LLL) and linolenoyl-dilinoleoyl-glycerol
(LLLn) are the main triacylglycerol species of wheat germ oil. Free fatty acid
content of wheat germ oil varies between 5 to 25% depending on different wheat
cultivars, handling, extraction and refining conditions (Tokusoglu, 2011; Ozcan et
al., 2013; Tokusoglu, 2011; Length, 2006; Koeber et al., 2003; Ayorinde, Eribo,
Balan, Johnson, & Wan, 1999; Huang, Ju, & Huang, 1997).

The health promoting effect of wheat germ oil was cited by Wang & Johnson
(2001) as helping to reduce the plasma and liver cholesterol levels in animals, to
enhance physical strength and to retard aging. The rich amount of tocopherols,
linoleic acid and policosanol were indicated as the factors for the health benefits
of wheat germ oil (Tokusoglu, 2011; Dunford, 2012). Health benefit of
policosanol has been reported in many studies and its positive effects on lowering

lipid levels have been stated broadly. Policosanol prevents the synthesis of

cholesterol and protects the lipoproteins as cited by Irmak, Dunford, & Milligan
(2006). Linoleic acid is very precious for human health for its being essential,
since it cannot be synthesized from any source (Molero G mez & Mart nez de la
Ossa, 2000). Tocopherols are the natural antioxidants which protect the cell
membrane from peroxidation of unsaturated fatty acids by acting as stabilizers.
Tocopherols inhibit the oxidation of low-density lipoprotein (LDL) and hence
prevent the vascular diseases (Megahad & El Kinawy, 2007). Wheat germ oil is
known as the richest source of a-tocopherol. a-tocopherol amount of wheat germ
oil is the highest of all tocopherols (Table 1.4) (Khan & Shewry, 2009). The
amount of tocols is about 2500 mg/kg oil and a-tocopherol constitute the 60% of
this amount (Tokusoglu, 2011). Wheat germ oil is also used for skin care purposes
for its chemical components. It is reported that the use of wheat germ oil enhances

the blood circulation thereby helps renewing the skin cells (Kumar et al., 2011).



Although a-tocopherol shows the highest biological activity, its thermal stability
is the lowest of other tocopherols (Bruscatto et al., 2009). A research studied on
wheat germ oil to find out the effects of temperature of 27°C and 45°C, and
storage time of 35 days on tocopherol concentration revealed that the tocopherol
concentration decreased when the temperature increased and tocopherol
concentration decreased about 37% at 45°C and about 32% at 27°C in 35 days
(Capitani, Mateo, & Nolasco, 2011). o-tocopherol has higher thermal stability
than a-tocopherol, which was brought out by a study on rapeseed oil stored for 16
days at 40°C as cited by Bruscatto et al. (2009). Player, Kim, Lee, & Min (2006)
found out that the degradation of a-tocopherol is faster than -tocopherol and y-
tocopherol when the storage conditions are 24 days at 50°C. In the same study;, it
was reported that the oxidation of unsaturated lipids affect the degradation of
tocopherols (Player et al., 2006).
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Table 1.4 Tocol derivatives in wheat (Khan &Shewry, 2009)

a-T a-T-3 B-T B-T-3 T T3 6T &-T-3 Total
Wheat
2.5-
Whole 0.9-1.8 0.3-0.7 - - - - - 4.9-5.8
3.6
Germ 25.56 <0.2 11.44 <0.2 - - - - -
(98.0) - (97.3) - - - - -
22.1 0.3 8.6 1.0 - - - <0.1 -
Pericarp,
testa,and 0.05 1 <0.04 6.86 - - - - 7.91
aleurone
1.2) (81.2) - (49.8) - - - - -
2.9-
Bran 1.6-3.3 1.1 1.0-1.3 - - - - -
5.4
1.6 15 0.8 5.6 - - - - -
Endosperm 0.007 0.045 0.01 1.35 - - - - 1.41
(0.08) (18.8) 2.7 (50.2) - - - - -
0.26- 0.20- 1.04-
Patent flour 0.14 - - - - 1.5-2.8
0.34 0.22 2.18
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1.3 Lipid Oxidation

Lipid oxidation is a significant reaction mechanism which leads to various
consequences to be evaluated by multidiscipline. Along the production, handling,
storage processes, food systems are subjected to oxidative stresses such as pro-
oxidants, heat, lypoxygenases and light, shortening its shelf life. In relation to
pathology, the physiological effects of oxidation occur as the biological
destruction of membrane cells and organelles, vitamins and hormones which are
essential for cell metabolism (Repetto, Semprine, & Boveris, 2012; Wsowicz et
al., 2004; Dubois, 1995; Report, 1992).

Oxidation is among the main contributors for the detrimental changes in foods
containing considerable amounts of lipids such as products of meat and milk, oils,
nuts and even vegetables which have low amounts of lipids. The effects of
oxidation can be seen as the deterioration on especially the nutritional constituents
of foods, flavor, aroma, color, leading to decrease in food quality. The volatile
products such as carbonyl compounds and alcohols of secondary oxidation
products cause the change in aroma. The flavor is modified by hydroxyl acids and
the color gets dark as a result of condensation arisen from the interaction between
proteins and oxidation products. The modifications on solubility, water holding
and emulsification capacities resulted from these interactions bring about the
texture and rheological variances. The reaction of hydroperoxide radicals with
sulfur and amines which are functional groups of amino acids and the reaction
between the thiols of cysteine and secondary oxidation products aldehydes and
epoxides cause the break down or crosslink of proteins leading to nutritional
changes in the product. Furthermore, peroxides and free radicals degrade the fat
soluble vitamins A and E (Report, 1992; Dubois, 1995).

Lipid oxidation is a complex mechanism combining the sequence of enzymatic or
non-enzymatic reactions. The process initiates with free radical formation and is
followed with the attack by oxygen and change in double bond position in the

lipid structure. It destroys the lipids in membrane and many oxidation products
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such as alcohols, ketones, alkanes, aldehydes and ethers are formed throughout
the process (Repetto et al., 2012; Niki, Yoshida, Saito, & Noguchi, 2005).

There are three mechanisms of lipid oxidation which are the free radical
mechanism, photo-oxidation and process of lypoxygenase activity. A free radical
mechanism, namely autoxidation, involves three stages of initiation, propagation
and termination. In initiation step, free alkyl radical (Re) is formed after leaving of
labile hydrogen atom from the fatty acid. The removal of hydrogen atom gets
easier when the number of double bonds gets higher; therefore, polyunsaturated
fatty acids are mostly exposed to oxidation. Then, hydroperoxides (ROOH) from
the reaction of the fatty acids with radicals produced initially and peroxy radicals
(ROQe) are formed in propagation step. Finally, non-radical products are formed
between alkyl radicals and peroxy radicals in the termination step (Wsowicz et al.,
2004; Halliwell, 1993; Dubois, 1995).

Initiation step:
RH — Re
Propagation step:
Re + O, — ROO-
ROOe« + RH — ROOH + Re
Termination step:
Re + Re — RR
Re + ROO* — ROOR
ROOe« + ROOs — ROOR + O, (Wsowicz et al., 2004)
RR, ROOR, O, are non-radical products (Wsowicz et al., 2004; Dubois, 1995).

The oxidation susceptibility of polyunsaturated fatty acids is higher than saturated
fatty acids due to double bonds present in fatty acid chain. The weakness of

carbon hydrogen bond in methylene group near the double bond makes labile
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hydrogen leave its site and be exposed to attack by oxygen. The factors affecting
the product susceptibility to oxygen are the length of fatty acid chain, the degree
of saturation and the distribution of fatty acids on the triglyceride (Repetto et al.,
2012; Report, 1992).

Photo-oxidation mechanism is triggered by UV-light and a sensitizer. The
interaction of unsaturated fatty acid and oxygen in this mechanism can happen in
two different pathways. The first one is that the hydrogen is delivered between a
polyunsaturated fatty acid and a triplet sensitizer. The second one is that the light
transforms triplet oxygen (°05) into singlet oxygen (*Oy) reacting with the double
bond of unsaturated fatty acids and forms an allylichydroperoxide (Wsowicz et
al., 2004).

Another oxidation mechanism is catalyzed by lipoxyganase activity.
Lipoxygenase is an enzyme containing iron atom in its active site and responsible
for the formation of hydroperoxides from 1-4 pentadiene fatty acids. Hydrogen
atom is abstracted from the fatty acid to release iron, leading to lipid peroxidation
and the formation of conjugated diene system, eventually ending up with the
production of peroxy radicals and hydroperoxides (Niki et al., 2005; Wsowicz et
al., 2004).

Trace metals active in redox cycle reactions are prooxidants, catalysts of lipid
oxidation involving in decomposing the hydroperoxides. Metal ions and
hydroperoxides interact in redox reaction. Alkoxyl and proxyl radicals are

generated, leading to autoxidation (Repetto et al., 2012; Wsowicz et al., 2004).
Me™ + ROOH — RO« + Me™" + OH’
Me™* + ROOH — ROO« + Me™ + H* (Wsowicz et al., 2004)

Free radicals which are generated with the decomposition of hydroperoxides,
radicals produced from food contaminants are all prooxidants. Additionally,
riboflavin and porphyrins pigments which are chlorophyll, hemoglobin and
myoglobin and synthetic dyes absorbing UV light energy are possible initiators of
photo oxidation (Wsowicz et al., 2004).
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The studies carried out so far have indicated the effect of temperature, relative
humidity, exposure of oxygen, namely the storage conditions on lipid
peroxidation (Soyer, Ozalp, Dalmis, & Bilgin, 2010; Marinova et al., 2012;
Stewart & Bewley, 1980; Kingston, Monahan, Buckley, & Lynch, 1998; Naz,
Sheikh, Siddigi, & Asad Sayeed, 2004). When different storage temperatures are
used for different types of oils, oxidative changes were reported as
polyunsaturated oils showed the worse oxidative stability (Marinova et al., 2012).
Naz et al. (2004) concluded their study that low concentrations of oxygen is
enough to initiate the lipid peroxidation and the prevention of air and light

exposure is essential to increase the oxidative stability.

