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Abstract

Long chain poly unsaturated fatty acids found in marine sources are among the most
important human nutrients. However, their susceptibility to oxidation and unpleasant fishy
flavour could lead to their rejection by consumers. Spray chilling is an encapsula
technology that can produce a lipid particle of fish oil, protect it from the environment, and
also mask the unpleasant odour. As one of the stable edible oils with a pleasant flavour,
milkfat can be considered a carrier. This PhD project aimed tesiigpate the possible
protective mechanisnof milkfat mixed tofish oil.

In the first stage of this study, research has been undertaken to investigate the
protective effect of milkfat on fish oil through blending. The effect of various milkfat
concentrations on the thermal properties and crystalline structure of these blends were
analysed to understand parameters determining the overall characteristics of the blend. The
data showed that adding 30% or more milkfat to pure fisi{30l milkfat/70fish oil)resulted
in blends demonstrating similar characteristics to milkfat, including thermal, structural, and
oxidative stability. This showed the potential of blending a high percentage of
docosahexaenoic acid in milkfat to improve their overall ditgbi

In the second stage, fish oil and milkfat behaviour were investigated in the fosolidf
crystallinelipid particles. In this regard, the change in thermal and crystalline behaviours as
well as fatty acid distribution were analysed in the sofidliparticles of fish oil and milkfat
during storage at22°C, 4°C and12C. The result showed that the distribution of saturated
YR dzyal Gddz2Ny SR FlL Gdde | OARA ¢l & y2aG dzyAT2NY
saturated fatty acids was identified essponsible fothe intact solid lipid particle shape. Also,
the result indicated that the change in crystalline structure could hagiemy temperature,
resulting in the change of the fatty acid distribution throughout the particles.

In the final stagethe possibility of utilising these solid lipid particles to have fortified
product was investigated. For this purpose, the stability and sensory characteristics of those
particles were evaluated in Greek style yoghurt. Analysing the changes in crgsailicture
(polymorphism) showedhat the polymorphism behaviouwas not the same inside and
outside the food matrix, and the changesnmolten stateand different polymorphs were
significant when the particles were outside the food matrix. This studysiiswed that the

particles of fish oimilkfat could improve the thermal stability of fish oil and can successfully



reduce the fishy flavour inside the food matrix withosignificantchange in colour and
viscosity.

This thesis demonstrates that the stegy of encapsulatingactive ingredients with
undesirable sensory characteristics using milkfat is highly effective. The producetipsolid
particleswere shown tchave improvedstoragestability and campotentiallybe used to fortify

a variety ofdairy products to increase their overall nditonal benefits.
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Chapter 1

Introduction



1.1 Background

Long chain omega polyunsaturated fatty acids (LCPUFA), especially Eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DWAich exist in fish oil, are among the most
important nutrients, having a lot of health benefits to humg®imopoulos, 1999)
Incorporating these LCPUFAs into food products is a challenge for the food industry, because
LCPUFAs are extremely unstable toward oxidation. This vulnerability comes from tthe hig
number of double bonds in their structur€Scrimgeour, 2005)Moreover, the oxidation
phenomenon ca cause undesirable flavour and potentially hazardous chemical development.
A number of strategies including the addition of antioxidgBaik et al., 2004; Huber,
Rupasinghe, & Shali, 2009) blending with stable oil@Nosratpour, Farhoosh, & Sharif, 2017;
Polavarapu, Oliver, Ajlouni, & Augustin, 2QJdndencapsulationDrusch & Mnnino, 2009;
Encina, Vergara, Giménez, OyarAmpuero, & Robert, 201&)ave been used to improve
the oxidative stability and mask the fishy odour.

Blending of fats and oils is one of the simplest methods which can be done in order to
attain particular stability, sensory and quality propertiéldashempouBaltork, Torbati,
AzadmardDamirchi, & Savage, 2016)loreover, this strategy can be applied as a-pre
treatment to optimise oil/fat mixtures to provide specific properties tbe encapsulation
technologyd DK Y A YA X . dzRA f | NIi.2ARhough litératdfe i§ avdldblg anyiie H A M T
blending ofdifferent vegetable oilgo improve their stability few studies are focusing on
improving fish oiktability via blending with stable oil/fat.

Among all the encapsulation technologies, spray chilling is considerkd the least
expensive onéGouin, 2004)This strategy producesslid lipid microparticles without utilizing
water, organic solvents and high temperatu(@kuro, Thomazini, Balieiro, Liberal, & Favaro
Trindade, 2013)The most suitable carriers for thegqaluction of particles by spray chilling are
fats, oils, triacylglycerols (TAG), fatty acids, alcohols and waxes in the food in@lsirg,
de Matos Junior, & Favarbrindade, 2013) The solid lipid particles with different active
ingredients can be used in a variety of food products based om#igng point of the carriers.

The target products in the food industry would inclugleghurt, ice cream, smoothies,
chocolate, butter,cream and a variety of other chilled products. The addition of these

particles to these foods can improve their functional proper{ieslini et al., 2016)



One of the downsides of this process is that the molten components congeal too fast.
In this case, the lipid matrix sometimes crystallises into an unstable crystalline arrangement,
leading to the development of undesirable orientation. This phenomenon gémrthe
particle structure during storage, and it can cause core expu(d®hara Pedroso, Thomazini,
Heinemann, & Favardrindade, 2012)

Milkfat is a natural component of milk that possess unique sensorial properties and
chemtal composition. This fat has the most complex fatty acid composition found in nature,
with hundreds of different fatty acids and TAG structuflasbary, Hofland, & Ter Horst, 2011)
This diversity results in a broad range of melting points and different crystalline structures
with different stabilities. Based on the large group of TAGs, milkfat can crystallizeedinic
several steps depending on different cooling and heating r@iesMan, 1992) With the
polymorphs which can affect the texture, milkfat could have three forms of crystais (i Q | Y R
i ased on their crystallization condition. TheQ F¥2f f 26SR o0& h ONRa&adGI €
foms.L 0 A& GKS h ONRadlfa LINBaSyd Ay YAft(1Fra @
small needlf A 1S ONBadGlrfa 2F 1 Q AYLINI 3I22R LX I aid
production of margarine, shortening, and other dairy produ@ato & Ueno, 2005; Widlak,
1999)

The TAG composition of milkfat contains over 60 % saturated fatty acids, which gives
milkfat a high melting point characterisiicubaryet al.,2011) High melting point TAGs could
form compact clusters interaction and develop compound crystals with lower melting point
TAG compositiofMartini, Herrera, & Hartel, 2001The abilityto entrap fish oilwith milkfat
stearin crystals has been reported previou&ly Truong, & Bhandari, 201These properties
render milkfat as a potential carrier for other oils / bioactives via spray chilling and as a
stabilizing agentTherefore,further studiesare required to determine the application of
milkfat as a protective fat to improve the stability of LCPUFAs and to mask the undesirable
odour associated with these fatty acids, so that they can be used to fortify several food
products.

1.2 Research aims

The primary aim of this research projecasto investgate the possible protective effect

of milkfatas stable fatvith fish oil as vulnerable oiln this study, milkfat was representative

of a fat with a high percentage of saturated fatty acids and a pleasant taste, with the potential
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to be used in spray dhng processes to produce lipid particles. In contrast, fishsod
vulnerable oil with a high percentage of omegéatty acids and health benefits, that can thus
be used to fortify food products.

As aresult, the hypothesis of this project was that milkfat will modify fish oil
characteristics when blended, and the resulting blend can be utilised as lipid particles to
fortify several dairy products. For this determinatidhis study is divided into thee stages
with its respective objective and are presented in Chapters 3, 4 and 5, respectively.

Chapter 3 characterises the thermal and structural behaviour of fish oil blended with
milkfat at several concentrations. dieterminedthe extent that the blendig strategy with
milkfat improves the oxidative and thermal stability of fish oil, and the resudtffegtson the
crystalline structure.

Chapter 4 encompasses production of the solid lipid particles consisting of fish oil and
milkfat. This determined theability of milkfat to entrap fish oil in the form of spherical
particles. The ability of the milkfat to improve the particle thermal stability and crystalline
structure was also investigated. In this respect, the fatty acid distribution of the partades,
well as the thermal and structural behaviour were analysed.

Chapter 5 determines the possible application of solid lipid particles to fortify dairy
products. This involved a determination of the ability of milkfat to mask the fishy flavour
inherent in fsh oil and how produced lipid particles change the characteristics of products
that have been fortified. For this purpose, particles were added to yoghurt, and the resulting
crystalline structure, as well as colour, pH, texture, viscosity, and sensorgctérastics
evaluated.

The overall results of the research provided insight into the effectiveness of milkfat to
encapsulate fish oil to produce solid lipid particles and the utilisation of the particles in the

food industry.

1.3 Thesis structure and chapteutline
This thesis is organised into 6 sections, as shown below:
Chapter I¢ Introduction
Chapter ; Literature review
Chapter X Characterisation of thermal and structural behaviour of lipid blends

composed of fish oil and milkfaiS{agel)



Chapter 4 Fatty acid distribution and polymorphism in solid lipid particles of milkfat
and long chain orega-3 fatty acids. $tage?)

Chapter 5 The physicochemical and sensory characteristics of yoghurt fortified with
encapsulated fish oi(Stage3)

Chapter 6 Conclusions and recommendations



Chapter 2

Literature review



2.1 Introduction

Improved delivery of the numerous health benefits of long chain onB{mty acids
(LCPUFA) can be achieved through their incorporation into food products. However, these
fatty acids are vulnerable to oxidation when they are exposed to light, oxygen ighd h
temperature. Oxidation results in the presence of several primary and secondary oxidation
products, which can cause the production of volatile compounds with undesirable flavours.
At present, many strategies have been developed to improve the oxidataeility of
LCPUFAs fatty acids and to mask the undesirable flavour.

Encapsulation aims to coat or entrap active ingredients, within the wall material to
protect it from heat, light, and oxygen. The process can improve the bioavailability of
bioactive maerials, mask unpleasant odours, control the release, and improve storage and
handling (Fang & Bhandari, 2010). The size of encapsulated particles can be categorized as
macro (>5000 pm), micro (2F000 pm), submicron (0.21 um), and nano 100 nm).
(Amandaraman & Reineccius, 1986; Desai & Jin Park, 2005; Hornyak, Tibbals, Dutta, & Moore,
2008). Several factors, including the type of the core, wall material, and the intended
application, should be considered when choosing the microencapsulation technique
Different approaches, including freeze drying, spray drying, and spray chilling, are commonly
SYLX 28SR Ay (GKS F22R AYRdzAGUNRB 672NBSOA0 Si
LCPUFAs. Among these encapsulation methods, spray chilling idetedsas the least
expensive one (Gouin, 2004). This technology produces solid lipid microparticles without
utilizing water, organic solvents, or high temperatures (Paula K Okuro, Thomazini, Balieiro,
Liberal, & Favardrindade, 2013).

The solid lipid parcles contained omega8 fatty acids can be used in a variety of food
products based on the melting point of the carriers. The target products in the food industry
would include ice cream, smoothies, chocolate, butter, yoghurt, cream and a variety of other
chilled products. The addition of these particles to these foods can improve their functional
properties (Tulini et al., 2016).

However, one of the main downsides of spray chilling is that the active ingredients are
dispersed all over the particle in thipid matrix. The active ingredient can lie on the surface
or aggregate near the surface (Gouin, 2004). Thereby, a slight change in lipid organization can

cause the expulsion of active ingredients. Following their formation, solid lipid particles'
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thermal and crystallization behaviour is important as there may be significant impacts on
particle stability, sensorial characteristics, and release behaviour.

To date therehave been numerous published works on improving the stability of
LCPUFAs through modificat and encapsulation. However, still incorporating LCPUFAS into
food products has remained a challenge in food industiye purpose of this chapter is to
explore the possible ways to improve LCPUFAs stability and to mask the undesirable flavour.
A more omprehensive understanding will be developed on the production of solid lipid
particles via spray chilling, their stability during storage and application. Consequently, the
conclusions will determine the best methods to incorporate the vital LCPUFA$dch8md
particles into various food products

2.2 Omega3 fatty acids

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are two important
LCPUFAs that play a vital part in reducing the risk of heart diseases and promotes brain and
visual developmenin infants(Kadam & Prabhasankar, 2010; Simopoulos, 1988 most
prevailing natural sources of EPA and DHA are fish, fish oil, seafood and so on. Therefore, an
adequate intake of EPA plus DHA of 0.65 mg per day has been progiséahowski,
Jaworska, Weil3brodt, & Kunz, 200Hpwever, the worldwide average consumption is less
than the recommended intak@\rab Tehrany et al., 2012Thus, foods enriched with LCPUFAS
or fish oil are gaining importancefmod markets. Fish oil contains 99% triacylglycerols (TAG).
These TAGs are three fatty acids esterified to glycerol. HoweltA and DHA in TAG
structure are extremely susceptible to oxidation due to the presence of high number of
double bondgScrimgeour, 2005)his oxidation process makes the handling and application
of fish oil in food products more difficult. In addition, the strong odor and volatile compounds
as fish oil oxidation products, often ressilh rejection by the consumer.

2.3 Oils modification

Most of the edible oils have limited technological applications, because of their
chemical and physical properties in their original forms. Some modification has been used to
minimise the lipid oxidation and to improve their technological and commercialicgion.

One of them is adding antioxidants to the formulation of the micropartifBzsk et al., 2004)
This approach rebeen widely studiedand there are myriad of food grade antioxidants
available in the market for incorporation with fish oil. Althoudhese antioxidants can

8



stabilize fish oil, this approach does not allow the removal of unpleasant fishy odour.
Moreover, due to the potential adverse health effects of some common synthetic
antioxidants like butylated hydroxytoluene (BHT) and butylated owyginisole (BHA), their
use in food industry becomes an issue under del§&teahidi & Zhong, 2010)

There arefour different methods to enhance and modify the application of fish oil for
different purposes, which are fractionation, interesterification, hydrogenation and blending.
Hydrogenation of oils has been used for a long time to improve the oxidative stability and
texture of oils and fats. In this method, hydrogen gas and nickel catalyst are used for
saturating the double bonds of unsaturated fatty acids. However, during this process,
isomerization from cis to trans state can happen. Trans fatty acids are now considered a risk
factor for cardiovascular diseas€kiris & Dian, 2005; Igbal, 2014nteresterification is
another process. During interesterification, the distribution of fatty acids is randondred
the glycerol backbone to change the physical characteristics of the oils or fats. This process is
expensive, needs special equipment and can produce free fatty @iéstra, 2015; Siddique,
Ahmad, Ibrahim, Hena, & Rafatullah, 201Bjactionation is a process which sepasdtee
oils and fats into a series of fractions with different chemical and phygiroperties. This
process is often used for some fats and oils with a variety of fatty acids such as palm oil and
milkfat. Moreover, it can create fractions with different melting points and crystallization
patterns. (Gandhi, Sarkar, Aghav, Hazra, & Lal, 2018; Kellens, Gibon, Hendrix, & De Greyt,
2007) However, this process can be used as atpratment process before hydrogenation,

interesterification and blendin¢Scrimgeour, 2005)
2.4 Blending

Another strategy to enhance the stability of fish oil is to blend with oil of higher oxidative
stability. Blending fat and oil with different characteristicthis most straightforwardnethod
to produce new products with the desired oxidative and chemical properties, taking
advantage of the different characteristics of each(©tu & Kung, 1998; Hashempegaltork,
Torbati, Azadmardamirchi, & Savage, 2016)
2.4.1 Effect of blending on physical properties
Fatty acids esterified to glycerol nam&dacylglycerol§TAG) are the key components

of both oils and fats. These TAGs contain saturated, monounsaturated and polyunsaturated



fatty acids. Blending fats and oils change the TAG profile, which will change the physical
properties such as sensory quality, smoke point, melting point and crystalline structure.

Chemical reactions such as oxidation can affect the sensory quality gadadeptic
acceptance of oilBakhtiary, Asadollahi, & Ardakani, 201Buring the oxidation of fish oil,
some volatiles with fishy and metallic odours are produced, which affects the acceptability of
the product. However, blending with appropriate oils decrease the undesirable products of
oxidation, change the odour prd¢di, and moderate the properties of fish oil for consumption.

A specific temperature during heating where continuous smoke begins to be produced
is known as smoke point. The temperature of 170°C is a minimum smoke point temperature
for cooking oils. Smokeoint mainly depends on free fatty acids, since they are more volatile
than TAG$O'brien, 2008)Moreover, lower molecular weight fatty acids have less resistance
to smoking. Therefore, different oils with different fatty acid compositions have their specific
smoke points. Blending different vegetable oils with different stabilities, can improve and
change tle smoke point of the final produ¢Choudhary & Grover, 2013)

Viscosity is another important characteristic which can be changed during the blending
process. High quantity of unsatted fatty acids cause low viscosity of oils, while increasing
the amount of saturated fatty acids leads to highviscasi@  a Ay I = | I £ f YI yX [/ N
Clements, 2006) Moreover, increasing the viscosity by blending saturated fatty acids
decreases the oxygen diffusivityait structure, which leads to better oxidative stabilihaix,
Guillaume, & Guillard, 2014)

Oils with different fatty acids and TAG compositions have different melting points. The
melting point increases with chain length of fatty acids and decreases with increased
unsaturation.Therefore, blending different fats and oils can change the overall melting points
of the whole blendMatrtini, Herrera, & Hartel, 2002; Scrimgeour, 2005)

Blending divergent fats and oils can change the overall fatty acidpasitton. These
variations in fatty acid composition and TAG structure leads to the different crystalline
structure during the cooling process (oil and fat crystallization and polymorphs will be
discussed in details in section 2.9.8aufmann, Andersen, and Wiking (20i)orted that
adding 10% of rapeseed oil tilkfat, can change the size of the formed crystal network.
Furthermore, TzompaSosa, Ramel, van Valenberg, and van Aken (2(®)rted that

al Gdz2N> GSR ¢! Da 2F YAf]1FFaGE LINRPY2GSR GKS F2N)
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TAGs promoted th& 2 NI GA 2y 2 7F U(AW&, Helgakdd, tWeiss? DELKEr Zamd
McClements (2009jemonstrated that by increasing the amount of fish oil in tripalmitin (TAG
with three palmitic acids), the rate of trangtyy 2 F h (2 | LI2f e Y2NLIKa
changing fatty acid composition and TAG structure affect nucleation, crystal growth, and the
formation of the final crystal network. Therefore, blending strategy as another fundamental
factor can affect the polywrphism behaviour and crystalline structure of fats during the
cooling and spray chilling proce@ds, Truong, & Bhandari, 2017; Timms, 1984jich will be

discussed in details in the following sections.

2.4.2 Effect of blendingpn chemical properties

Blending various oils changes the fatty acid composition. The impact of fatty acid
composition of oils on stability has been extensively investig@dialLeonardis & Macciola,
2012; Neff, EAgaimy, & Mounts, 1994; Nosratpour, Farhoosh, & Sharit,72@Warner &
Mounts, 1993)

The basic mechanism tifis approach is relatively straightforward. In most cases, lipid
oxidation is a free radical chain reaction between unsaturated fatty acids and oxygen.
Therefore, oxidative stability is mainly a function of the degree of unsaturated fatty acids
(Frankel, 1998) The oxidation mechanism consisting of initiation, propagation and
termination stegs. Figure 2.1 shows oxidation process of unsaturated fatty acids. It can be
concluded from the Figure that, in the first step, a free radiaal id_formed after abstraction
of hydrogen radical (& from the unsaturated fatty acids in the presence oftjghetal ions,
heme iron or heat. Different susceptibility to hydrogen abstraction in various fatty acids is an
important parameter that should be considered, since this abstraction depends on the
dissociation energies of-& bonds found in the fatty acid®ouble bonds in the fatty acid
structures weaken the €& bonds on the carbon atom attached to the double bond which
simplify the hydrogen removal. Then, the free radicaly (lill react with oxygen. This
reaction causes the formation of lipid peroxyldreals (LOG@ which reacts with another
unsaturated fatty acid, making the tasteless hyrdoperoxides (LOOH). These hydroperoxides
are considered as primary oxidation products. At tfweal stage, hydroperoxides are
decomposed into secondary oxidation products including ketones, hydrocarbons and many

other carbonyl compounds. These products contribute to flavour deterioration of foods
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(Grosch, 1987; Jacobsen, 2013; Kakildin, 2003)The volatiles produced from EPA and DHA
result in metallic, fishy and rancid flavours.

The degree of unsaturation is delineated by the number of double bonds along the
carbon chain of the fatty acid. For example, in Figure 2.2, lauric, myristic andipalrid do
not have any double bonds and are relatively stable to oxidation. On the other hand, oleic
and linolenic acid have double bonds and are vulnerable to oxidation. Between the two,
linolenic acid will have a higher susceptibility to oxidatiocdese of the higher number of
double bonds. Although linolenic acid has only three times the number of double bonds when
compared to oleic acid, the former is expected to 20 times higher in the rate of oxidation
(Fennema, 1996)Therefore, oil with a lower amount of unsaturated fatty acids (higher
amount of saturated fatty acids) will have higher oxidativedsity.

In this strategy, when a stable oil with high number of saturated fatty acids is mixed
with oil prone to oxidation, the overall fatty acid composition and their percentage change.
By decreasing the degree of unsaturated fatty acids, the amounttencdhte of formation of
both primary and secondary oxidation products decreése I NI Ny mt 2 f @At f 2% at
Dobarganes, 2004)n this case, the radical initiator and oxygen will have less effect on the

oxidation process.
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Lauric acid (coconut oil, milk fat)
Saturated fatty acid (no double bond, C12:0) H3C/\/\/\/\/\/\
OH
o
Myristic acid (cocunut oil, milk fat) //
Saturated fatty acid (no double bond, C14:0) Hac/\/\/\/\/\/\/\
OH
(o)
Palmitic acid (palm oil, milk fat) HaC //
Saturated fatty acid (no double bond, C16:0) NN
OH
(o)
Oleic acid (olive oil) N //
Monounsaturated fatty acid (one double bond, C18:1) HSC/\/\/\/\//\/\/\/\/\
OH
(@)
Linolenic acid (sunflower oil) \4/ \/ \ //
Polyunsaturated fatty acid (two double bond, C18:3) H3C/\/\/\/\//\/\/\/\/\
OH
Eicosapantanoeic acid, EPA (fish oil) N N AN //
Polyunsaturated fatty acid (five double bond, C20:5) HsC 7 7 N 7 e
Docosahexanoic acid, DHA (fish oil) N \/ \4/ N\ o //
Polyunsaturated fatty acid (six double bond, C22:8)c /e N % N

Figure22. 5 A FFSNB Y G Flrade I OAR aidNUHzOGdzZNBAE YR GKSANI 2NRIAY «
is their total carbon numbers and the number of double bonds in each fatty acid. The red arrow shows the place
which leads to oxidatio(Scrimgeour, 2005)

2.4.3 Oils used for the blending

Among vegetable oils, palm oil has a stable fatty acid composifitbhrabout 50 percent
saturated fatty acids including palmitic acid (C1§@Hg & Goh, 2002)'he search for more
stable oil structure led to many experiments on blending palm oil with other ediblédild 1
Khusaibi, Gordon, Lovegrove, & Niranjan, 2012; De Leonardis & Macciola, 2012; De Marco et
Ff®X wAantT 9YNNIdzST nCSNYyt yRST = #f @ NSE RS €|
Agaimy, & El Hakeem, 2010; Neff et al., 1994; Nosratpour et al., 2017; Padmavathy, Siddhu,
& Sundararaj, 2001; Yi, Andersen, & Skibsted, 2D11)¢ KS& NBLIRZ2 NISR (KU {
stability could be improved when blended with palm oil. Saturated hydroperoxides from
these stable oils havemore kinetic resistance to decomposition than those produced by fish
oil TAGs. In addition, the more compaotaposition of saturated TAGs in stable oils and fats
(Chaiyasit, Elias, McClements, & Decker, 2007; Fennema, h@9d)ave a protective effect
on LCPUFA, which has not yet been proven.