Antioxidants are the inhibitors of oxidation mechanism. Antioxidants create a
defense mechanism, effective on eliminating oxidative stresses and preventing
cell destruction. According to their role in the mechanism, they are divided in two
as primary and secondary antioxidants. Primary antioxidants break the free radical
chain by donating hydrogen to lipid radicals (Niki et al., 2005; Wsowicz et al.,
2004).

ROOs + AH — ROOH + Ae (Wsowicz et al., 2004)

Furthermore, the stability of antioxidant radical for the delocalization of their
unpaired electron in the ring prevents the reaction with fatty acids, makes it able

to interact with lipid radicals and inhibit the chain reaction (Wsowicz et al., 2004).
ROOe + A - ROOA (Wsowicz et al., 2004)

Secondary antioxidants are not directly involved in chain breaking. Instead, they
prevent the oxidation by scavenging metals and oxygen, reducing metals,
capturing singlet oxygen and recovering the primary antioxidants (Wsowicz et al.,
2004).

Tocopherols, BHT, BHA and PG are the main antioxidants. a-tocopherol is the
most important antioxidant in chain breaking of human lipids. Ascorbic acid is an
antioxidant acting as metal and oxygen scavenger, reducing and recovering agent.

The examples of metal scavengers and reducers are citric acid, phosphoric acid
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and EDTA. Ascorbyl palmitate and sulfites as oxygen scavengers and reducing
agents, carotenoids acting for depressing oxygen are other examples of
antioxidants (Wsowicz et al., 2004; Halliwell, 1993; Report, 1992).

There are many studies showing the positive effects of antioxidants on the
inhibition of lipid peroxidation (Ozalp Ozen, Eren, Pala, Ozmen, & Soyer, 2011;
Mielnik, Olsen, Vogt, Adeline, & Skrede, 2006; Lin et al., 1989; Faustman et al.,
1989; Kingston et al., 1998; Guintensperger, Himmerli-Meier, & Escher, 2006).
Lin et al. (1989), Faustman et al. (1989) and Kingston et al. (1998) reported in
their studies that a-tocopherol has a significant effect to reduce the lipid oxidation.
Phenolic from plant extracts are proved to increase the oxidative stability of
foods (Mielnik et al., 2006; Guintensperger et al., 2006; Ozalp Ozen et al., 2011).

1.4 Functional Foods

Functional food is a conventional food product produced to provide physiological
benefits and to reduce risk of diseases by its fortified nutrients additionally to
naturally occurring substances. Functional food does not have the effects of
therapy preventing the diseases like pharmaceuticals. Functional food products
differ from the nutraceuticals and dietary supplements of its being a part of daily
diet (Saarela, 2011).

In order to set the above criteria of functional food on a scientific base, three main
claims developed in 1996 by International Life Science Institute (ILSI Europe)
were declared in European Commission Concerted Action on Functional Food
Science in Europe (FUFOSE) and achieved the European Consensus on
‘Scientific Concepts of Functional Foods’ in 1998. These claims state the
requirements of scientific evidence for the positive effects of food on health
promoting functions, relevant science research of related functions and
compromise on the details of implementations needed to carry out functional

variations on food (Saarela, 2011; Hamaker, 2007).
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Increasing concerns on human health have leaded the development of functional
foods. The consumer interest on behalf of functional foods due to its health
promoting and disease preventing attributes as well as being good sources of
nutrients has brought about necessity for improvements of functional foods. As
improvements in functional foods proceed, besides being healthy, sensory
properties, suitability for use, being natural have become necessary due to
consumer perception. This requirement has brought the use of many various
ingredients, additives and high processing techniques in the production of
functional foods which create concerns on their consumption, thus, regulations
have been developed to control the production and marketing of functional foods
(Saarela, 2011).

The enhancement of gastrointestinal functions, defense mechanism for reactive
substances creating oxidative stress and psychological and behavioral functions
have been the main targets aimed in the development of functional foods (Saarela,
2011). Probiotics are functional derivatives to be used in functional foods in order
to enhance the gastrointestinal functions. Vitamins, most importantly tocopherols,
ascorbic acid, carotenoids, and polyphenols are main substitutes for functional
foods to inhibit oxidative stress. Psychological and behavioral functions are
thought to be improved by macronutrients such as fat substitutes and sweeteners,
caffeine as cognitive performance improver, amino acids such as tryptophan and
tyrosine as reducers for tendency to sleep and B-endorphins as pain killers
(Saarela, 2011). There are many studies showing the beneficial effects of
probiotics on the treatment of acute gastroenteritis as cited by Saarela (2011) as
significant reduction on incidence of gastroenteritis (Bruzzese et al. 2009) by the
infant  formula supplemented with  probiotics and generation of
hypocholesterolaemic effect of probiotics on lipid metabolism (Mann, 1977).
Dietary fiber obtained from cereals were also reported as effective on the
reduction of coronary heart disease (Shibamoto, Kazuki, Fereidoon, & Chi-Tang,
2008).

In the production of functional foods, safety regulations are needed to be adapted

as stated in current food regulations. In order to take part in novel foods class, the
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strategy is required to be followed as defined in EU Novel Food Directive that is a
regulation for safety. The production of functional food is a research and
development issue regarding the relation of diet and health on scientific base
(Saarela, 2011). The development in food technology has to be followed for new
raw materials, technologies, safety regulations to integrate into functional food

development to improve the functionality (Saarela, 2011).

1.5  Microencapsulation

Microencapsulation is an entrapment process of materials within another material
or matrix (Garti & McClements, 2012). Encapsulation provides the dissociation of
the materials from the environment to be released when it is desired. Encapsulated
materials could be solid particles, liquid droplets or gas attributing different
characteristics of molecular weight, structure, polarity, charge, physical state,
density and rheology, and various functionalities as antimicrobial, flavor, color,
nutraceutical, enzyme and probiotics (Garti & McClements, 2012; Risch &
Reineccius, 1995). The matrix formed to coat the materials is a delivery system
that could be composed of proteins, polysaccharides, lipids, water, surfactants and
minerals in a homogeneous or heterogeneous state (Garti & McClements, 2012).
The encapsulated material is named as active, core material, fill, payload or
internal phase and the encapsulant entrapping the material is named as wall
material, carrier, membrane, shell or coating as defined by Risch & Reineccius
(1995).

Microencapsulation process enables the protection of food components providing
increased stability, functionality and availability to be incorporated in food, hence
helps to improve functional food ingredients of food additives, nutraceuticals and
dietary supplements (Risch & Reineccius, 1995; Garti & McClements, 2012). In
order to design suitable delivery system for encapsulation, active component is
needed to be examined for its activity with the environment, process, storage,

consumption and delivery system components. Active components can be defined
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by their molecular level which is their molecular weight, structure, flexibility,
polarity and electrical charge, physicochemical level which is their physical state,
solubility, distribution in solvents, surface activity, rheological properties, optical
properties and chemical stability, and biological level which is their bioactivity
with microorganisms, animals or humans. There are many reasons of
encapsulating active compounds besides providing improved handling, storage
and transportation. Here, main and specific reasons of encapsulation for major
food active compounds are explained. Flavors are encapsulated to inhibit the
volatilization and chemical degradation of aromas. The aim of encapsulation of
antioxidants is to prevent the light and oxygen contact, thereby to inhibit the
chemical degradation just as the reasons of the encapsulation of bioactive lipids.
Antimicrobials are encapsulated to improve the incorporation of the compound in
food, functionality and mask the off-flavors. The reasons to encapsulate bioactive
proteins, peptides and amino acids are to prevent the degradation and to trigger
the release in desired environment, and to protect from unwanted off-flavors and
taste (Garti & McClements, 2012). In order to implement these functions,

appropriate delivery systems are generated.

15.1 Encapsulation Matrix

The components of delivery system, namely encapsulation matrix have to be
accepted as food grade and safe. The encapsulation matrix needs to be compatible
with the active ingredient not to prevent its functionality. The encapsulation
matrix should be generated according to perform the required functions of active
components mentioned in previous section. In order to produce a useful
encapsulation matrix, encapsulating materials should have good emulsifying and
gel forming abilities, and create viscous structure (Augustin & Hemar, 2009; Garti
& McClements, 2012). The capability of designed delivery system to encapsulate
the ingredient is important for the efficiency of the system and to release the
ingredient at the targeted site for its bioavailability (Garti & McClements, 2012).
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Encapsulation matrix for food ingredients can be generated by liposomes,
emulsions, coacervates, powder particles, gels and molecular complexes.
Molecular complexes are formed by the interaction of the host compound that is
the encapsulating material with the active ingredient (Sagalowicz & Leser, 2010;
Garti & McClements, 2012). Encapsulating material could be proteins,
carbohydrates, lipids and emulsifiers (Table 1.5) (Garti & McClements, 2012).

Proteins are extensively used valuable food ingredients for their functionality in
forming stable food emulsions (Dickinson, 1999). They are amphiphilic
compounds and interact with hydrophilic and lipophilic ingredients. Their
aggregation and gelation develops matrix networks together with other ingredients
(Augustin & Hemar, 2009). Proteins form a stable emulsion by assembling at the
interfaces and adsorbing the oil droplets and gas bubbles. Proteins are surface
active ingredients since they have amphiphilic molecules possessing ionic, polar
and nonpolar regions (Dickinson, 1999). Additionally to their amphiphilic and
electrostatic interactions, hydrogen bonding and van der Waals’ interactions are
also effective in forming three dimensional networks (Augustin & Hemar, 2009).
Milk proteins, caseins and whey proteins, are widely used encapsulating agents in
food industry due to their nutritional properties and common encapsulant
materials in food industry (Singh, 2011; Augustin & Hemar, 2009). Caseins form
flexible and disordered structure at the interface; on the other hand whey proteins
form dense globular structure. The flexible and disordered structure of casein has
parts called as ‘trains’ in contact with the surface and as ‘tails’ going through the
agqueous phase forming a complex monolayer. Globular proteins are compact and
defined as two dimensional highly interactive particles. Low level of assemblies
of globular proteins could be more unfolded (Dickinson, 2001). Casein and whey
proteins have been also proved to be effective in protection from lipid oxidation
(Singh, 2011).

The lipid oxidation has been reported to be reduced by positively charged proteins
which include the milk proteins and the caseins were found to have better

antioxidant property than whey proteins (Singh, 2011).
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Table 1.5 Coating materials in encapsulation (Garti & McClements, 2012)

Material class

Examples

Proteins

Simple sugars

Carbohydrates/gums

Lipids

Emulsifiers

Cellulose

Albumin, caseinates, gelatin, gluten, peptides, soy protein,

pea proteins, whey proteins, zein
Fructose, galactose, glucose, maltose, sucrose

Chitosan, corn syrup solids, cyclodextrin, dried glucose
syrup, maltodextrins, starches and modified starch
derivatives, starches, carrageenan, gum arabic, pectin,

gellan gum

Edible fats and oils, fractionated fats, hardened fats,

beeswax

Mono- and di-glycerides, lecithin, liposomes, food-grade

surfactants

Acetylcellulose, carboxymethyl cellulose, cellulose
acetate butyrate, cellulose acetate phthalate, ethyl

cellulose, meyhyl cellulose

Hogan, McNamee, O’Riordan and O’Sullivan (2001) studied microencapsulating

properties of sodium caseinate and reported the effects of different oil:protein

ratios on microencapsulation efficiency of soy oil as increased oil:protein ratio

from 0.25 to 3.0 has decreased the efficiency for about 70%, which was related to

the decrease of protein load. Caseinate as a matrix forming material rather than

being a surfactant in this study showed high viscosity values. High viscosity

values indicate the higher volumes of dispersed phase and the concentration of

total solids in the emulsion affecting the formation of the thickness of

semipermeable wall structure, drying properties, migration of core material to the
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surface of the particle and the particle size (Hogan, McNamee, O’Riordan, &
O’Sullivan, 2001a). Another study conducted by Kagami et al. (2003) showed the
higher emulsification properties of sodium caseinate over whey protein isolate as
supported by the results of interfacial tension measurements of emulsions
prepared by each of these encapsulating proteins. In the same study, the oxidative
stability tests shows that microcapsules prepared by sodium caseinate was higher
than whey protein isolate which was related to the higher gas permeability of
whey protein isolate wall material (Kagami et al., 2003). Augustin and Hemar
(2009) have reported the positive effect of carbohydrate attached to protein wall
materials on improving colloidal stability. Another advantage is that
carbohydrates improve the drying characteristics of wall material. The
improvement of drying characteristics of wall material by carbohydrates is
supported by the fact that they change the glass transition temperature of wall
material and provides the accelerated dry crust formation on the droplets
(Aghbashlo, Mobli, Madadlou, & Rafiee, 2012). Various researchers have
reported the improved encapsulating ability of carbohydrate attached protein wall
materials (Vignolles, Jeantet, Lopez, & Schuck, 2007; Jayasundera, Adhikari,
Aldred, & Ghandi, 2009; Vega & Roos, 2006). Hogan, McNamee, O’Riordan,
and O’Sullivan (2001a) has studied the emulsification and microencapsulation
properties of sodium caseinate blended with carbohydrates of different dextrose
equivalent ratios on encapsulating soya oil and concluded that the efficiency of

microencapsulation increased with increased dextrose equivalent.

Carbohydrates are frequently used encapsulating materials. Their structural
properties of forming glassy solids make them useful encapsulating constituents
in delivery systems. Maltodextrins constitute solution of high solid concentrations
at low viscosity which enables to have high solids entrapping the active material
when the system is dehydrated. Their higher glass transition temperature provides
reduced stickiness while drying which helps to form a structural integrity.
Carbohydrates have good stabilizing abilities whereas they do not have
emulsifying properties, therefore, they should be used in combination with other

surface active materials to form encapsulating system. As an exception, among
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the carbohydrates, gum arabic could provide stable structure for its being surface
active component (Augustin & Hemar, 2009). Polysaccharides generate gels upon
forming encapsulating system, yet not at higher concentrations than formed by
proteins. The formation of gel network depends on the chemical structure,
molecular weight, the degree of branching and functional groups of carbohydrate.
Chitosan is one of the polysaccharides, a cationic polymer, used as a wall material
in encapsulation and there are studies carried out on encapsulation of oils and
lipophilic drugs with chitosan so far (Klaypradit & Huang, 2008; Sonvico et al.,
2006; Klinkesorn, Sophanodora, Chinachoti, McClements, & Ecker, 2005; Li et
al., 2013). Aghbashlo et al. (2012) the wall material effect on encapsulation of
fish oil and reported that incorporation of carbohydrates lead to change in drying
properties and a study of microencapsulation of extra virgin olive oil carried out
by Calvo, Hernandez, Lozano, and Gonzélez-Gomez, (2010) was concluded as
use of proteins and carbohydrates combinations for encapsulation results in better
encapsulation efficiency. Calvo, Castafio, Lozano, & Gonzalez-Gémez (2012) had
similar findings supporting the positive effect of protein incorporated wall
materials as yielding protective properties during storage and enhancing shelf life

of microcapsules.

1.5.2 Emulsion Homogenization

Emulsions are thermodynamically unstable systems of immiscible liquids mixture
dispersing of one in another. The generation of emulsion by immiscible liquids is
carried out by homogenization process. There are several types of homogenizers
developed for food emulsion applications. High-speed blenders, colloid mills,
high-pressure valve homogenizers, ultrasonic homogenizers, microfluidization,
membrane homogenizers are the most important homogenizers used in food
industry (McClements, 2004). High-speed blenders, ultrasonic homogenizer and

microfluidizer will be briefly examined for this study.
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15.2.1  High Speed Blenders

High speed blenders provide direct homogenization of liquids. They are most
widely used for homogenization of oil and aqueous phases. The agitation is
provided by a stirrer rotating at high speeds. The rotation induces the disruption of
the interface, mixture of immiscible liquids and breakage of droplets by means of
velocity gradients of longitudinal, rotational and radial, which are generated by
the blades, in liquids (McClements, 2004).

High speed blenders are mostly used for the preparation of pre-emulsions. Jafari,
He, & Bhandari (2006) reported the resulting particle size of emulsion of d-
limonene and fish oil prepared by high speed blender at the highest speed for 10
min prior to microfluidization as large as 3760 nm in their study. This value could
be reduced by use of surfactants, yet it is not close to the resulted values of droplet
sizes achieved by further homogenization (Jafari et al., 2006b). The comparison
results of the different homogenization processes of high speed blender,
microfluidizer and ultrasonic homogenizer revealed that high speed blender could
create emulsion particle size as small as microfluidizer (Moreau, Kim, Decker, &
McClements, 2003).

1.5.2.2  Ultrasonic Homogenizer

Ultrasonic homogenization is achieved by the ultrasonic waves at high intensity
generated by ultrasonic homogenizers. The dispersion of liquids is derived by the
cavitation and turbulent effects produced by means of ultrasonic waves
(McClements, 2004). Cavitation is the main effect of ultrasonication on
emulsification. Cavitation is the collapse of the bubbles at the interface of
dispersed and continuous phases (Rahman, 2007). The widely used method for
generation of high intensity ultrasonic waves in research laboratories is

piezoelectric transducers. The transducer is composed of a piezoelectric crystal
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covered by a metal case. The piezoelectric crystal is oscillated to produce
ultrasonic wave by a high intensity electric wave generated to the transducer. The
ultrasonic wave is distributed towards the liquid from the tip of the transducer,
then intense pressure and shear gradients are produced by cavitation causing the

dispersion of liquids and breakage of droplets (McClements, 2004).

The study conducted by Leong, Wooster, Kentish, & Ashokkumar (2009)
reported the ultrasound effect on nanoemulsion formation of triglyceride oil in
water which has the particle size of 40 nm with regards to the positive effects of
compounds in emulsion. Gaikwad & Pandit (2008) studied the emulsification by
ultrasound assistance of different types of oil and related the irradiation time and
power with the droplet size. Increased power and time of irradiation caused the
decrease in droplet size varying for different types of oils. It was observed that
lower power values resulted in coalescence of droplets (Gaikwad & Pandit, 2008).
Kentish et al. (2008) also reported the effect of power level on coalescence and
bubble formation and the results derived an optimum value for power and time
levels. Another study shows the time dependence of ultrasonication process for
emulsification of oil as no significant change after 5 min operation (Cucheval &
Chow, 2008).

15.2.3 Microfluidizer

Microfluidizer is composed of a fluid inlet, pump and an interaction chamber. The
mixture of fluids is fed into the device through the fluid inlet and fluids flow
through the channels in the interaction chamber and interact with each other. The
velocity of fluid flow across the channels are ensured by means of pump and
increased to high levels to make them collide with each other (McClements,
2004). The homogenization principle of microfluidization is to go beyond the
energy barrier by the generated momentum and turbulence in microchannels
(Rahman, 2007). High velocity rates cease the disruption of fluids to merge into

each other and form smaller sized droplets. The microfluidization can be used for
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both the reduction of droplet size of an emulsion and production of an emulsion

feeding the liquids from each of two channels (McClements, 2004).