Another saturated oil could beoconut oil with 50% of medium chain saturated fatty
acids, includingnyristic (C14:0) anthuric acid (C12:0). The oxidizability of vegetable oils can
be improved by minor incorporation with coconut gBhatnagar, Kumar, Hemavathy, &
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Krishna, 2009; Suprit et al., 201®ilkfat has a similar fatty acid composition to palm and
coconut oils. This kind of fat contains high saturated fatty asidisch stabilizes oxidation
when blended with other oil§Gee, 2007; Nosratpour et al., 2017; Roman, Heyd, Broyart,
Castillo, & Maillard, 2013Based on the findgs of previous studieBhatnagar et al., 2009;
Lubary, Hofland, & Ter Horst, 2011; Nosratpour et al., 2@h&)similarity of stable saturated
fatty acids among milkfat, palm and coconut oil can be seen in Table 2.1. In total, about 68%
of milkfat are saturated fatty acids, the demt of which is even higher than that of palm oil.
As shown in Table 2.milkfat has medium chain saturated fatty acids, including C12:0 and
C14:0 the same as coconut oil. Also, the saturated to unsaturated ratio in cocomuiikfit
and palm oil are 12.69, 2.33 and 0.79, respectively. The saturated to unsaturated ratio near
to one or higher, means that the oils contain high amount of saturated fatty agtdsh leads
to high oxidative stability of the oil structure. Moreover, thengparison between inherent
oxidative stability of different fats and oils and their rating are shown in Table 2.2. Milkfat
oxidative stability is higher than that of palm oil, and their average double bonds are 38.30
and 60.7, respectivel{O'brien, 2008) Therefore, this is a strong scientific indication that
milkfat, when blended with fish oil or other vulredsle oil, may potentially offer a protective
effect on improving the oxidative stability. The milkfat and its physical characteristics will be
discussed at section 2.9.
2.5 Encapsulatiotechnology

Encapsulation is a promising technology capable of coatireptwapping the oil as a
core within the wall material. This strategy can protect core from heat, light and oxygen.
Moreover, it can retard the oxidation process. In addition, this process can improve the
bioavailability of the oil, mask its fishy odougntrol the release and increase the ease of
handling(Fang & Bhandari, 2010)

The size of encapsulated particles can be categorized as macro (>5000 pm), micro (1.0

5000 pm), sb-micron (0.1 um) and nano €100 nm).(Anandaraman & Reineccius, 1986;
Desai & Jin Park, 2005; Hornyak, Tibbals, Duttslo&re, 2008) Several factors should be
considered when using microencapsulation, including type of the awad, material and
microparticles. Different microencapsulation approaches including freeze drying, spray drying
and spraycooling can be employed in the food industry to encapsulate fiskZoidam &

Shimoni, B10) Among the different available encapsulation methods in the food industries,
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the most extensively used strategies are spdaying and freeze drying. Freedeying is

usually applied to thermaensitive and oxidisable compounds, since the process|tw

temperature and vacuum condition. However, its main disadvantages areehigigy

consumption and processing cost.

Spray drying is commonly used as an industrial scale because of its simplicity, low cost,

reproducibility and high stability of thenished productgGharsallaoui, Roudaut, Chambin,

Voilley, & Saurel, 2007; Madene, Jacquot, Scher, & Desobry, 2006; Nedovic, Kalusevic,
Manojlovic, Levic, & Bugarski, 2011; Sosnik & Seremeta, 2015; Y. Wang, dau,&Ch

Selomulya, 2016)

Table 21. Fatty acid composition of four different edible oils, and their total oxidative stalflihatnagar et

al., 2009; Lubary et al., 2011; Nosratpour et al., 2017)

Fishoil Coconut oil Palm olil Milkfat
Oxidative stability Too low High High High
Fatty acid composition (%)
Saturated fatty acids
C4:.0 11.8
C6:0 4.6
C8:0 5.8 1.9
C10:0 4.8 3.7
C12:0 49.1 3.9
C14:0 4.58 21.8 1.08 11.20
C16:0 15.1 8.4 37.47 23.9
c18:0 3.83 2.8 4.82 7
Unsaturated fatty acids
Cle:1 11.72 0.16 2.6
C18:1 26.26 2.8 43 24
C18:2 7.15 1.2 12.01 25
C18:4 2.27 -
C20:4 6.10 .
C20:5 5.18 .
C22:6 8.59 -
Saturated fatty acids 24.82 92.7 44.25 68
Unsaturated fatty acids 70.65 7.3 55.73 29.1
Saturated/unsaturated 0.35 12.69 0.79 2.33
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Table2.2 Fats and oils oxidative stability ratin@@'brien, 2008)

Source of fat and oil Totalnumber ofdouble bonds Oxidative stability rating
Safflower 168.8 Worst
Sunflower 156.3

Soybean 153.7

Canola 1315

Olive 95.6

Lard 68.5

Palm 60.7

Tallow 55.6

Milkfat 38.3 Best

A variety of components has been used for encapsulation of fish oil by spray drying. The
use of protein as an emulsifying, gel and film forming agents such as calcium caseinate,
sodium caseinate, whey protein isolate, whey protein concentrate, barley pra@ed soy
protein isolate have been reporte(Aghbashlo, Mobli, Madadlou, & Rafi€2)13b; Jafari,
Assadpoor, Bhandari, & He, 2008; Keogh et al., 2001; R. Wang, Tian, & Chen, 2011; Y. Wang
et al., 2016) Moreover, carbohydrates such as lactose, sucrose maltodextrin, starches,
chitosan and glucose syrups are usually combined with protein as encapsulating agents
(Aghbashlo, Mobli, Madadlou, & Rafiee, 2012; Drusch, 2007; Drusch, Serfert, Van Den Heuvel,
& Schwarz, 2006; Shaw, McClements, & Decker, 2007)

Although most studies concluded that fish oil stability was improved by
microencapsulation(Aghbashlo, Mobli, Madadlou, & Rafiee, 2013a; Drusch et al., 2006;
Keogh et al., 2001)Yew authors suggested that encapsulation of fish oil did not notably
ameliorate its oxidative stabilityKolanowski, Ziolkowski, Weil3brodt, Kunz, & Laufenberg,
2006; MarquezRuiz, Velasco, & Dobarganes, 20®6@)lanowski et al. (2006¢ported that
the difference in oxidative stability is related to an elevated temgture during drying, which
may cause an increased oxidation of PUFA. Moreover, Heinzelmann and (Haimazlmann
& Franke, 19993howed that, during the emulsion production, the contact between fish oil
and oxygen, caused an augmentation in the rate of producing oxidation products, before the

drying process.
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2.6 The spray chilling process

Soray chilling, also known as spray congealing or spray cooling, is a technology that
mainly uses lipids as wall materials (carriers) to encapsulate a wide variety of active
ingredients. The difference between chilling and cooling is the melting point eoflipid
carriers. The melting point of spray chilling carriers is betweedAZZ, whereas it is above
42°C for spray coolin@ouin, 2004)The encapsulated active agent can either be {gatlible,
in the form of dry particles, or agueous emulsions. As can be seen in Figure 2.3, a molten
mixture containing the active ingredient and carrier is atomized into a cold chamber through
a nozzle, esulting in the solidification of lipids and production of fine partiqfEavare
Trindade, Okuro, & de Matos Jr, 2015%he spray chilling process is similar to spray drying
though it lacks the water evaporation st¢pghlemann Schleifenbaum, & Bertram, 2002)

Spray chilling is considered a simple, rapid, and safe technique with the potential for
high yields and industriadcale manufacturg Gouin, 2004) Moreover, this method has
relatively low environmental impacts because it does not require the use of any solvent while
consuming less energy compared to other methd@kuro, de Matos Junior, & Favaro
Trindade, 2013; Passerini et al., 2010)he produced lipid particles can protect the active
ingredient from degradation and also conceal potential undesirable tédtelacher & Sander,
2008)

1. Molten mixture preparation \ 2. Atomization and solidification process 3.ch ization and luation of particles

Atomization with various
nozzles

Pump

Nozzle

Final solid lipid particles

Mixture of carrier and core (lipid
blends)

Cyclone

Lipid Carriers: Fats, oils, waxes, TAGs, Size and morphology

FAs with different melting points

g

Cores: Vitamins, oxidizable oils,
minerals, pigments

Core/carrier interactions

Thermal, crystallization and

|
|
|
|
|
t
|
|
|
|
|
|
|
|
|
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|
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|
|
|
|
|
|
|
| polymorphism behaviour
|

| Stability and release behaviour

Various chamber temperature:
from Liquid nitrogen (LN,) to
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Figure 2.3Schematic diagram of spray chilling process.
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One of the possible drawbacks of this method is the rapid congealing of the molten
mixture, which leads to 8 F2NXI GA2y 2F |y dzyaidloftS h ONJ
products that can cause expulsion of the core during processing and s{@#&geo, de Matos
Junior, et al., 2013)This phenomenon occurs because different lipids can adopt a range of
crystalline structures and polymorphic arrangements during the saladifin procesgSato &

Ueno, 2005; Westesen, Bunjes, & Koch, 199R)s will be further detailed in the following
section. Another challenge of tlepray chilling method is product analysis, as well as handling
and storage under low temperature which is required along the supply chain. Since the
carriers have specific melting points, careful storage, handling and analysis is required to
avoid tempergures greater than the carrier's melting points. At elevated temperatures,
particle degradation and change of the crystalline structure may guduch are detrimental

to the product's quality.

2.7 Qore and carriers

Lipids can be classified into three mamowgps based on their structure, (1) simple lipids
such as acyl glycerols (glycerol + fatty acids) and wax ektegsohairalcohols + fatty acids);
(2) complex lipids such as phospholipids and glycolipids; and (3) derived lipids include fatty
acids, moneand diacyl glycerols and alcohal® Keefe, 20025imple lipids, including
triacylglycerols (TAGs) and wax esters from group 1 and fatty acids from group 3, are the main
components of wall material in the spray chilling proc€Bsble 2.3). The benefits of using
lipids as wall materials for food applications are that they are considered as GRAS (generally
recognized as safe), nonallergenic, and can release encapsulated ingredients in the
gastrointestinal tract as they encounteigestive lipase enzymes. Moreover, they can be a
good barrier from moisture, oxygen, and storage stresses such as handling, shipment,
transportation, and temperature fluctuation. TAGs are the main composition of fats and oils
found in animals and plant3he terms fat and oil can be used interchangeably and refer to
their physical state. Generally, the latter appears solid, and the former appears liquid at room
temperature (O'brien, 2008).

As wall materials, these lipids can have a wide range of melmgs(35¢ 80°C),
determined by their chemical composition, such as the amount of saturated fatty acids and

their chain length. Fully hydrogenated oils and fats, also known as hard fats, can be considered
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as carriers with homogeneity, high saturation cemt and higher melting points than
comparatively unsaturated TAG compositions (Lopes et al., 2015; Tulini et al., 2017).

The main disadvantage of fatty acids (FAs), TAGs, fats and oils is their ability to form a
range of crystalline morphs with different physical properties. These crystalline structures can
convert from one to another due to several factors, and affect ttabiity of solid lipid
particle. This phenomenon will be discussed further in se@i6r8.

Apart from TAGs mon@nd diacyl glyceroland FAs, waxes can also be used in spray
chilling. Waxes are classified based on their origin as naturally derived from animals,
vegetables and minerals, or synthetic and have a higher melting point (40°C to 120°C) than
TAGs and free FAs. The chemicahgosition of waxes are hydrocarbons, wax esters, sterol
esters, ketones, aldehydes, alcohols, and sterols (Parish, Li, & Bell, 2008). Their melting points
are determined by the saturation and chain length of their fatty acids and the chain length of
the akohol or hydrocarbon in their structure.

Most suited waxes for spray chilling are wax esters, such as candelilla, and hydrocarbon
waxes such as paraffin and octacosane. Some hydrocarbon waxes, including microcrystalline
and wax esters, including carnaubad beeswax, are not suitable for spray chilling of active
ingredients because of their highater vapor permeability, high melting point (&b °C), and
adhesive nature, respectively (Yin & Cadwallader, 2018). High water vapor permeability of
microcrystaline wax prevents its use as a carrier that requires a moisture barrier. Compared
with most of the other carriers given in Talde3, the high melting point of carnauba requires
a higher heat treatment for producing the molten mixture, which can affectstadility of
heat vulnerable components. The adhesiveness in beeswax can prevent the formation of fine
lipid particles.