Many studies regarding the microfluidization in encapsulation of oils have been
performed so far. The resulting effect of microfluidization applied to prepare oil
in water emulsion on reduction of particle size was reported as increasing pressure
and cycles of treatment leaded the decrease of particle size to an optimum level
after which the increase of these parameters leaded negative results (Han et al.,
2014)(Jafari et al., 2006b). Jafari et al., (2006) studied different process
parameters of pressure and number of cycles. In this study, D32 value of particle
size was reduced when the pressure was increased from 35 to 70 MPa; however,
above 70 MPa this value increased (Jafari et al., 2006b). Jafari, He, & Bhandari
(2007) compared four different homogenizers; a normal mixer, a colloid mill,
microfluidizer, ultrasonic homogenizer, and concluded that microfluidization
created the smallest emulsion droplet size and narrower distribution than
ultrasonication. Another comparison of microfluidization and ultrasonication in
preparation of fish oil emulsion also shows that the surface oil content is lower in
microfluidized emulsion system, and it has the smaller droplet size. It was also
stated according to the results of experiments that the emulsification significantly
affects the efficiency of microencapsulation (Jafari, Assadpoor, Bhandari, & He,
2008).

1.5.3 Encapsulation Techniques

There are many encapsulation techniques used for food ingredients and in most of
them the basis of encapsulation is drying process (Garti & McClements, 2012).
The encapsulation technique to be used for the production of microcapsules
should be chosen appropriate for the physicochemical properties of active and
wall materials in the matrix system (Augustin & Hemar, 2009). The most
common techniques are spray drying and freeze drying processes since these

processes are simple to apply. They are advantageous in reducing the volume of
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product, storage space and hence the cost of transportation. In addition, the
production of dried microcapsules provide higher stability due to the low moisture
content and powder form eases the fortification of microcapsules into other food
substances (Garti & McClements, 2012).

1531  Spray Drying

Spray drying is one of the oldest and well-established technique used in food
industry since the end of 1950s (Garti & McClements, 2012; Gouin, 2004). The
operation is a continuous process provided with good flow availability. Although
spray drying is presented as a suggested technique for heat sensitive materials
supported by the short period of drying process and surface removal of moisture
of the droplets providing the materials to stay cool during drying, it is not
applicable that the possible heat inducing changes could happen in the material
(Augustin & Hemar, 2009; Garti & McClements, 2012).

The operation in spray drying consists of feeding the encapsulation matrix,
atomization of the emulsion in microdroplets, evaporation of droplets and
recovery of microcapsules. After the preparation of emulsion with the appropriate
ingredients compatible to the core material as covered in previous sections, the
emulsion is fed to the equipment and passed through the atomizers. Widely used
atomizers are pressure, centrifugal (wheel) and pneumatic (two-fluid) atomizers.
The uniformity and the homogeneity are the effective characteristics of atomizers
on the particle size of microcapsules. Atomization increases contact area for heat
transfer between the drying air and liquid droplets. Several different parameters
affect the efficiency of the process, such as encapsulating solid compound as
active material, emulsions having high viscosity and the size of atomized liquid
droplets. Solid matter and viscous emulsions could prevent atomizing by blocking
the atomizers. The size of droplets directly related to the change in drying time

and particle size is affected by the surface tension and viscosity of emulsion as
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well as pressure drop in the nozzle and spraying velocity (Garti & McClements,
2012).

The evaporation takes place in drying chamber via counter or co-current drying.
Counter-current drying is not applicable for sensitive materials since the drying
temperature is high. The temperature value of inlet air varies between 150°C and
220°C which are very effective on instantaneous drying of liquid droplets
providing lower powder temperatures varying between 50°C and 80°C than outlet
air. This temperature value of powder protects the material from thermal
degradation and the core material tried to be kept below 40°C by means of short
evaporation time to discard any thermal damage. Therefore, optimum inlet and
outlet air temperature should be attained considering the sensitivity of both active

and wall materials and microcapsules (Garti & McClements, 2012).

There are some studies of oil encapsulation by spray drying technique.
Klinkesorn, Sophanodora, Chinachoti, Decker, & McClements (2006) studied the
characterization of spray dried tuna oil and obtained 5 to 30 pm size
microcapsules stable at 165 to 195°C drying temperature attributing low moisture
content, high oil retention values and rapid water dispersibility. Partanen, Yoshii,
Kallio, Yang, & Forssell (2002) studied the oxidative stability of sea buckthorn
kernel oil encapsulated by spray dying and investigated the relation of particle
droplet size with the retention of volatiles. Another study of microencapsulation
of linseed oil by spray drying showed different results on surface structure of
microcapsules prepared by various wall materials affecting the yield and
efficiency of spray dried microcapsules (Gallardo et al., 2013). The study
comparing the spray drying and freeze drying processes showed that although the
efficiency of microcapsules processed with each technique is similar, oxidative
stability of freeze dried particles were found to be higher than spray dried, which
was explained by the destabilization and coalescence of irregular fat globules
which are easily prone to oxidation. The reason is reported as the bigger globules
possess low amount of hydrophobic maltodextrin material which favors the
interaction of hydrophobic oxygen (Dzondo-Gadet, Nzikou, Etoumongo, Linder,
& Desobry, 2005).
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1532  Freeze Drying

Freeze drying operation is composed of two steps which are freezing of the
medium to be dried and the sublimation of the frozen medium at low temperature
and pressure. The drying process consists three stages of freezing, primary drying
which is main drying and sublimation, lastly secondary drying which is
desorption. After the encapsulation matrix is prepared, it is cooled and
crystallized. During the primary drying, the ice is sublimated to water vapor and
water vapor is delivered to the drying chamber to be condensed or absorbed by
condenser coil. Secondary drying provides the removal of adsorbed water, which

is unfrozen bound water (Garti & McClements, 2012).

As mentioned in spray drying technique, the suitable wall material selection for
core ingredient is a significant step, considering the operation used, to maintain
desired properties of core ingredients and form of microcapsules. Freezing and
dehydration could lead stresses on the core materials, so the wall materials are
better to be functional as protecting the core material from cell damage upon
freezing (Garti & McClements, 2012).

The process conditions affect the quality of the product. Freezing cause the
changes on the texture and the morphology of the dried material. As the cooling
rate of matrix is accelerated, the size of ice crystals become smaller providing
lowered stress on core materials, yet this could also lead to destabilization of
nanoparticles and hence aggregation of dried particles when dispersed after drying
as cited by (Garti & McClements, 2012). Therefore, it is suggested to freeze the
matrix at -70°C in a freezer slowly. Due to the operating conditions at low
temperature, freeze drying is advantageous on the encapsulation of heat sensitive
materials (Garti & McClements, 2012).

Encapsulation by freeze drying has been used for oil encapsulation by several
researchers (Sen Gupta, Ghosh, Maiti, & Ghosh, 2012; Calvo et al., 2012; Silva,
Coelho, Calado, & Rocha-Ledo, 2013; Heinzelmann & Franke, 1999;

Heinzelmann & Franke, 2000; Heinzelmann, Franke, Velasco, & Marquez-Ruiz,
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2000) and many of them include the enhancement of oxidative stability during
storage. Sen Gupta et al. (2012) preferred to use freeze drying to encapsulate
pomegranate seed oil due to low temperatures and having effective results for
sensitive materials. Calvo et al. (2012) also used freeze drying for encapsulation
of refined olive oil due to the higher resistance of freeze dried particles than spray
dried particles to oxidation. The study showed that better results were obtained by
the effective barrier preventing the oxidative damage and the stability of the
capsules were ensured due to lower humidity and water activity achieved by
encapsulation process (Calvo et al., 2012). The oxidative stability of encapsulated
fish oil by freeze drying was also covered by Heinzelmann & Franke (1999),
Heinzelmann & Franke (2000) and Heinzelmann et al. (2000), and their results
showed promising effect of freeze drying on enhancement of oxidative stability of
fish oil. It was indicated that the effect of coating material should be considered
on evaluating the effective encapsulation as well as the technique used.
Additionally it was stated that the efficiency of microcapsules was not enough
alone to be related to the storage (Heinzelmann et al., 2000; Heinzelmann &
Franke, 1999).

1.6 Objectives of the Study

Concerns for diseases make people to consume foods fortified with nutrients.
Wheat germ oil is known as the highest source of a-tocopherol. As a natural
antioxidant, a-tocopherol protects the cell membrane from peroxidation and help
to reduce the risk of vascular diseases by inhibition of LDL oxidation. In addition
to a-tocopherol, wheat germ oil contains high amounts of bioactive compounds
including other tocopherol derivatives, phytosterols, polycosanols, thiamin,
riboflavin and niacin improving body functions. However, it is easily oxidized in

free form.

Encapsulation is a compromising technique used to protect active materials

against unsuitable environmental and processing conditions. This technique
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provides to maintain the characteristics of material by isolating it from the
environment. By this method, the undesired odor and taste could be masked;
volatiles could be protected from evaporation and the oxidation could be
prevented. The release of material could be controlled and hence the stability of

the material is maintained, which increases the shelf life of the material.
There are few studies on encapsulation of wheat germ oil in the literature.

The main objective of this study was to improve the encapsulation efficiency of
wheat germ oil by employing different coating materials and homogenization
techniques. Another objective was to examine the storage stability of encapsulated
wheat germ oil. The effects of different homogenization techniques and coating

materials on particle size of microcapsules were also investigated.
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2. MATERIALS AND METHODS

2.1 Materials

Wheat germ oil (WGO), maltodextrin (MD) having dextrose equivalent value of
4-7, chitosan (CS), gum arabic (GA) and casein sodium salt from bovine milk
(NaCa) were purchased from Sigma Aldrich Chemical Co. (St. Louis, MO, USA).
The chemicals dipotassium phosphate (K;HPO,), potassium dihydrogen
phosphate (KH.PO.), glacial acetic acid, hexane, magnesium chloride (MgCl,),
chloroform, potassium iodide, sodium thiosulfate, starch, isooctane (2, 2-4-
trimethylpentane), p-anisidine, methanol for HPLC, acetonitrile for HPLC and
DL-a-tocopherol acetate were also purchased from Sigma-Aldrich Chemical Co.
(St. Louis, MO, USA). Whey protein concentrate (WPC) which contains 80%
protein was supplied from Tunckaya Kimyevi Maddeler (Tuzla, istanbul).

2.2 Microencapsulation of Wheat Germ Oil

2.2.1 Preparation of Coating Materials

The maltodextrin (MD) and sodium salt of casein (NaCa) solutions were prepared
one day before the emulsion preparation. The MD and NaCa were dissolved in
distilled water at 10% and 30% concentration by weight, respectively. The
solutions were mixed by magnetic stirrer (Heidolph MR 3001 K, Heidolph
Instruments GmbH & Co, Schwabach, Germany) and left in the shaking bath at
25°C and 90 rpm over one night for complete dissolution.

Whey protein concentrate (WPC) solutions were prepared in 1%, 10%, 30% and

40% concentrations by weight, dissolving in buffer solution for 5 min by the
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magnetic stirrer and left in the shaking bath at 25°C and 90 rpm over one night for
complete dissolution. The buffer solution was prepared by using dipotassium
phosphate (K;HPO,) and potassium dihydrogen phosphate (KH,PO.), using the
method adapted from Kuhlmann, (2006) (Turasan, 2014). Firstly, 1 M solutions of
each chemical were prepared. After that, in order to get 1 M of 100 ml buffer
solution having pH 7.0, 61.5 ml of K;HPO, solution and 38.5 ml KH,PO, solution

were mixed. Then, the solution was diluted to 5 mM.

Gum arabic (GA) solution was prepared at 10% concentration by weight in
distilled water. Chitosan (CS) was dissolved in 0.25% aqueous acetic acid
solution to obtain 1% concentration 2 hours prior to emulsion preparation for

complete dissolution.

2.2.2 Preparation of Emulsions

After the coating materials were prepared, they were weighed in a 250 ml beaker
and mixed to obtain 80 g coating material solution of ratios MD:WPC-1:3,
MD:WPC-1:4, MD:GA-1:3, MD:CS-10:1, WPC:CS-10:1, WPC:CS-1:1,
MD:NaCa-1:3. Wheat germ oil was added to coating material solution to obtain

emulsion with core to coating ratio of 1:8.

The coating and core material mixture was first pre-homogenized in high-speed
blender (IKA T25 digital Ultra-Turrax, Selangor, Malaysia) at 8000 rpm for 5
min. Then, for main emulsion preparation, the pre-emulsions were homogenized
in Ultrasonic Homogenizer (Sonic Ruptor 400, OMNI International the
Homogenizer Company, Georgia, USA) for 15 min at 40 kHz using 50% pulse.
These parameters were fixed according to preliminary experiments. In order to
prevent the temperature rise of the emulsion, the beakers were kept in water baths

at 4°C during ultrasonic homogenization.

In the preparation of MD:NaCa pre-emulsion at a ratio of 1:3, different

homogenization techniques, which were silent crusher (Heidolph Silent Crusher
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S, Schwabach, Germany) and microfluidizer (Nano-dispenser NL-100, Daedeok,
South Korea) were used. The silent crusher was performed at 75,000 rpm for 15
min. In order to prevent the temperature rise in emulsion, the beakers were kept in
ice bath during homogenization. Microfluidization was performed at 500 MPa for

1, 2 and 3 cycles.

After homogenization, emulsions were put into 250 ml beakers so as to be half
filled and then frozen. Effects of freezing temperatures on encapsulation
efficiency were studied by using freezers at -18°C (BEKO D 8340 SM, Eskisehir,
Turkey) and -80°C (CL Hetofrig, Birkrod, Denmark).

2.2.3 Freeze Drying

Frozen emulsions were dried under vacuum in freeze drier (Christ, Alpha 2-4 LD
plus, Osterode am Harz, Germany) for 48 hours at -50°C and at 0.019 mbar. After
drying, dried products were grinded into powders by a glass rod.

2.3 Analysis of Emulsions and Microcapsules

2.3.1 Efficiency Analyses of Microcapsules

The encapsulation efficiency of microcapsules indicates the ratio of oil at the
surface of the microcapsules to the encapsulated oil. The method to measure the
surface oil of microcapsules was adapted from Calvo et al. (2010) and Millgvist-
Fureby (2003). In a beaker, 5 g of microcapsules were weighed. The powder was
washed with 50 ml hexane and mixed by the magnetic mixer at 200 rpm for 60 s;
then, it was left to stand for 10 min. After 10 min, the mixture was filtered
through filter paper (No. 41, Whatman, Maidstone, UK). The powder residue was

again washed with 2x5 ml hexane. The solvent mixture was allowed to evaporate
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under fume hood in a beaker. When the solvent evaporation was completed, the
extracted oil was placed in an oven at 105°C for complete evaporation of solvent
until a constant weight was achieved which took about 1 hour. The amount of
surface oil was calculated by subtracting the weight of the empty beaker from the

weight of the beaker containing surface oil.

The total oil content was measured by Soxhlet extraction of microcapsules (Calvo
et al., 2010). Extraction was performed using 250 ml hexane for 5 g of powder for
4 h. The solvent in the mixture collected in the volumetric flask was distilled by a
distillation column. The concentrated mixture was transferred to a beaker and
further evaporated under fume hood; then dried in the oven at 105°C until
constant weight was achieved. The amount of total oil was calculated by

subtracting the weight of the empty beaker from weight of beaker containing oil.

The encapsulation efficiency was calculated by equation (2.1) (Calvo et al., 2010):

(Total oil content - Surface oil content)

Encapsulation efficiency (%) = (Total oil contend)

x100 (2.1)

2.3.2 Particle Size Analyses of Emulsions

Particle size of microcapsules was measured by laser diffraction particle size
analyzer (Malvern Mastersizer 3000, Malvern Instruments Limited,
Worcestershire, U.K.). Measurement was performed by using the particle
refractive index of 1.38 measured by refractometer and dispersant refractive index
of 1.33 measured by UV/VIS spectrometer T 70, (PG Instruments LTD, UK).

Emulsions prepared by MD and NaCa at a ratio of 1:3 were homogenized with
three different homogenization techniques. In high pressure homogenization, the

effect of number of cycles was also studied.
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The particle size of emulsions was described by Sauter mean diameter, D32, and
span, the polydispersity of size distribution. D32 is the measurement of expressing
the main disposition of particle and it is calculated by the equation (2.2);

Y nd?

D32= 20t
2 nd;

2.2)

Where, d;jstands for the diameter of the particles in each size class and n; states the
number of particles in each size class per unit volume of emulsion. Span is the
measurement of the width of the distribution and it is calculated by the equation
(2.3);

apap < L[009) - d0.1)]
Pan = 4 05)

(2.3)

Where, d(0.9), d(0.5) and d(0.1) are the 90%, 50% and 10% cumulative sizes of
particle diameters respectively (McClements, 2004; Chew, Chan, & Pharmacy,
2006).

2.4  Storage Stability of Microcapsules

The microcapsules prepared with MD and NaCa at a ratio of 1:3 using
microfluidization were investigated for their storage stability at two different
temperatures of 15°C and 45°C. Saturated magnesium chloride solution (MgCly)
was used to prepare the storage environments having relative humidities of 33.3 =
0.21% and 31.10 + 0.13% at temperatures 15°C and 45°C, respectively
(Greenspan, 1977). Two identical desiccators were used to store the
microcapsules at different temperatures. After the saturated salt solution was

prepared, it was kept for about 24 hours to reach to equilibrium. The identical
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microcapsules and fresh non-encapsulated wheat germ oil were placed in the
desiccators and stored at 15°C and 45°C. The temperature values were controlled
and recorded by EBI120 temperature and humidity data logger. For the analyses of
peroxide and p-anisidine values, 10 g of sample stored at 15°C were taken every
10 days during 60 days, the microcapsules stored at 45°C was though analyzed for
every 7 days during 42 days of storage. On the other hand, a-tocopherol analyses
were done for the first day and in the middle of storage.

The oxidative stability during storage of microcapsules was examined by the
analysis of peroxide and p-anisidine values. The oil was extracted from the
powder by soxhlet extraction as proposed by Hornero-Méndez, Pérez-Gélvez, &

Minguez-Mosquera, (2001).