However, one of the main advantages of using wax esters or hydrocarbon waxes is their
superior performance in terms of physical degatidn, polymorphism, of formed particles
after production and during storage. Therefore, they can be considered as alternatives or in
combination with TAGs to decrease polymorphism (Yin & Cadwallader, 2018)

In the pharmaceutical industry, both hydropholaind hydrophilic carriers can be used
for different purposes and drug dissolution behaviour. Hydrophobic carriers can be used to
control the release of drugs with a short héifé. For instance, the use of hydrophobic carriers

with higher melting points,&ch as hard fats and wax esters, favours the stability of drugs
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sensitive to degradation in loAgrm ambient storage. Likewise, hydrophilic meltable carriers
such as polyoxylglycerides (Gelucire), polyethylene glycols (PEGS), and esters of polyethylene

glycol (Stearate 6000) have been used to improve the aqueous dissolution rate of poorly

water-d 2f dzof S RNHzZIA 6! f 6SNIUAYAZ tIFAaSNAYAZ t I

Passerini et al., 2002). Considering the literature, using lipid as carrakssnthis approach

very versatile. Since lipid carriers with a broad range of chemistries can be used to provide
the best compatibility with a wide range of core materials from very hydrophobic to
reasonably hydrophilic.

A wide range of ingredients, inclundy fat and watersoluble vitamins, oxidizable and
heat sensitive oils, minerals, probiotics, and pigments, have been encapsulated using spray
chilling process with lipids carriers (Table 2.3). Lipids can be a good moisture barrier and can
effectively dedy the oxidation process for ingredients such as vitamins and oxidizable oils
(Wegmuller, Zimmermann, Buhr, Windhab, & Hurrell, 2006). Probiotics can also be protected
by lipid matrices from the acidic condition in the stomach (Lahtinen, Ouwehand, Sajminen
Forssell, & Myllarinen, 2007). The probiotic can then be released by the action of digestive
lipases acting on the lipid carrier in the intestine (de Lara Pedroso, Thomazini, Heinemann, &
FavareTrindade, 2012; Paula K Okuro et al., 2013). To encapsuddte-soluble compounds
that otherwise would not mix with lipid carriers, stable emulsions can be prepared with the
addition of emulsifiers prior to the spray chilling process (McCarron, DonnellyKasshs,
2008). The most common chogef emulsifiersare lecithin, carboxy methyl cellulose, and
wax esters (Tabl2.3).

For the encapsulation of a polar compound such as ginger oleoresin, it is important to
choose a carrier that produces a miscible solution (Oriani et al., 2016). For instance, free fatty
acids as a carrier in this case can be favourable because of their polar groups, which results in
complete miscibility and better retention of the polar bioactive (Hinrichsen & Steinhart, 2006).
The miscibility of core and carrier is crucial since it canlten better retention of the core.
Therefore, the carrier or mixture of different carriers should be chosen based on the core
chemical structure and solubility preference. Sartori, Consoli, Hubinger, and Menegalli (2015)
reported that the ratio betweendifferent fatty acids as carriers affects the particle
characteristics more than the ratio between core and carrier, illustrating the importance of

choosing a suitable carrier for the spray chilling process. In spray chilling, the mixture of core
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and carrer does not result in significant chemical interactions, with no new bond detected
via methods such as Fourigansformed infrared spectroscopy (FTIR), so they are considered
so they are considered physical mixtu(€giani et al., 2016; Passerini et al., 2010; Pelissari et

al., 2016)
2.8 Milkfat

Milkfat is considered as one of the main constituenitsnilk with unique taste and a lot
of application in food productg&lost, 2005)Milkfat exists in the globule forms with GQL15
>Y RAFYSUSNI® a2NB29gSNE Al Aa O2FUSR 4A0K
(Spitsberg, 2005Milkfat contains 97/08% TAG as a major component and, diacylglycerols,
monoacylglycerols, free fatty acids, free sterols and phospholipids as minor components.
Milkfat TAG composition is one of the most complex fats found in nafline. fatty acid
compositon of milkfat can vary based on several conditions, such as location, season and
feeding strategiesThere are hundreds of different fatty acids with carbon numbers ranging
from 2 to 24, which causes 400 different TAG species with differences in chgth kmd
degree of saturatiorfLubary et al., 2011)

2.8.1Milkfat fatty acid composition

As mentioned in section 2.4.Bgcause of diversity of fatty acids in milkfat, different
fractions can be separated by fractionation. The two major fractions of milkfat include soft
and hard fractions. The soft fractions are enriched in short chain and unsaturated fatty acids
and the had fractions are enricheth long chain saturated fatty acieffense, 1987; Finoro,
1980) The comparison between fatty acids composition of three different fractions and
original milkfat are shown in Figure 2.4. The effect of stearin fraction as tdes$taand most
stable fraction of milkfat on stability of omega fatty acids in low temperature was
investigated byTruong, Janin, Li, and Bhandari (20I8)ey demonstrated that by blending
fish oil withmilkfat stearin fraction in 8°C, TAG molecules of fish oils were entrapped by a
crystalline matrix of milkfat stea. This phenomenon limited the diffusivity of oxygen and
improve the oxidative stability of fish oil. However, at temperatures higher than 40°C (above
milkfat melting point) milkfat is completely liquid and fish oil cannot be entrapped by its
crystallinematrix. Whether the compact composition of saturated TAGs in-fnactioned

milkfat can protect the fish oil at high temperatures, has not yet been investigated.
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There are reports in which fish oil was blended with rflkogh et al., 2001; Santhanam,
Lekshmi, Chouksey, Tripathi, & Gudipati, 20IH)e focus of these repathowever, was on
capitalizing the encapsulation behaviour of milk protein and lactose during the processing of
the blended fish oil.Improved stability was mainly investigated and alluded to the
encapsulation process. In another report, milk was alsaded with fish oil with the primary
purpose of being the bulk matrix in which antioxidants are added to the formuldtiet
Jacobsen, Pham, & Meyer, 2009his report focused on the effect of the antioxidant addition
on fish oil stability rather than on any potential protectiefect between milkfat and fish oil.
Therefore, there is a significant gap in knowledge on the possible protective effect of milkfat
in providing oxidative stability to fish oil upon blending. One big advantage of unravelling this
potential protective eféct is that the use of milkfat offers a natural stabilizing agent for fish
oil, particularly if the stabilized fish oil is to be further processed into the particles for further
incorporation into dairy based products.
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Fatty acids (%)
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Second olein First olein Stearin Milk fat

H Short chain saturated (C4:0-C8:0) Medium chain saturated (C10:0-C12:0)
Long chain saturated (C14:0- C19:0; Unsaturated

Figure2.4. Fatty acid composition ahilkfat and three fractiongDeffense, 1987)

2.8.2 Milkfatphysical structure

One of the potential advantages of milkfat is, its complexities in TAG structures. The
result of this diversity is a wide range of melting temperatures fr@® to 40°C. During

melting of milkfat, three different overlapped melting peaks are reported by Differential
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Scanning Colorimetry (DSC) analysis. However, the differences between enthalpies and
temperatures were based on the applied thermal treatmé¢himms, 1980)The peaks are
related to theexistenceof different milkfat fractions that can be separated by fractionation
and were described in Figured2These three fractions are called high melting point (stearin),
middle melting point (first olein) and low melting point (second olein) fract{derangoni &
Lencki, 1998)Moreover, during cooling, this range of variation in milkfat TAGs leads to
interesting complexities in crystallization and multiple forms in a crystal lattice. The main
GeLilSa 2F Lk2f&Y2NLIKAO ONE dagdndl, loFedtN¥lting poigt andA £ { F I
AUFroAfAGROZ YR 62 NIIANANK AYAOA0 KA IKSDeMaw, St Ay =
1992) Among all the factors affecting the crystalline state, the cooling rate as a processing
condition is one of the important ones affecting the crystalimicrostructure. Diffuse
crystalline structure phase formation with low energy, occurs duth&fast cooling rate of
liquid lipids. However, slow cooling rate provides lipid molecules with sufficient time to
organize into coherent, thredimensional ¢ystalline structuresMarangoni and Hartel (1998)
demonstrated that cooling milkfat in the slow and rapid cooling rate, lead to the formation of
spherulitic and random crystalline strands, respectively. The form of spherulistatiyf
milkfatis shown in Figure 2.5. Moreover, the capacity of milkfat crystalline structure to entrap
low melting point oils such as canola oil and fish oil has been reported in the lite(@iueng
et al., 2016; Wright, Batte, & Marangoni, 2005)

It is obvious thathe crystallization and melting behaviour of different blends of fats
and oils are strongly affected by the nature of the components and the condition of the
processing. Although some researchers evaluate the crystalline structure of milkfat in a very
low coolng rate(Martini et al., 2002; Ten Grotenhuis, Van Aken, Van Malssen, & Schenk, 1999;
Truong et al.,, 2016; Wiking, De Graef, Rasmussen, & DewettinOR), Zthange in the
crystalline structure of milkfat and its blends to have more stable particles through spray
cooling procedure is still a significant gap in the knowledge which waldokeessed in this
LINRP2SOGd {AYyOS KIFE@AYy3 Y2NB adloftS ONRB&aGEFTEf A
cooling procedure with proper storage condition of the final particles can prevent core

expulsion and improve particles stability.
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Figure2.5. Spherulitic crystal growth ahilkfat observed by polarized light microscoffdarangoni &
McGauley, 2003)

2.9 Particle characterization aftepray chilling
2.9.1 Morphology and size

The size and morphology of microparticles have a notable effect on flowability,
encapsulation efficiency, release behaviour, and sensory perception. The morphology and
size of spray chilled particles can be analysedBiM,S<ray micrecomputed tomography,
and polarized/ confocal/ light microscopy, as shown in FiguseThe spray chilled particles
are commonly matristype such that the bioactive material is dispersed all over the particle
(Yin & Cadwallader, 2018; Zaid & Shimoni, 2010)

The particles produced by spray chilling mostly displayed spherical shape; this leads to
good flow properties as reported by numerous studi€hambi, Alvim, Barrerarellano, &
Grosso, 208; Maschke et al., 2007; McCarron, Donnelly, &ad¢sas, 2008; Pelissari et al.,
2016) In addition to being spherical, the particles are also dense since no evaporation occurs
during the process. Moreover, the morphology of the particles cay ased on the type of
the carriers and the core/wall material rati®avolainen, Khoo, Glad, Dahlgvist, and Juppo
(2002)reported that using wax esters such as carnauba can lead to a smooth and round
surface.However,Rodriguez et al. (1999%avolainen et al. (2002nd M. D. M. Ribeiro,
Arellano, anl Grosso (2012eported that particles with stearic acids as a carrier had some
imperfections on their surface¥his imperfection in the crystals can help to retain the active
ingredient and prevent its expulsion.

The surface of pure lipid particlesitiv various TAG composition revealed a rough
structure. The roughness can be attributed to the formation of different crystal sizes by
various TAG composition®atos-Jr, Di Sabatino, Passerini, Favarmdade, &Albertini,

2015) Also, increasing the amount of active ingredients such as insulin can decrease the
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percentage of TAG composition, leading to a smoother surfdaschke et al., 2007; Mates

Jr et al., 2015)as observed via SEM. The images obtaimgdight microscopy show the
predominantly spherical shape of the particles. The core distribution can be observed by
confocal laser microscopy if the core materials have fluorescent propgi@eani et al.,
2016) Moreover, based on the dédrence in density between the carrier and the coraa¥(
transmission microscopy {fdy micreCT) can be used to reveal their distribution and internal
configuration inside the particlerin & Cadwallader, 2018}l these methods showed that

the microparticles display a matrix type after spray chilling (Fig@ie 2.