Peroxide value of extracted oil samples was determined by AOCS official method
(AOCS, 1998b). 1 g oil sample was dissolved in 6 ml acetic acid/chloroform
solution (3:2, v/v). Then, 0.1 ml saturated KI solution was added and mixed
occasionally for 1 min. After 1 min mixing, 6 ml distilled water was added to the
solution immediately. The solution was then titrated with 0.01 N sodium
thiosulfate solution until the yellow iodine color disappeared. The volume of
sodium thiosulfate solution consumed for titration was recorded. Equation (2.4)

was used to calculate the peroxide value;

_(S-B)xNx1000

PV
W

(2.4)

Where, PV is the peroxide value (miliequivalents peroxide/1000 g sample), S is
the volume of sodium thiosulfate solution (ml) consumed during the titration, B is
the volume of sodium thiosulfate solution (ml), N is the normality of sodium
thiosulfate solution and W is the weight of the oil sample (g) (AOCS, 1998b).

p-Anisidine values was also determined by AOCS official method (AOCS,
1998a). 0.5 g of extracted oil sample weighed in a volumetric flask and diluted

with isooctane (2, 2, 4-trimethylpentane) to 25 ml. The absorbance values of
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solution and solvent as blank were measured at 350 nm in identical cuvettes by
using UV/VIS spectrometer T 70, (PG Instruments LTD, Leicestershire, UK). On
the other side, 5 ml of solution and 5 ml of solvent were placed in test tubes. 1 ml
of p-anisidine reagent prepared by dissolving 0.25 g p-anisidine by 100 ml glacial
acetic acid was added into the tubes. Each tube was mixed by vortex well and kept
for 10 min for complete reaction. After 10 min, the absorbance values of oil
sample and solvent as blank were measured in identical cuvettes. The p-anisidine

value was calculated using Equation (2.5);

_ 25x(1.2As-Ab)
p-AV.= —

(2.5)

where p-A.V. is the p-anisidine value, As is the absorbance of oil solution reacted
with p-anisidine reagent, Ab is the absorbance of oil solution and m is the mass of

the oil sample (g).
Totox value was also calculated according to equation (2.6) (Semb, 2012);

Totox value=2xP.V.+ p-A.V. (2.6)

High performance liquid chromatography (Thermo Finnigan Surveyor HPLC
System, Thermo Scientific, San Jose, CA USA) was used for a-tocopherol
analysis. The HPLC system was composed of liquid chromatography pump
(Finnigan Surveyor LC Pump Plus), autosampler (Finnigan Surveyor
Autosampler Plus), ultraviolet visible detector (Finnigan Surveyor UV-VIS Plus
Detector) and refractive index detector (Finnigan Surveyor RI Plus Detector). The
column used for a-tocopherol analysis was Varian Chromspher HPLC column
(Varian Instruments, Palo Alto, CA, USA) reversed phase of size 150 mm x 4.6
mm and 5 pm particle size. As mobile phase, acetonitrile:methanol:water
(60:38:2) solution was used at flow rate of 1.2 ml/min. The detection of o-
tocopherol was obtained at a total run time of about 9.5 min under 290 nm UV.

The tray and column temperatures were set to 4°C and 30°C respectively. Qil
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samples were dissolved in mobile phase and filtered through 0.2 pum filter (Iso-
Disc Syringe-Tip filter, Supelco) (Eisenmenger, 2005). Calibration curve was
obtained by diluting DL-a-tocopherol acetate in 5 different concentrations of
1/1000, 10/1000, 20/1000, 50/1000, 100/1000 in mobile phase. The coefficient of

regression value of calibration curve (R?) was 0.96 (Appendix A).

2.5  Statistical Analysis

Analysis of variance (ANOVA) was used to identify significant differences
between the effiencies of microcapsules, D32 and span values of emulsion particle
sizes by using SAS software version 9.1 (SAS Institute Inc., NC, USA). If
significant difference was determined, means were compared by using Duncan's

Multiple Comparison Test (p <0.05).
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3. RESULTS AND DISCUSSION

3.1 Encapsulation Efficiency

Encapsulation efficiency is an indicator for the achievement of the encapsulation
process. The effect of different coating materials and homogenization techniques
as mentioned in previous sections were evaluated to identify the optimum

condition for encapsulation of wheat germ oil at 1:8 core to coating ratio.

First of all, the effect of different freezing temperatures on microencapsulation
efficiency was determined in preliminary experiments. Table 3.1 shows the
surface oil content of capsules prepared from the emulsions frozen at different
temperatures. Encapsulation efficiencies of microcapsules obtained from the
emulsions frozen at -18°C and -80°C were found to be 24.12% and 34.3%,
respectively. This finding showed that the increase in freezing rate increased the
encapsulation efficiency mainly due to maintaining the emulsion stability as
consistent with the statement given by Yin & Yates (2008). Yin & Yates, (2008)
stated that increase in freezing rate prevented the coalescence, which maintained
the emulsion stability. Based on these results, the freezing temperature was

chosen as -80°C for further experiments.

The microencapsulation efficiencies of MD:WPC at different ratios and MD:GA
combination at 1:3 ratio and homogenized by ultrasonication are seen in Fig.3.1.
It was seen that the efficiencies of three combinations were low. The statistical
results showed that the efficiencies were not significantly different from each
other (p < 0.05) (Fig.3.1, Table B.1). This is in contrast to the findings of Akhtar
& Dickinson, (2007). They showed that the microencapsulation capability of
WPC was more effective than GA due to its emulsifying ability in forming more
stable emulsions. Similar efficiency values in the presence of GA and WPC could
be explained by the creaming stability of WPC emulsions (Kuhn & Cunha, 2012).
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Table 3.1 Effect of different freezing temperatures on surface oil content of

microcapsules prepared with MD:GA ratio of 1:3

Freezing Surface Oil Content Encapsulation

temperature (°C) (g 0il/ 100 g capsule) efficiency (%)
-18°C 1.61+0.216 24.1243.00
-80°C 1.5740.052 34.30+0.42

Creaming stability is related to the average size of the fat globules and the
decrease in size of fat globules increases the stability of emulsion (Desrumaux &
Marcand, 2002). The homogenization of WPC emulsions by ultrasonication was
found to be insufficient in decreasing the droplet sizes leading to decrease in
creaming stability and accordingly unstable emulsions as also stated by Jafari et
al. (2008).

The effect of CS as coating material was also studied and the results of
efficiencies of capsules formed by MD:CS and WPC:CS combinations at different
concentration and homogenized by US are seen in Fig.3.2. For three combinations
of coating material, encapsulation efficiencies were not significantly different (p <
0.05) (Table B.1). The increase in the WPC concentration in WPC:CS
combination did not have any effect on encapsulation efficiency of wheat germ
oil. Coating materials of WPC:CS and MD:CS combinations provided similar
efficiency values in encapsulation of wheat germ oil. The findings of similar
efficiency results with different formulations were supported by the study of
Klaypradit & Huang (2008). In their study Klaypradit & Huang (2008) stated that
the similar results of MD:CS, 10:1 and WPC:CS, 1:1 formulations demonstrated
the maximum capability of forming stable emulsion at these combinations. Then,
the same results found for different coating concentrations of WPC:CS, 1:1 and
MD:CS, 10:1, could be identified with the emulsifying capacity of CS.
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Figure 3.1 Encapsulation efficiencies of microcapsules prepared with MD:GA
ratio of 1:3 and MD:WPC at different ratios. *Different letters represent
significant difference (p < 0.05)
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Figure 3.2 Encapsulation efficiencies of microcapsules prepared with WPC:CS at
different ratios and MD:CS at a ratio of 10:1.*Different letters represent
significant difference (p < 0.05)
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The similar results obtained for both concentrations of WPC:CS could be referred
to the results of the studies done by Moschakis et al. (2010). Moschakis et al.
(2010) quoted in their studies that 10:1 ratio of WPC:CS formulation was the
minimum ratio of emulsifying oil to avoid flocculation. Both studies indicated the
effect of flocculation of proteins on emulsion stability. So, there may be an

optimum value for the stability of emulsions formed by WPC:CS formulation.

It was observed that NaCa was a better encapsulating material as compared to
GA, CS and WPC since capsules prepared with NaCa had lower surface oil
content indicating higher encapsulation efficiency (Table 3.2). Augustin & Hemar
(2009) and Dickinson (1999) reported that since proteins are amphiphilic
compounds, they can interact with hydrophilic and lipophilic compounds which
enables the adsorption of the oil droplets and gas bubbles. According to the results
of the efficiencies, it was seen that NaCa was more effective in
microencapsulation than WPC. The difference in efficiencies of microcapsules
created by NaCa and WPC was consistent with the study by Kagami et al. (2003)
reporting the higher surface activity of NaCa as compared to WPC. The findings
of interfacial tension measurements of emulsions in their study indicated the

higher emulsification properties of NaCa over whey protein isolate.

The homogenization techniques affected the encapsulation efficiency
significantly. Fig.3.3 showed the efficiency results of microcapsules prepared by
MD:NaCa, at a ratio of 1:3 homogenized by US, SC and MF. Microcapsules
homogenized with US showed statistically lower encapsulation efficiency than
those homogenized with SC and MF (Table B.2) (p < 0.05). On the other hand,
encapsulation efficiency homogenized with SC and MF were not significantly
different from each other (Table B.2) (p > 0.05). The acting forces of high speed
in SC generated by the blades led to reach the similar efficiency by MF in which
the emulsion was formed by high velocity rates generated from momentum and
turbulence in micro channels. Moreau et al., (2003) showed in their study that
increasing the speed of the blender decreased the particle size of the emulsions
and these values were similar to the results achieved by MF. The decrease in the

particle size was related to the increasing stability of emulsions (Jafari et al.,
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2006b, 2007) which could explain the increased efficiency of microencapsulation
by SC. The encapsulation efficiencies of microcapsules prepared by MF were also
higher than US homogenization. This result can also be related to higher emulsion
stability achieved by the decreased emulsion particle size by MF homogenization.
The results of the higher efficiency found by MF than US can be supported by the
results of decreased emulsion size by MF in the study conducted by Mahdi Jafari,
He & Bhandari (2006). The decreased emulsion size by MF over US could also be
related to the increased stability of emulsion and accordingly the increase in

stability led to production of more efficient microencapsulation.

Table 3.2 Surface oil content (g 0il/100 g capsule) and encapsulation efficiency

(%) of microcapsules prepared with different coating formulations

Coating Surface Oil Content Encapsulation efficiency
formulation (g 0il/ 100 g capsule) (%)

MD:GA, 1:3 1.5740.052 34.30+0.42
MD:WPC, 1:3 1.62+0.054 38.06£5.75
MD:WPC, 1:4 1.65+0.087 39.4245.20
MD:CS,10:1 0.92+0.069 40.33+8.10
WPC:CS,10:1 0.89+0.005 40.86+5.20
WPC:CS,1:1 1.49+0.366 39.79+9.14
MD:NaCa, 1:3 0.04+0.003 56.69+0.80
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Figure 3.3 Encapsulation efficiencies of microcapsules prepared with MD:NaCa
ratio of 1:3 and homogenized with different techniques (ultrasonication (US),
silent crusher (SC) and microfluidization (MF)). *Different letters represent
significant difference (p < 0.05)

Depending on the results of efficiencies found by application of different
homogenization techniques, the effect of different treatment passes in
homogenization by MF on microencapsulation efficiency was further analyzed.
SC was eliminated due to the reason of small scale production.

In Fig.3.4, the results of the efficiencies found by the treatment of 1, 2 and 3
passes of MF are shown. There were no significant differences between the
treatment passes (p < 0.05) (Table B.3). The same effect seen on encapsulation
efficiency of each treatment could be explained by the fact that there was the
optimum conditions in production of emulsions by microfluidization as stated by
Lobo & Svereika (2003) and Jafari et al. (2006). This situation was expressed as
‘over-processing’ which was resulted from the increased collision of the emulsion

droplets leading to coalescence. The coalescence of the droplets caused unstable
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emulsions and eventually poor microencapsulation efficiencies. The phenomenon
of over-processing could explain the efficiency results obtained by different
treatment passes.

100.00 - X B
a a .

90.00 - 75.95 72.53
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20.00 -
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Encapsulation efficieny (%)

1 pass 2 pass 3 pass

Number of passesin MF

Figure 3.4 Encapsulation efficiencies of microcapsules prepared with MD:NaCa
ratio of 1:3 and homogenized under different microfluidization treatment passes.
*Different letters represent significant difference (p <0.05)

According to the results of the efficiency analyses, formulation of MD:NaCa at
ratio of 1:3, which was the most promising coating material, were chosen for

further analyses of particle size and oxidation analyses.

3.2 Particle Size

Particle size analyses were carried out for the formulation of MD:NaCa 1:3

homogenized with different homogenization techniques. Table 3.3 represents the
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particle size values of D32 (um) and span of emulsions homogenized with US, SC

and MF for 1 pass.

The statistical analyses also showed that there were significant difference between
the D32 (um) values of emulsions (p < 0.05) (Table B.4).

Table 3.3 The effect of different homogenization techniques on particle size of
emulsions prepared with MD:NaCa at a ratio of 1:3: *Different letters represent
significant difference (p <0.05)

Homogenization technique D32 (um) Span
us 1.680° 1.114°
sc 1.480° 2.082°
MF 0.643° 4.070°

The larger particle size of the emulsions homogenized by US was consistent with
the lower efficiency of encapsulation when US was used as compared to MF and
SC (Fig. 3.3). It has been shown that MF homogenization was more effective in
decreasing the particle sizes than US homogenization in the studies carried out by
Mahdi Jafari et al. (2006) and Jafari et al. (2008, 2007). High velocity rates
generated by MF in a short time with high energy ceased the disruption of the
fluid droplets more effectively than US (Jafari et al., 2006a). The particle size of
the emulsion homogenized by MF was also smaller than the particle size of the
emulsion homogenized by the SC. This result was similar to the results achieved
by Moreau et al. (2003).

Span results showed the reverse trend with D32 values for the particle sizes of the
emulsions homogenized by US, SC and MF. The emulsion homogenized by MF
with the smallest D32 value had the largest span value and the emulsion by US

with the largest D32 value had the smallest span value. This result can also be
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seen in Fig.3.5 as the narrowest curve representing the emulsion of US process
and as the widest curve representing the MF process. Jafari et al. (2007) explained
the relation of larger particle size and small span value as to be resulted from the

formation of uniform droplets in emulsion achieved by US.
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Figure 3.5 Particle size distributions of emulsions prepared with MD:NaCa ratio
of 1:3 and homogenized with different techniques (ultrasonication (US)-dashed

line, silent crusher (SC)-dotted line and microfluidization (MF)-solid line)

The results of the particle sizes of the emulsions homogenized with different MF
treatment passes can be seen in Table.3.4. The results showed that the increase in
number of passes decreased the particle sizes of the emulsions. This correlation
has also been found by Kuhn & Cunha (2012) and Jafari et al. (2006). The same
trend was also seen in span values. As the number of cycles in homogenization
increased, the span values decreased. This phenomenon was also consistent with
the findings by Kuhn & Cunha (2012) and Jafari et al. (2006). As can be seen in
Fig.3.6, the span results are well matched with the curves for 1, 2 and 3 pass. The

widest curve represented 1 pass which had the largest span value and the
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narrowest represented the 3 pass which had the smallest span value. It has been
well noted by Kuhn & Cunha (2012) and Jafari et al. (2006) that the increased
number of cycles were effective in creating emulsions with smaller particle size as

disrupting the droplets repeatedly and eventually preventing the coalescence.

Table 3.4 Particle size analyses of emulsions prepared with MD:NaCa at a ratio
of 1:3 and homogenized with different microfluidization treatment passes:

*Different letters represent significant difference (p <0.05)

Number of pass D32(pum)  Span
1 pass 0.643% 4.070°
2 pass 0.316°  0.842°
3 pass 0.278°  0.746°
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Figure 3.6 Particle size distributions of emulsions prepared with MD:NaCa ratio
of 1:3 and homogenized with different microfluidization treatment passes (1 pass:
solid line, 2 pass: dashed line, 3 pass: dotted line)

As the number of passes increased, the particle size of the emulsions decreased;
however the efficiency of the emulsions were statistically not different. Therefore,
for the storage stability analyses microcapsules prepared with 1 pass treatment of
MF was selected for storage stability analysis.

3.3  Storage Stability of Capsules

Oxidation analyses were performed to determine the effects of encapsulation on
storage stability. Oxidative stability 1is the significant criteria for
microencapsulation of oils in order to determine the ability of wall material in
protecting the oil from oxidation. Therefore, storage stability analysis was carried

out for microcapsules prepared with MD:NaCa at a ratio of 1:3 processed under
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MF with 1 pass, which had the highest encapsulation efficiency and compared
with the non-encapsulated. In order to evaluate the storage stability of
microcapsules, accelerated storage stability test was performed at 45°C compared
with 15°C storage for both totox values and a-tocopherol concentration. The
microcapsules and fresh oils were stored at 15°C for 40 days and at 45°C for 28
days at 33.3 £ 0.1% and 31.10 + 0.1 RH environments, respectively.

In Fig.3.7, totox values of encapsulated and fresh oil during storage at 15°C and
45°C were given. According to the results, it can be seen that the totox values of
the sample increased as the exposure to oxygen and temperature, which are most
effective oxidative stresses, increased. The rate of increase in totox values of fresh
oil was apparently higher than the totox values of microcapsules. This could be
explained by the fact that the wall structure of microencapsulation surrounding the
core material protected the material from oxidation. NaCa is well known for its
good barrier forming ability providing a protective coat against oxidation (Singh,
2011). The protective effect of the coating to retard the oil oxidation could be
obviously seen in the first 7 days for both 15°C and 45°C storage temperatures.
Similar results were obtained in the studies conducted by Kagami et al. (2003)
and Karaca, Low, & Nickerson (2013).
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Figure 3.7 Totox values of fresh oil and microcapsules prepared with MD:NaCa
ratio of 1:3 and stored at 15°C for 40 days and 45°C for 28 days at 33% RH (¢:
fresh oil at 15°C, o: microcapsule at 15°C, A: fresh oil at 45°C, o : microcapsule
at 45°C)

When the results of fresh oils and microcapsules were compared, it was seen that
microencapsulation was efficient in protecting the oil from oxidation during
storage. The totox values of microcapsules stored at both 15°C and 45°C were
higher than fresh oil on day 0 as reported in the study conducted by Karaca et al.
(2013), which could have resulted from processing during microencapsulation. On
day 0, the totox values of fresh oil and microcapsules were found as 6.15 and
13.15 respectively. Totox values of microcapsules stored at both 15°C and 45°C
were nearly the same and constant at the end of 20 days. After 20 days, there was
a sharp increase in the totox values microcapsules stored at 45°C. The reason of
the decrease in oxidative stability of microcapsules could be the increase in
permeability of wall material. Hardas, Danviriyakul, Foley, Nawar, & Chinachoti
(2000) and Partanen et al. (2002) reported in their studies that increase in

53



temperature led to increase in permeability due to the change in glass transition
temperature and decrease the stability of the structure. Eventually, as the oxygen

and light exposure of oil increased the oil oxidation increased.

Fig.3.8 represented the change in a-tocopherol concentration of fresh oil and
microcapsules prepared with MD:NaCa ratio of 1:3 and stored at 15°C during 24
days and at 45°C during 21 days. It was obviously seen that the concentration of
a-tocopherol in fresh oil was much higher than that in microcapsules on day 0. a-
tocopherol was known to be susceptible to oxygen and temperature, which has
been reported in several studies such as Bruscatto et al. (2009), Rastrelli et al.
(2002) and Capitani et al. (2011). Thus, the processing conditions exposing to
oxygen and temperature could cause the degradation. On the other side, the
degradation of a-tocopherol in fresh oil was found to be faster than that in
microcapsules, which clearly showed the protective effect of microencapsulation
on degradation of a-tocopherol. The degradation of a-tocopherol in microcapsules
stored at both temperatures of 15°C and 45°C were nearly the same, which could
indicate the stability of wall material at 45°C within 20 days. When the oxidative
stability results were considered, the increase in totox value was seen after 20

days storage of microcapsules.
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4. CONCLUSION AND RECOMMENDATIONS

In order to determine the optimum conditions for encapsulation of wheat germ oil,
encapsulation efficiency, particle size distribution and storage stability analyses
including the determination of totox values and a-tocopherol concentration were
carried out.

Encapsulation efficiency of microcapsules coated with MD:NaCa at concentration
of 1:3 was found to be the highest among other coating materials used in this
study. Encapsulation efficiency of microcapsules was different when different
homogenization techniques were used. MF and SC were found to be much more
effective in the formation of microcapsules at higher efficiencies. Increasing the

number of passes of MF did not affect the efficiency of microcapsules.