The microparticles produced from the spray chilling process tertthve a wide size
distribution from 50 to 600 um, depending on the type of carrier, bioactive, and the molten
mass viscosityAlbertini, Passerini, Pattarino, & Rodriguez, 2008)e particle size can be
affected by extrinsic grameters of the process, including nozzle diameter, atomization
pressure, cooling air flow, and the temperature of the chambdr f A 8 S @hebtérab& H n n ¢
temperature after particle production can affect particle size. Increasing the storage
temperature can increase the particle size, dependingheiT AG composition and its melting
point. The linearity of saturated TAG molecules means that they have compact crystalline
lattices and higher melting points. By increasing the storage temperature, some- short
/medium-chain, and low melting point fattycads will melt, resulting in higher liquid fat
content, higher volume, and less compact crystalline structure. This phenomenon also
facilitates adhesion in particle agglomeratif@e Souza Queirds, Viriato, Ribeiro, & Gigante,
2020; M. D. M. Ribeiro et al., 2012)

Based on the possibility of having a wide range of particle size in this process, the final
particles can be produced with diverse textural, sendprand release characteristics

(Madene et al., 2006; Nedovic et al., 2011)
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Table 2.3A summary oflifferent types of carriers, cores, cooling chamber conditions, and particle characteristics after production.

Processing Condition

Particle characteristics

Type Carrier Melting Additive or Core Chamber| Particle Possible Storage Polymorphic Reference
point (°C) carrier tempera | size (um) polymorphic  conditio form during
modulator ture (°C) form n storage
TAG/FA  Fully hydrogenated 46 2 101000 a2 a % ¢ 5,15, az2ai% & (deSouza Queird:
anhydrousmilkfat o et al., 2020)
(FHAMF) and 25°C
90 days
Palm oil and FHPO Palm oil: Ascorbic acid 4 90.87 az2aioe NA NA (Carvalho et al.,
36.94 181.29 2019)
FHPO:
58.91
FHPO and FHPO: Green tea 6 15174 NA NA NA (Cutrim, Alvim, &
hydrogenated and 58.32 powder extract Cortez, 2019)
interesterified Vegetable
vegetable fat fat:
35.83
Vegetable fat 48 Soy lecithin Vitamin B12 5 13.28 a2ailfte¢ 25°Cfor az2aidfte (Mazzocato,
26.99 30, 60, Thomazini, &
90 and FavareTrindade,
MHA F 2019)
Vegetable fat 54 Guarana seed 13 1-82 NA NA NA (Silva etl., 2019)
extract
Glyceryl (monostearate 55-73 i -galactosidase Ambient | 75250 2aduft e 25°C / 2YLX S (Bertoni,
dibehenate, distearate, az2vYs Albertini, Dolci, &
trimyristate, tristearate) Passerini, 2018)
7 days

26




Palm fat and palm
hardfat

hydrogenated
and interesterified
cottonseed, soy and
palm oils
Palmitic acid, Oleiacid,
palm fat

hydrogenated and
interesterified
cottonseed, soy and
palm oils
Vegetable fat

FHSO and Soyae oil

Fully hydrogenated
palm oil (FHPO),
cottonseed oil (FHCO),
soybean oil (FHSO) an
crambe oil (FHCrO)
Lauric acid and oleic

acid

60

48

60

51

49

75

60 to 70

45

Cinnamon
oleoresin

Proanthocyanidi
n-rich cinnamon
SEGNI Gl
tocopherol
Ginger oleoresin

Gum Arabic Lycopene
and dispersed om
carboxymethy  sunflower oil
Icellulose
Soy lecithin, Vitamin B
beeswax
Polyglycerol Gallic acid
polyricinoleat
e
Vitamin C

27

13

13

13

5-200

80

30-85

10-110

80-100

24-36

0.9-
126.9

18-67

hSE YR

az2auiu

NA

NA

azaif

NA

24 and i'h YR
45°C
7 days
¢ 5,25 and azailfe
37°C
90 days
NA NA
€ NA NA
€ NA NA
NA NA
¢ 25°C FHPO, FHSO an
24h Cl/ Nh T
Cl/ hI'yR
NA NA

(Procopio et al.,
2018)

(Tulini et al.,
2017)

(Oriani et al.,
2016)

(Pelissari et al.,
2016)

(Paucar et al.,

2016)

(Consdi,
Grimaldi, Sartori,
Menegalli, &
Hubinger, 2016)
(Lopes et al.,
2015)

(Sartori et al.,
2015)



Vegetable glycerol
Monostearate and
FHPO

FHPO and palm kernel
oil

Interesterified palm fat
and palm kernel,

Oleic acid and stearic
acid

Glyceryl
palmitostearate,
trimyristin and

tristearin.
Intersterified Cotton
seed oil, FHPO and

soybean oil

mixture of mone, di,
and
tri-esters of glycerol anc
behenic acid
(C22rompritol
FHPO

Vegetable
monostear
ate : 79.5

FHPO:
64.02
43

47.5

46

57-72

60

72.8

63

Ascorbic acid

Lactobacillus
acidophilus with
inulin or
polydextrose
Bifidobacterium
lactis and
Lactobacillus
acidophilus

Lecithin Glucose

Bovine serum
albumin

h-tocopherol

Theophylline
(TH).

Lecithin Iron, iodine,

vitamin A

28

22

15

10

Ambient

10

Ambient

Ligiuid
Nitrogen

89-167

30-100

0.6126

80-116

150-300

NA

50¢350

28428

NA NA
azadfi NA
NA NA
NA NA
NA NA
azaflfi¢ 18,22
and 25°C
180 days
azalfe 25C
6 months
NA NA

NA

NA

NA

NA

NA

azalft

aza

NA

a f

3

3

(Matos-Jr et al.,
2015)

(Paula K Okuro et
al., 2013)

(de Lara Pedras
et al., 2012)

(M. D. M. Ribeiro
etal., 2012)

(Di Sabatino,
Albertini, Kett, &
Passerini, 2012)

(Gamboa et al.,
2011)

(Passerini et al.,
2010)

(Wegmdller etal.,
2006)



Medium-chain TAG NA Tweenr60 Isoflavone 5 NA NA NA NA (Jeon et al., 2005)
Waxes Beeswax, Candelilla, 51 to 72 2-acetyl1- NA 5-200 NA NA NA (Yin &
carnauba, pyrroline zinc Cadwallader,
microcrystalline, chloride complex 2018)
Paraffin wax and
Octacosane
carnauba wax, stearilic NA Vitamin E NA 75¢500 NA NA NA (Albertini et al.,
alcohol and cete 2008)
stearilic
alcohol
Fatty alcohol, fatty acid, 50-80 Felodipine -50 26.5- NA NA NA (Savolainen et al.,
fatty acid ester, (poorly soluble 30.3 2002)

hydrogenated fatty acid
ester and polar wax

drug)
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SEM and light microscopy:
Shape and surface of the particles Light, confocal, X-ray transmission
and Micro-CT tomography:
Distribution of core and the carrier

Figure 26. The ideal distribution in microsphere type of spiehilled particles (white and black colours
are carrier and bioactive, respectively) and different types of instruments for analysing the particle
characteristics.

2.9.2 Thermal behaviour

The meltig and crystallization behaviour of particles' lipid composition significantly
affects its characteristic®riani et al., 2016)The core and its carriers' melting points would
determine the appropriate cooling chamber design and storage teatpee of the particle.
The relationship between carrier melting point and processing condition is shown in Figure
2.7, for carriers with a melting point above 40°C and a cooling chamber temperature above
0°C. As shown in Figure’ 2the carriers’ meltingpoints mainly ranged from 45 to 80°C, with
the cooling chamber temperatures between 0 to 22°C (ambient temperature). Based on these
conditions, there is a linear relationship between the carrier melting point and chamber
temperature, which can be used ttesign the spray chilling production process. The use of
cryogenics, such as liquid nitrogen for chamber cooling, has also been repddddcher &

Sander, 2008; Wegmdiller et al., 2006)
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Figure 27. Relation between carrier melting point and processing condition. A dash line is the fitted linear
relationship between X and Y axigvl. D. M. Ribeiro et al., 201,Z[de Souza Queiros et al., 20XgCarvalho et
al., 2019)%(Sartori et al., 2015P(Oriani et al., 2016f(Gamboa et al., 2011)(de Lara Pedroso et al., 2012)
8(Pelissari et al., 2016 Tulini et al., 2017}%Matos-Jr et al., 2015)

2.9.2.1 The effect of lipid formulatiomnd storage on thermal behaviour

The thermal behaviour of solid lipid particles and their carriers can be determined by
differential scanning calorimetry (DSC) and hot stage microscopy (HSM). The presence of
saturated long and mediurohain fatty acids leaglto the melting temperature above 60°C in
TAGHA. P. B. Ribeiro, Basso, & Kieckbusch, 20d8)Souza Queirds el. (2020)yeported
that fully hydrogenatednilkfathas two melting peaks, the first one associated with TAGs with
short and mediurrchain fatty acids (at around 25°C) and the second one (at 46°C) dedicated
to TAGs withong chairfatty acids.

The additon of carriers such as bioactives to pure lipids can change the overall structure
and thermal behaviour of the particles. This change depends on the core and carrier's
chemical affinity, which can depress the overall melting p(Matos-Jr et al., 2015)A reaon
for the meting point decrease is the formation of less ordered crystals in the mixture versus
the pure carrier(Albertini et al., 2009) Awad et al. (20093onveyed that incorporating fish
oil with tripalmitin as carrier, caused the formation of less ordered crystals that influenced

the thermal behaviour of solid lipid particles. However, adding saturated fatty acids can
31



reduce the mobility of unsaturated TAG structure, this resulted in a significant increase in
melting temperature of the particleThe result of chapter B this thesisshowed that in the
blends of milkfat (saturated fatty acids) and fish oil (unsaturatety facids), the effect of
milkfat on thermal behaviour is more dominant compared to fish oil. By adding 30% or more
milkfat to pure fish oil, the overall blends displayed similar thermal behaviour to milkfat.

After particle production and during storagiermal and crystallization behaviour of
lipids can change based on storage condition and lipid composMatos-Jr et al. (2015)
reported that encapsulated particles of ascorbic acid with palm oil and vegetable
monostearate did not show any chga in thermal behaviour during storage at 22 and 37°C
in 56 days. In contrastle Souza Queiros et al. (202@ported that the thermal stability of
fully hydrogenated milkfat solid particle increased after 90 days of storage. Their melting
peaks became more defined with an increase in their enthalpy of fusion. The highatmnth
in the melting behaviour of lipids indicatasiigher amount of energy is required to melt the
crystal. Overall, homogenous crystalline structure and higher amount of saturated fatty acids
led to a higher enthalpy of fusion since more energy is nedddoreak up the crystalline
structure (A. P. B. Ribeiro et al., 2015; T. Wang & Briggs, 200&yefore, seleatn of
appropriate lipids carriers can beneficially change the overall thermal behaviour of the
resulting particles.

2.9.3 Crystalline and polymorphizehaviour

Crystallization can be classified into two different stages: nucleation and growth. Prior
to nuclei formation, the mother phase needs to be supercooled to meet a thermodynamic
force for crystallization. After nuclei formation, they grow and develop inystats(Metin &
Hartel, 2005) During cooling and crystallization, the TAGs of fats and oils can pack into

different arrangements, known as polymorphism, depending on several factors. The three

YFEAY GelLlSa 2F LRf & Y2NLKAand O NEEdlGloterfildsNVEE A Y

Aken, Van Malssen, & Schenk, 1988) the presence of these forms are determined by X

¢

NF¥&@ RAFFNIOGAZ2Y O-w50 lylfearad ¢KS ARSYGATF)

FYR 12 OFyYy 0SS R2y&tsgaéngs (¥id distardcd yeaveen palleNacyl K
groups in their TAGS) by XRBartel, 2001) Table 2.4, represents the polymorphic crystal
forms in solid lipid particles anthe resulting characteristic. The most and the least stable

LI2f @ Y2NLIKAO FNNFy3aISYSyd | NB RSRAOFGSR G2
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lowest melting points, respectively. A polymorphic transformation happens irreversibly from
h G2 1 4ddd2yR &KRyzO08),dmMRBhe ta@ &tIvtiadhBhis mcdurs depends on
temperature and timeMoreover, each polymorph carversiblytransform to liquid state.