When MD:NaCa at a ratio of 1:3 was used as a coating material in emulsion
preparation, it was observed that the change in homogenization technique affected
the particle size of emulsions significantly. US homogenization created the largest
particle size and MF homogenization created the smallest particle size. As the
number of passes in MF homogenization increased, the particle size of emulsions

decreased.

In the storage stability analyses, totox values and a-tocopherol concentration of
microcapsules were determined. Encapsulation was found to be effective in
retarding oxidation of wheat germ oil during storage at 45°C. Although, the
storage analyses showed promising effect of microencapsulation, encapsulation
with MD:NaCa combination was not sufficient in retarding the degradation of the

core material after 20 days.

For future study, the effect of different concentrations of NaCa on the
microencapsulation efficiency could be investigated. In order to enhance the
efficiency, double emulsion would be studied as promising technique for

encapsulation of wheat germ oil.
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APPENDIX B

STATISTICAL ANALYSES

Table B.1 One way ANOVA and Duncan’s Multiple Range Test for
encapsulation efficiencies of core to coatings MD(4-7):NaCa-1:3, WPC:CS-10:1,
MD(4-7):CS-10:1, WPC:CS-1:1, MD(4-7):WPC-1:4, MD(4-7):WPC-1:3, MD(4-
7):GA-1:3

X1 core to coating

Class Level Information

Class Levels Values

X1 7 1234567

Number of Observations Read 14
Number of Observations Used 14

Dependent Variable: Y

Source DF Squares  Mean Square  F Value Pr>F
Model 6 606.2556429 101.0426071 3.00 0.0886
Error 7 236.0824500 33.7260643

Corrected Total 13 842.3380929
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R-Square  Coeff Var Root MSE Y Mean

0.719730  14.04478 5.807415 41.34929

Source DF Type I SS Mean Square  F Value Pr>F
X1 6 606.2556429 101.0426071 3.00 0.0886
Source DE TypelllSS Mean Square FValue Pr>F
X1 6 606.2556429 101.0426071 3.00 0.0886

Duncan's Multiple Range Test for Y

NOTE: This test controls the Type | comparison wise error rate, not the

experiment wise error rate.

Alpha 0.05

Error Degrees of Freedom 7

Error Mean Square 33.72606

Number of Means 2 3 4 5 6 7

Critical Range 13.73 1428 1457 1474 1483 14.87

Means with the same letter are not significantly different.
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Duncan Grouping Mean N X1

A 56685 2 7
B 40860 2 5
B 40330 2 4
B 39.790 2 6
B 39420 2 2

B 38.060 2 1

B 34300 2 3

Table B.2 One way ANOVA and Duncan’s Multiple Range Test for
encapsulation efficiencies of microcapsules prepared with MD:NaCa ratio of 1:3
and homogenized with different techniques (ultrasonication (US), silent crusher
(SC) and microfluidization (MF))

Duncan's Multiple Range Test for Y

NOTE: This test controls the Type | comparison wise error rate, not the

experiment wise error rate.

Alpha 0.05
Error Degrees of Freedom 3

Error Mean Square 5.047783
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Number of Means 2 3

Critical Range  7.150 7.174

Means with the same letter are not significantly different.

Duncan Grouping Mean N X1

A 75595 2 3
A 73535 2 2
B 56.685 2 1

Table B.3 One way ANOVA and Duncan’s Multiple Range Test for
encapsulation efficiencies of microcapsules prepared with MD:NaCa ratio of 1:3

and homogenized under different microfluidization treatment passes

X1 number of passes

Class Level Information

Class Levels Values
X1 3 123
Number of Observations Read 6
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Number of Observations Used 6

Dependent Variable: Y

Source DF Squares Mean Square _F Value Pr>F
Model 2 86.4785333 43.2392667 2.60 0.2213
Error 3 49.9009500 16.6336500

Corrected Total 5 136.3794833

R-Square  Coeff Var Root MSE Y Mean

0.634102 5.189622 4.078437  78.58833

Source DF Type ISS Mean Square  FValue Pr>F
X1 2 86.47853333 43.23926667 2.60 0.2213
Source DFE Typelll SS Mean Square F Value Pr>F
X1 2 86.47853333 43.23926667 2.60 0.2213

Duncan's Multiple Range Test for Y

NOTE: This test controls the Type | comparison wise error rate, not the

experiment wise error rate.

Alpha 0.05
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Error Degrees of Freedom 3

Error Mean Square 16.63365

Number of Means 2 3

Critical Range 1298  13.02

Means with the same letter are not significantly different.

Duncan Grouping Mean N X1

A 83.945 2 3
A 76.225 2 2
A 75595 2 1

Table B.4 One way ANOVA and Duncan’s Multiple Range Test for D32 values
of emulsions homogenized by US, SC and MF prepared with MD:NaCa ratio of
1:3

X1 homogenization techniques

Class Level Information
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Class Levels Values

X1 3 123
Number of Observations Read 9
Number of Observations Used 9

Dependent Variable: Y

Source DF Squares Mean Square F Value Pr>F
Model 2 1.82876089 0.91438044 842.14 <.0001
Error 6 0.00651467 0.00108578

Corrected Total 8 1.83527556

R-Square  Coeff Var Root MSE Y Mean

0.996450 2.594124 0.032951  1.270222

Source DF Type ISS Mean Square  F Value Pr>F
X1 2 182876089 0.91438044 842.14 <.0001
Source DE Typelll SS Mean Square F Value Pr>F
X1 2 182876089 0.91438044 842.14 <.0001

Duncan's Multiple Range Test for Y

77



NOTE: This test controls the Type | comparison wise error rate, not the

experiment wise error rate.

Alpha 0.05
Error Degrees of Freedom 6

Error Mean Square 0.001086

Number of Means 2 3

Critical Range 06583  .06823

Means with the same letter are not significantly different.

Duncan Grouping Mean N X1

A 168667 3 1

B 148000 3 2

C 064400 3 3

Table B. 5 One way ANOVA and Duncan’s Multiple Range Test for span values
of emulsions homogenized by US, SC and MF prepared with MD:NaCa ratio of
1:3

X1 homogenization techniques
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Class Level Information

Class Levels Values

X1 3 123

Number of Observations Read 9
Number of Observations Used 9

Dependent Variable: Y

Source DF Squares  Mean Square  F Value Pr>F
Model 2 111.2065816 55.6032908 0.95 0.4396
Error 6 352.8219487 58.8036581

Corrected Total 8 464.0285302

R-Square  Coeff Var Root MSE Y Mean

0.239655  154.0277  7.668354  4.978556

Source DF Type ISS Mean Square  F Value Pr>F
X1 2 111.2065816 55.6032908 0.95 0.4396
Source DFE Typelll SS Mean Square F Value Pr>F
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X1 2 111.2065816  55.6032908  0.95 0.4396

Duncan's Multiple Range Test for Y

NOTE: This test controls the Type | comparison wise error rate, not the

experiment wise error rate.

Alpha 0.05

Error Degrees of Freedom 6

Error Mean Square 58.80366

Number of Means 2 3

Critical Range  15.32  15.88

Means with the same letter are not significantly different.

Duncan Grouping Mean N X1

A 9629 3 2
A 4175 3 1
A 1132 3 3
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Table B. 6 One way ANOVA and Duncan’s Multiple Range Test for D32 values
of emulsions prepared with MD:NaCa ratio of 1:3 and homogenized with

different microfluidization treatment passes

X1 number of passes

Class Level Information

Class Levels Values

X1 3 123

Number of Observations Read 9
Number of Observations Used 9

Dependent Variable: Y

Source DF Squares  Mean Square  F Value Pr>F
Model 2 0.24298400 0.12149200 503.42 <.0001
Error 6 0.00144800 0.00024133

Corrected Total 8 0.24443200

R-Square  Coeff Var Root MSE Y Mean

0.994076  3.764517  0.015535 0.412667
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Source DF Type I SS Mean Square  FValue Pr>F

X1 2 0.24298400 0.12149200 503.42 <.0001
Source DFE Typelll SS Mean Square F Value Pr>F
X1 2 0.24298400 0.12149200 503.42 <.0001

Duncan's Multiple Range Test for Y

NOTE: This test controls the Type | comparison wise error rate, not the

experiment wise error rate.

Alpha 0.05

Error Degrees of Freedom 6

Error Mean Square 0.000241

Number of Means 2 3

Critical Range 03104  .03217

Means with the same letter are not significantly different.
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Duncan Grouping Mean N X1

A 0.64400 3 1
B 0.31600 3 2
C 0.27800 3 3

Table B. 7 One way ANOVA and Duncan’s Multiple Range Test for span values
of emulsions prepared with MD:NaCa ratio of 1:3 and homogenized with

different microfluidization treatment passes

X1 number of passes

Class Level Information

Class Levels Values

X1 3 123

Number of Observations Read 9
Number of Observations Used 9

Dependent Variable: Y

Source DF Squares Mean Square F Value Pr>F
Model 2 2287163822 11.43581911 58.38 0.0001
Error 6 1.17534867 0.19589144

Corrected Total 8 24.04698689
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R-Square  Coeff Var Root MSE Y Mean

0.951123 23.04122 0.442596  1.920889

Source DF Type I SS Mean Square  F Value Pr>F
X1 2 2287163822 11.43581911 58.38 0.0001
Source DE  TypelllSS Mean Square F Value Pr>F
X1 2 2287163822 11.43581911 58.38 0.0001

Duncan's Multiple Range Test for Y

NOTE: This test controls the Type | comparison wise error rate, not the

experiment wise error rate.

Alpha 0.05

Error Degrees of Freedom 6

Error Mean Square 0.195891

Number of Means 2 3

Critical Range 8843  .9165

Means with the same letter are not significantly different.
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Duncan Grouping
A 41747 3
B 0.8420 3

B 0.7460 3

1

2

3

Mean

N

X1
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