There are two types of polymorphism, namely saalid and mekmediated types. The
solid-sdid transformation happens when the temperature is under the melting point of all
the polymorphs involved. The matediated transformation happens above the melting
point temperature of the less stable polymorpl{&ellens, Meeussen, Gehrke, & Reynaers,
1991; Koyano, Hachiya, Arishimo, Sato, & Sagi, 1989)can be observed in Table 2.5,
different polymorphic crystal forms have thgphysical characteristics. In turn, these can
affect the efficiency of core entrapment and sensorial properties of particles showing these
polymorphic forms. If solidification happens too quickly during the production of solid lipid
particles, the unstablecrystalline structure will be formed. Therefore, the physical
characteristics of the lipid particles can be changed by polymorphism to reach the stable
crystalline structure. The processing conditions that result in different arrangements of
molecules in he crystalline state are the crystallization temperature, cooling rate, storage
time, and storage temperature. Furthermore, the composition of lipids and the structure of
TAG in oils and fats are important internal factors affecting the crystalline clesistats of
solid lipid particlefMetin & Hartel, 2005; Timms, 8@). All these factors can significantly
influence the crystalline particle structure, as summarised in Table 2.5. Thus, analysing the
polymorphism and type of crystals in solid lipid particles after production and during the

storage should indicate thgtability and quality of resulting products.

Liquid state
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Figure2.8. Different type of polymorphs and their melting points in fats and oNgh"}, Tu(i Y¥and T (i ) are
YStGAy3a GSYLISNI (dzZNBa 2F h IMetin® HartglR005) LJ2 f @ Y2 NLIK&a = NI a LIS

33



2.9.3.1 The effect of crystallization temperature

Crystallization temperature is one of the principal factors affecting the formation of
polymorphs and lipid crystallization. If crystallization happens just a few degrees below the
melting point, the molecules have enough time to align themselves idétdywever, at low
temperatures, the molecules incorporate faster to the crystal surface, which leads to the
imperfect attachment of TAGs and lower stability polymorphs. At temperatures betwien
YR wHnc/ X LIRfE&Y2NLIKA 2F h | yaRires beldviyicd & (23S
polymorph is observe(Mazzanti, Guthrie, Sirota, Marango&ijdziak, 2004; Metin & Hartel,
2005) In general, unstable polymorphs will undergo a transformation over time into stable
F2NXa dzydAaft GKS i F2N¥Y oYz2ad adlroftSo A& NBI (
increase in melting temperature abowlee melting point of the less stable forms, which can

be seen in Figure &.
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Table 2.4Polymorphic crystal forms of oils and fats and their characteristics in solid lipid particles.

Polymorphic Unit cells Subcell structure Short Thermal Chain characteristi¢Sato & General characteristic Sensorial
form (Sato & Ueno, spacing in  stability (Sato Ueno, 2005) in particle properties of the
2005) XRD A) & Ueno, 2005) particle
h Hexagonal O 4.15 Least stable NA Soft and foamy
O Q with Loose chain texture in food
O lowest melting packing (Sato & Ueno, 2005
OOO point Without specific
chainchain
interactions
I Orthorhombic 3.8and 4.2 Intermediate Tightly packed Best entrapment of Impart good
perpendicular Stability lattice active agent becaust plasticity, smooth
Specific chaithain  of the spatial and creamy t&ture
interactions organization(Mdller et in food (O Brien &
al., 2002) Timms, 2004)
i Triclinic 4.6 Most stable An oblique twe Further expulsion of  Decrease the
parallel with highest dimensional lattice the active agent quality of the
melting point Tightly packed because of the powder and
chains, compact structure granular texture in
Specific chaithain  (Procopio et al., 2018) food (Mller et al.,
interactions 2002)
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Table 2.5Factors contibuting to the formation of different polymorphic forms of particles.

Polymorphic form

h i’

Internal factors

High levels of palmitic
acid(Lopes et al., 2015;
Procopio et al., 2018)

Diversified TAG
composition and fatty
acid profile(DeMan &
DeMan, 2001)

High levels of cotton
seed oil(A. P. B. Ribeirc
et al., 2015)

TAGs  with  carbor
number equivalent to 50
and 52(de Oliveira et al.,
2015)

1. TAGs \ith
carbon number
equivalent to 54
(DeMan &
DeMan, 2001)

Rapid cooling in
External factors fraction of liquid fat
(Shahidi, 2004)

Slow cooling rate
(Maleky et al., 2012)

2.9.3.2 The effect of cooling rate

The cooling rate considerably affects the crystallization and type of the polymorphs of
fats and oils, since the formation of each polymorph needs different activation energy.
t2f @Y2NLIKaA 2F h gAOGK €26 I OGA@GI ( Ardoye rafighS NH &
and have lower crystallization temperatures than polymorphs with high activation energy,
Ay Of diRyk fKAufmafn, Andersen, & Wiking, 2012 a slow cooling condition, a higher
temperature is maintained for a longer duration, such that TAGs have time to rearrange into
a stable crystalline form. Under thiordition, crystal growth dominates over nucleation,
which leads to the formation of larger crystals. However, in rapid cooling, TAGs are forced to
adopt a crystal condition far from equilibrium, forming mixed and unstable crystals. Moreover,
rapid coolingdevelops a higher nucleation rate, resulting in the formation of many small

crystals(Metin & Hartel, 2005)Maleky, Acevedo, and Marangoni (20i2ported that a slow
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022t Ay3 NIGS ondomc/ KYAYO Ay TFdzZfeé KeRNRISYy!
L2 f @ Y2NLIK S ¢ KSNEBI &cted at Riagdidecadntydad (0.2 and 10 Anin). In
FRRAGAZ2Y T GKS& NBLRNILISR GKFG GKS h FT2NX 41 &
form. Conducting a slow cooling rate such as 0.1°C/min in spray chilling equipment is not
practical in an industrissetting. In rapid cooling, which generally occurs in the spray chilling
0§SOKYAIljdzSZ GKS h F2N)XY SYSNHS&AD 5dzNAYy 3 LI NI A ¢
GKS 14 2NE Ay a2YS OFaSazr i HEaNdHarelk286).Y 2 NB &
¢tKS OKFy3aS Ay ONRAGIT Y2NLIK2f23& G2 KAIKSNJI
expulsion during the storage of spray chilled particles.
2.9.3.3 The effect of lipid formulation

Different TAG compositions in oils and fats as carriers can leadifterett
arrangements of crystals polymorphic forms (Table 2.5). TAGs having a total of 54 carbons in
GKSAN) Frddge | OAR OKIFIAyasx SIFEOK gAGK wmy OF Nb 2!
saturated, mono and polyunsaturatddeMan & DeMan, 2001 onversely, TAGs having a
total of 50 carbons composed of two fatty acid chain each with 16 and one with 18 carbons
dzadzl f @ F2N)X 14U ONRadGFIfad LYy GKS aryS é4lFe&x «
with 16 and two with 18 NBb 2y OKI Ay | (déQliveifaz Rideiro,idéls Sanod a i |
Cardoso, & Kieckbusch, 201BJending high and low melting point TAGs as the carrier can
lead to a less ordered crgdline structure with more space to accommodate the c@irel et
al., 2005) When TAGs and fatty acids are replaced by hydrocarbons as carriers, degree of
polymorphism and core expulsion can be reduced in solid lipid par{i¢ies& Cadwallader,
2018) Hard fats as a carrier in the spray chilling process can act as nuclei during crystal
formation because of their wetlefined anchomogenous TAG composition, which can induce
a particular polymorphic fornfLopes et al., 2015; Oliveira, Ribeiro, & Kieckbusch, 26&4)
the use of a slow cooling rate is impractical in industrial applications, there is a need to
understand the impact of different formulations as themain factor that controls
polymorphism of solid lipid particles.

2.9.3.4 The effect of storage

A change in morphic type can occur in solid lipid particles during storage over a short or

longer time period, depending on the storage temperature. A ieghperatureenvironment,

close to the melting points of the unstable morphic form, will accelerate the polymorphic
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change. Therefore, certain polymorphic forms can be controlled by applying different
temperatures during storagfi et al., 2005)In geneal, increasing the storage temperature
can lead to the formation of more stable crystalline structuflespes et al.2015) As can be
seen in Table 2.3, solid lipid particles can attain all three forask$f | y R i RdzNRA y 3
By choosing a suitable carrier, both the cooling chamber and storage temperatures can be
adjusted to achieve the desiresfructure.

2.9.4 Solid fat content

Solid fat content (SFC), an indicator of the amount of fat crystals in fats and oils can
influence their suitability for the specific applicatiiida, Sundram, Siew, Aminah, & Mamot,
2002) The SFC percentage of the total fat can be determined by pulseldar magnetic
resonance (pNMR)YHumphrey & Narine, 2005)When fats and oils with different
characteristics are mixed together, their physicochemical behaviour can change majorly from
their pure form. In the mixture of ts and oils, it ischallengingto characterize phase
behaviour for crystallization, since the mixtures have a range of TAG compositions, saturated
and unsaturated fatty acids. In this regard, SFC and asoigb diagram can be used to study
and predict tle phase behaviour of oil and fat mixtur@ampos, 2004)

Even though SFC is affected primarily by molecular compositioh as saturation and
chain length of fatty acids, processing condition such as cooling rate is also a contributing
factor (Rye, Litwinenko, & Marangoni, 2009Regarding the molecular compositioa,
significant correlation was reported between the percentage of saturated fatty acids and SFC.
The reason behind this correlation is that saturated fatty acids have high melting points, which
can be crystallized at any temperature and contribute to &€ et al., 2005)n the system
containing fish oil and tripalmitin, SFC decreased with a linear trend by increasing the ratio of
fish oil in the blendAwad et al., 2009)Adding 40% sunflower oil as unsaturated oil to milkfat
as saturatedat decreased the SFC to almost 50% atide temperature range (from 35 to
5°Q. However, the aforesaid percentage of sunflower oil decreased the melting point of the
blend by just a few degredMartini, Herrera, & Hartel, 2002Regarding the cooling ratRye
et al. (2005)eported that decreasing the cooling rate froMm@&min to 0.1°C/min resulted
in 4-8 % lower SFElowever, the cooling rate ranges in this study were too low compared to
the fast cooling rate of spray chilling. Basmad SFC and an isolid diagram, the ewctic

behaviaur of lipid blends can be observed.
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Bettercore retention is achieved in a condition when the carrier blend of TAG molecules
or fatty acids shows eutectic behaviour such as that observélte blend of 70% stearic acid
and 30% oleic acid with SFC betweer6506(M. D. M. Ribeiro et al., 201.2)herefore, SFC
in the lipid carrier an be the indicator of the overall phase behaviour; knowing the SFC can
be useful for understanding the behaviour of mixtures of core and carrier, with respect to the
thermal behaviour and the core retention of lipid wall materials.

2.10 Solid lipid particle mperties
2.10.1  Storage stability

The stability of active ingredient in solid lipid particle upon storage is an important
factor and depends on temperature, time, humidity, ratio of the core and type of the carrier.
Paucar et al. (2016gported that more than 87% Vitaminzvas presenin lipid particles
stored at 10°C for 65 days; however, when stored at 25°C, the amount of vitamin decreased
to 72%. Storing lipid particle of lycopene, a vulnerableuralot to oxidation, at a refrigerated
temperature under vacuum resulted in more siigtly than storage at room temperature. The
stability of vulnerable bioactives is profoundly affected by the temperature and presence of
oxygen during the storag®amodaran & Parkin, 2017; Dos Santos et al., 2015; Pelissari et al.,
2016)

In terms of carrier type, there are reports that adding waxes to TAGs or fatty acids
resulted in better stability of active ingredient in lipid particlPaucar et al. (2016gported
the highest level of ¥aminD;, following 65 days of storage at room temperature and 10°C,
was in particles with beeswax and vegetable fat as the carrier. The authors concluded that
the beeswax/fat mixture had the best crystal packaging tfa retention of Vitamin B.
Moreover,Pelissari et al. (20168}ated that the addition of gum Arabic in the formulation of
the carrier with sunflower oitesulted in the lowest degradation of lycopene in solid lipid
particles. For vulnerable bioactives, a lower ratio of core to carrier materials resulted in better
stability, since less bioactive is present on the surface of the particle, leading to idasorx
(Matos-Jr et al., 2015; Pelissari et al., 201&8)ding antioxidants to vulnerable cores such as
caroteroids can also increase their stability during storé@@emes, Borrin, Cardoso, Souto, &
Pinho, 2013) Stability can be assessed by measuring the amount of encapsulated material,
analysing colour in colarants, analysing the change in crystalline structure, and the tendency

of solid lipid particles to aggregate. A change in colour of bioactives such as lycopene and
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ascorbic acid corroborated a decrease in storage stability, that isicagase in red pigment
signifies lycopene particle degradatiiatos-Jr et al., 2015; Pelissari et al., 2008preover,
particle aggregation during storage can be a sign of polymorphism from alpha to beta
structure(Helgason, Awad, Kristbergsson, McClements, & Weiss, a8@@irticle shape may
change from spérical to needldike. Needldike shapes result in a higher surface area of the
lipid phase, which leads to particle aggregation2 YA Y A YA & Sa suradantk& I G A 2 v
Tween 20s included in the formulation, to the increase repulsion between padicl
2.10.2  Release behaviour

Many factors can change the release properties of core materials from solid lipid
particles within the food or once digested, including the type of carrier, geometry,
hydrophilichydrophobic balance of the lipids, bioactive to carrier ratio, bioactive
physcochemical properties, and nature of other additivRosiaux, Jannin, Hughes, &
Marchaud, 2015) Two release mechanisms for active ingredients within sprajedh
particles are enzymatic digestion of lipids in the small intestine and increased temperature
above the melting point of the carrier materi@aula Kiyomi Okuro et al., 201B) aqueous
media, mixtures of triacylglycerols with high and low melting points, resulting in different
carbon chain arrangements. Thisxsequently increased the capacity of the particles to keep
more active ingredients within the spaces, resulting in a slower rel@@aevalho, Oriani, de
Oliveira, & Hubinger, 2019; Leonel, Chambi, BarPerdlano, Pastore, & Grosso, 2010; Miller,
Radtke, & Wissing, 2002; M. D. M. Ribeiro et al., 2012; Sartori et al.,. 45) though, a
significant amount of active ingredient lying on the surface of the particle, a strong physical
binding between lipid carrier and active ingredient can prevent the rel¢@seiin, 2004)

Another critical factor for the release rate of core material is the compatibility of the
core with carrier composition. Having double bonds in the structure of fatty acids is reported
to have moe compatibility with hydrophilic core@nal & Langdon, 2004)n this regard,
casein with hydrophobic nature, reported to have slower release with wall materials
containing $earic and lauric acid compare to stearic and oleic §€idambi et al., 2008)
Moreover, carrier composition with more unsaturated fatty acids can have a less ordered
structure, resulting in improved encapsulation capacity and controlled rel@asenel et al.,
2010; Rodriguez et al., 1999 has been reported that thproportion of core in the particle

significantly affects its release behaviour; as a higher proportion of core leads to more of the
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bioactive present on the surface, which results in faster rel¢@sevalho et al., 2019; Chambi
et al., 2008; Jenning, Thinemann, & Gohla, 2000; Leonel et al.,.2010)

Based on the significance of various factors affecting ideal release, the type of the
carrier, followed by the core content amdmpatibility between core and carrier are the most
critical factors that affect the release characteristics of the parti¢fdgyama et al., 1993;
Carvalho et al., 2019; Chambi et al., 2008; Jennirad.,€2000; Leonel et al., 2010; Miller et
al., 2002; M. D. M. Ribeiro et al., 2012; Rodriguez et al., 1999; Sartori et al., 2015; Savolainen
et al., 2002)

2.10.3 Sensory perception

Spray chilling is an encapsulation method that can mask undésiflavours of active
ingredients such as vitamins, minerals, and oxidizable oils. In this regard, encapsulated iron,
vitamin A or iodine with fully hydrogenated palm fat (FHPF) successfully masked the
undesirable taste of fortified sa{iWVegmdller et al., 2006 Bitter isoflavones have also been
masked to some degree by encapsulation with medthain TAGs as carrigdeon, Kim, Han,

& Kwak, 2005)

The texture of the particle can significantly affect sensory perception, for example, the
crystal structure of final particles directly affects the texture and sensory propd#ieB. B.
Ribeiroetal.,201® ! a OFly o©6S aSSy Ay ¢lFo6ftS Honz: GKS 7
and soft texture, which is desirable for products such as ice crg&gaito & Ueno, 2005)

C 2 NIV I (i »staugturelisithe imost desirable for food plfcations because of good plasticity,
smooth and creamy texture. This structure can be used in margarine, shortenings, and baking
fats(O Brien & Timm=004yp ¢ KS f F NHSNJ aAl S 2F i aidNYzOG dzNB
which can be desirable in some food products such as chocMidler et al., 2002)
Therefore, based on the targeted product, the controlling the polymorphism of solid lipid
particles are important to maintain the desired texture and sensory perception.

2.10.4  Applications

A variety of crystalline structures epraychilled particles offer different textures and
sensory attributes and a range in the stability of active ingredients during storage and their
controlled release. Thus, solid lipid particles have significant potential for development and

application b new functional foods.
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With respect to sensory perception, the lipid particles with different active ingredients
added to cake, cereal bars, biscuits and milk demonstrated only a slight or no adverse effect
on sensory attributes (Table®. Alvim, Stein, Koury, Dantas, and Cruz (2@l%) reported
that encapsulating ascorbic acid through spray chilling, provides protection from thermal
degradation during baking of the biscuits. Consequently, studa® ldemonstrated that
solid lipid particles can be used in baked products, sugar, flours, dry soup mixes, and foods
containing high levels of fafMadene et al.2006; Wegmdller et al., 2006) The paraffin
coated flavour agent,-Acetyt1l-pyrroline, added to instant rice during cooking produced full
flavour recovery, as reported byin and Cadwallader (201%urthermore, lipid particles
containing probiotics in food applications represent a promising method for ensuring cell
viability during storageArslanTontul, Erbas, and Gorgulu (2018ported that encapsulated
Saccharomyces boulardind Lactobacillus acidophilwgere more heat tolerant compared to
Bifidobacterium bifidunduring baking and had better cell survivability during storage.

Solid lipid particles can also be added to food products to improve their shelf life.
Procopio et al. (2018gported that solid lipid microparticles of cinnamon oleoresin with anti
microbial potential could be used in food products vulnerable to fungus contamination such
as breads and cakes. The lipid carrier not only protects dimmamon oleoresifrom light,
heat and oxygen, but also allows for gradual release during storage.

Although considerable research has been conducted on the production of solid lipid
particles with dfferent active ingredients, creating the potential for the development of new
functional foodgde MatosJr, Comunian, Thomazini, & Favdmindade, 2017; Paula K Okuro
et al., 2013; Sartori et al., 2015; Tulini et al., 200A)y a few studies have anagygbssolid lipid
particles inside food matrices. Therefore, further studies should emphasise the industrial
applications of solid lipid particles and their behaviour in food matrices, to clearly

demonstrate the practical viability and benefits of these preimg new functional foods.
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Table 26. Different active ingredients, their food application, and the outcome characteristics.

Active ingredient Carrier Application Sensorial Stability or loss Release  References
of solid changes during storage behaviour
lipid
particle
Saccharomyces Hydrogenated  Cream Not Storage viability of NA (Arslan
boulardii Lactobacillus  palm oil filled, detectable 30 days under Tontul et al.,
acidophilus marmalade refrigerated 2019)
Bifidobacterium filled, and condition
bifidum chocolate
coated cake
2-acetyt1-pyrroline Paraffin Instant rice  Full flavour  Significant improve Controlled (Yin &
zinc chloride complex recovery in the stability at release = Cadwallader,
after ambient 2019)
cooking temperature
Lactobacillus Vegetable fat Savory Not Storageviability of  Intestine  (Banpi et al.,
acidophilug cereal bar  detectable 90 days in the release  2016)
Bifidobacterium lactis product
Ascorbic acid Hydrogenated Biscuit Not NA NA (Alvim et al.,
vegetable fat detectable 2016)
and Stearic
acid
lodine and iron Hydrogenated Biscuit Not NA NA (Biebinger et
palm oil detectable al., 2009)
lodine, ironand Fully Salt Not Loss of 20% of NA (Wegmdller
Vitamin A hydrogenated detectable iodine and 12% of et al., 2006)
palm fat Vitamin A after 6
months of storage
at room
temperature
Isoflavone Medium Milk Slight effect 8% release after 3  87.6% Jeon et al.
chain TAG days ofstorage at  release in  (2005)
4°C simulated
intestinal
fluid
2.11 Conclusion

The key challenge of incorporating any active ingredients such as LCPUFAs, into daily
diet would be their vulnerability to oxidation and their undesired taste. In this regard spray
chilling of solid lipid particles is considered to be one of the most@tical and ecdriendly
encapsulation methods. However, the occurrence of polymorphism in solid lipid particles,
negatively affects the particle characteristics, including their stability, can cause core

expulsion and can change the desired sensory peroepi better understanding of lipid
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behaviour is crucial for successful production of stable morphic forms that have a balance of
core retention and positive sensorial properties. The drawback of polymorphism can be
mitigated by selecting and consideringlevant parameters, including cooling rate, cooling
chamber temperature, storage conditions, and the selection of lipid carriers. The applications
of slow cooling rate and high chamber temperature are limited by the available spray chilling
equipment in pactice. Thus, lipid formulation is the key practical factor that could be used to
control the polymorphism of solid lipid particles. The selection of waxes as a carrier or
appropriate mixtures of TAGs and FAs can also retheg@olymorphism of particleafter
production and during storage. However, because of some limitation in using waxes, milkfat
with pleasant taste and high melting point can be a best alternative. Moreover, the type of
carrier selected and the compatibility between the core and carsenificantly impact the
release characteristics from the particles. Thus, the knowledge on crystallization, thermal and
phase behaviour of lipid composition, and the compatibility between core and carrier before
production, can reduce most of the adversffects of this process.

Despite the use of spray chilling method in the pharmaceutical industry to produce a
variety of drugs encapsulated with lipid carriers, there is still a significant gap in the
application of solid lipids in food products. Furth@wvestigation is required on the
crystallization and phase behaviour of a variety of lipid compositions before production, so
that desirable crystalline structure and sensory perception with reasonable stability can be
achieved. Improved understanding thfe release behaviour and sensory perception in the
food matrix is also necessary to develop a variety of food products fortified with solid lipid
particles.

Based on the extensive literature review, the primary focus of this thesis was to
investigate tle behaviour of fish oil and milkfat in liquid state and at different composition
ratios, combined through the use of the blending method. In addition, the thermal and
crystalline behaviour in cooling and heating conditions were also investigated. Thedsecon
aim was to determine how the two oils would behave as lipid particles and the extent that
milkfat could be used to encapsulate fish oil in a quick solidification method. The
methodologies and the results of the first and second aims are discussed ihidethapter

3 and 4.A potential application of the produced lipid particles in food products and the
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particles’ physicochemical behaviour in a food matnere also investigated andare

presented in Chapter 5 of this thesis.
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Chapter 3

Characterisation of thermal and
structural behaviour of lipid blends
composed of fish oil and milkfat

According to thditerature review in Chapter two, the blending strategy can be adopted
to change the oils characteristics. Oils and fats with a high percentage of saturated fatty acids,
such as milkfat, can improve the overall stability of vulnerable oils. The reseanabf #his
chapter is to analyse the structural and thermal behaviour of blends that consist of milkfat
with a high percentage of saturated fatty acids, and fish oil that contains a high percentage of

vulnerable fatty acids.

“This chapter has been pigdéled in Food Research International Journal as

Nosratpour, M., Wang, Y., Woo, M. W., & Selomulya, C. (2020). Characterisation
of thermal and structural behaviour of lipid blends composed of fish oil and
milkfat. Food Research International37, 109377.
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ARTICLE INFO ABSTRACT

Keywords: The blend of fish oil with a high percentage of long chain poly-unsaturated fatty acids, and milkfat with a high
Milkfat percentage of saturated fatty acids, could potentially demonstrate desirable characteristics from both compo-
Fish oil

nents, such as increased omega-3 fatty acids and melting point, as well as improved crystallization and oxidative
stability. In this study, the effect of various milkfat concentrations on thermal properties and crystalline structure
of these blends were analysed to understand parameters determining the overall characteristics of the blend.
Blends with different ratios of fish oil: milkfat (9:1, 7:3, 5:5, 3:7, 1:9), as well as pure fish oil and pure milkfat,
were investigated at different cooling conditions. The crystallization behaviour in all samples shifted to lower
temperature ranges, by increasing the cooling rate from 1 to 32 °C/min. However, the changes in cooling rate did
not have significant effect on the melting profile of the samples. Whereas changes in milkfat ratio affect both the
crystallization and melting behaviour. New crystallization peaks were observed on DSC spectra between the
range of —4 to —13 °C in the blends. Moreover, new melting peaks appeared in two ranges of —1 to —8 "C and
8-9 °C, in the blends.

The crystallization and melting behaviour of the blends were similar to those of milkfat when > 30% milkfat
was used. This was further confirmed via XRD where milkfat demonstrated the dominant polymorphic beha-
viour. Regarding shape of the crystals, fractal dimension analysis showed a similarity between clusters in blends
containing 50% milkfat or higher. Increasing the ratio of milkfat led to an increase in fractal dimension which
indicates higher mass-spatial distribution of the crystal networks in the blends. The data showed that adding
30% or more milkfat to pure fish oil resulted in blends demonstrating similar characteristics to milkfat, including
thermal, structural, and oxidative stability. This shows the potential of blending a high percentage of doc-
osahexaenoic acid in milk fat to improve their overall stability.

Fat crystallization
Triacylglycerol intersolubility
Melting behaviour
Polymorphism

1. Introduction

Long-chain omega-3 polyunsaturated fatty acids (LCPUFA), espe-
cially eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
which exist in fish oil, are important nutrients which have been proven
to have potential health benefits to human (Simopoulos, 1999). In-
corporating these LCPUFAs into food products is a challenge for the
food industry, because LCPUFAs are extremely unstable toward oxi-
dation. This vulnerability comes from the high number of double bonds
in their structure (Scrimgeour, 2005). Moreover, the oxidation phe-
nomenon can cause undesirable flavour and generate potential ha-
zardous chemicals. The existence of LCPUFA in triacylglycerols (TAG)
composition leads to a low melting point as liquid state at room tem-
perature. A number of strategies have been used to improve the

oxidative stability and mask the fishy odour of LCPUFA in fish oil, in-
cluding the addition of antioxidant (Baik et al, 2004; Huber,
Rupasinghe, & Shahidi, 2009), blending with stable oils (Nosratpour,
Farhoosh, & Sharif, 2017; Polavarapu, Oliver, Ajlouni, & Augustin,
2011), and/or encapsulation strategy (Drusch & Mannino, 2009;
Encina, Vergara, Giménez, Oyarzin-Ampuero, & Robert, 2016).
Blending of fats and oils is one of the simplest methods to achieve
desirable stability, sensory, and thermal properties (Hashempour-
Baltork, Torbati, Azadmard-Damirchi, & Savage, 2016). Moreover, this
method can be applied as a pre-treatment to optimize oil/fat blends to
provide specific properties for encapsulation (Ghnimi, Budilarto, &
Kamal-Eldin, 2017). Although literature is available on the blending of
vegetable oils (Bhatnagar, Kumar, Hemavathy, & Krishna, 2009; De
Leonardis & Macciola, 2012; Neff, El-Agaimy, & Mounts, 1994), there
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are only few studies focusing on improving fish oil stability via blending
with stable oil/fat (Truong, Janin, Li, & Bhandari, 2016).

Among all the encapsulation technologies, spray chilling is con-
sidered as the least expensive. This method can be used to produce solid
lipid microparticles without utilizing water, organic solvents or high
temperatures (Okuro, Thomazini, Balieiro, Liberal, & Favaro-Trindade,
2013). The most suitable carriers for the production of particles by
spray chilling are fats, oils, TAGs, free fatty acids, alcohols and waxes
with the high melting point (Okuro, de Matos Junior, & Favaro-
Trindade, 2013).

Milkfat is a natural component of milk possessing unique sensorial
properties and chemical composition. This fat has the most complex
fatty acid composition found in nature with hundreds of different fatty
acids and TAG molecules. Based on the large group of TAGs, milkfat can
crystallize and melt in several steps depending on different cooling and
heating rates (DeMan, 1992), With the polymorphs which can affect
texture, milkfat could have three forms of erystals (a, 3 and ) based on
their crystallization condition. The B’ followed by a crystals are the
dominant forms. It is the « crystals present in milkfat that produce the
desired texture in ice cream. The small needle-like crystals of 3’ impart
good plasticity that make milkfat suitable for the production of mar-
garine, shortening, and other dairy products (Sato & Ueno, 2005;
widlak, 1999).

The TAG composition of milkfat contains over 60% saturated fatty
acids, which gives milkfat a high melting point characteristic (Lubary,
Hofland, & Ter Horst, 2011). High melting point TAGs could form
compact clusters interaction and develop compound crystals with lower
melting point TAG composition (Martini, Herrera, & Hartel, 2001). The
ability of entrapping fish oil by milkfat stearin crystals has been re-
ported previously (Li, Truong, & Bhandari, 2017). These properties
render milkfat as a potential carrier for other oils / bioactives via spray
chilling and as a stabilizing agent. In this study, the effects of blending
various ratio of anhydrous milkfat with fish oil on the changes in
thermal and structural behaviour of the blends at various cooling rates
were investigated. The outcomes will add knowledge required to po-
tentially use the blend in the spray chilling process.

2. Material and methods
2.1. Material

Milkfat for this project was kindly provided by Tatura Milk
Industries Limited, Victoria, Australia. Based on its analysis certificate,
the fat contained 99.93% butter fat, 0.3% free fatty acid, 0.07%
moisture content, and peroxide value (PV) is 0.27 meq O,/kg fat. The
milkfat was stored at 4 “C until analysis. HIDHA® Tuna oil was kindly
provided by Nu-Mega Ingredients Pty Ltd (Melbourne, Australia), and
was stored at — 18 “C until analysis. According to the analysis certifi-
cate, the fish oil contained less than 0.1% free fatty acids, 0.3 meq O,/
kg PV and 2.8 g/kg tocopherol content. All other chemicals were of
analytical reagent grade and purchased from Merck (Sydney,
Australia).

2.2. Primary analysis of milkfat and fish oil

The fatty acid composition of milkfat and fish oil were determined
by gas chromatography (GC). Transesterification of fatty acids into
their fatty acid methyl esters (FAME) was done by mixing and shaking
2-3 drops of oil in 1 ml of n-hexane with 5 drops of 2 N methanolic
potassium hydroxide at 50 °C for 3 min. After shaking, the solution was
kept for 10 min at room temperature. The upper layer was then col-
lected for GC analysis. An Agilent 7820A GC instrument equipped with
flame ionization detector and a SupelcoWax capillary column 30 m
length x 0.32 mm inner diameter x 0.5 pm film thickness was used
with nitrogen as a carrier gas. 0.5 pl of the upper layer of the sample
was injected with a split ratio of 8:1. The temperature of the oven was
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increased from 120 °C to 260 “C at a rate of 15" per minute. The tem-
perature of the injector and detector was maintained at 260 "C and
300 °C, respectively (Farhoosh, Niazmand, Rezaei, & Sarabi, 2008). The
result was reported based on fatty acids retention time and their re-
lative area percentage.

Free fatty acid content of the oils was measured according to the
AOCS official method Cd 3d-63 (AOCS, 1993), Determination of FFA
was done by titrating the solution of milk fat and fish oil in chlor-
oform-ethanol medium (10 g of each oil or fat in 50 ml chlor-
oform-ethanol medium (50:50 v/v)). The ethanolic solution of 0.1 N
potassium hydroxide (KOH) was used as a reagent. Phenolphthalein
was used to mark the endpoint. The FFA value was represented as
milligrams of KOH required to neutralise the free fatty acids present in
1 g of the oil sample (mg/g).

Peroxide value (PV) as the indicator for the amount primary oxi-
dation products, in milkfat and fish oil was determined following the
method of Shantha and Decker (1994). The peroxide value represented
as milliequivalents of oxygen per kilogram of oil. Thiobarbitoric acid-
reactive substances as the indicator for secondary oxidation products
were measured spectrophotometrically by a Spectramax M2E micro-
plate reader instrument (Pokorny & Dieffenbacher, 1989). The data for
analysing the oxidative stability for fish oil, milkfat and blends are
available in supporting information.

2.3. Preparation of milkfat and fish oil blends

Pure milkfat and fish oil were placed in oven at 60 °C for 10 min to
facilitate the blending. After melting, the blends of milkfat and fish oil
at various concentrations (0:100, 10:90, 30:70, 50:50, 70:30, 90:10 and
100:0 (w/w)) were prepared by manual mixing for 5 min.

2.4. Fourier transform infrared spectroscopy (FTIR)

A few drops of milkfat, fish oil and binary blend of 50:50 were
ground in contact with attenuated total reflectance in Perkin Elmer/
spectrum Two fitted with UATR (Liantrisant, UK). Samples were ana-
lysed in 4000-400 cm ' regions with a resolution of 4 cm ' for 8
scans.

2.5. Differential scanning calorimetry (DSC)

Thermal analysis was performed by DSC (DSC 8000, PerkinElmer,
Melbourne, Australia) to measure the crystallization and melting of the
blends at various concentrations. The equipment was calibrated by
indium standard (melting point = 156.66 °C, AH
melting = 28.41 J g~ 1), an empty pan was utilised as the reference,
and the measurement was done in the nitrogen atmosphere in dupli-
cate. In DSC procedure, the samples (6-10 mg) were stabilized at 30 “C
for 1 min. Then, they were melted by heating to 60 "C and held for
10 min to eliminate their crystallization history. After that the samples
were cooled from 60 °C to —60 °C with various cooling rates of 1, 2, 4,
8, 16 and 32 "C/min, respectively. Finally, after each cooling rate, the
cooled samples were heated from —60 "C to 60 °C with the heating rate
of 10 “C/min (Truong et al., 2016).

2.6. X-ray diffraction (XRD)

X-ray diffraction (XRD)was performed with Bruker D8 Advance
equipped with MTC wide range temperature chamber to analyse the
crystalline and polymorphic structure of the blends. At first, the sam-
ples were heated to 60 “C held for 10 min to eliminate the thermal
history. Then, the samples were cooled from 60 °C to 4 °C at rates of 1,
2, 4 and 8 °C, respectively. After 15 min of aging, the XRD scan was
performed with a Cu-Ka (A = 1.5406 A)X-ray radiation
running at 40 kV, 40 mA. XRD data was collected by using a line po-
sition sensitive detector LYNXEYE XE in the range of 3-30° with a step
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size of 0.02° and dwell time of 5 s. The Bruker DIFFRAC.EVA software
was used to analyse the data.

2.7. Polarized light microscopy

The samples were heated at 60 °C for 15 min, to eliminate the
crystallisation history. One drop of the sample (less than 20 ul) was
placed on a microscopic slide (heated at the same temperature before
use). Then, the heated coverslip was placed parallel on top of the
sample (oil, fat, or their blends), carefully. After that, samples were
placed at two different temperatures, 22 and 6 °C in an incubator, for
48 h to allow the crystals to form into the required shapes. After the
ageing process, samples were imaged using polarized microscope
(Nikon eclipse Y-TV55). Images were taken at 5x, 10 x, 20 x and 40 x
magnification in three spots of the sample slides with NIS elements 4.6
software (Nikon Incorporation, Diisseldorf, Germany).

Fractal dimension of clusters in the images were analysed and
measured in binary version using the box counting method in ImageJ
1.52p software (Awad, Rogers, & Marangoni, 2004).

2.8. Statistical analysis

The obtained data were subjected to one-way analysis of variance
(ANOVA) by IBM SPSS Statistics 26 software. Values reported by their
mean and standard errors of determination, and Duncan’s multiple
range test was used to compare the means at the 0.05 level.

3. Result and discussion
3.1. Milkfat and fish oil characteristics

The fatty acid composition and other characteristics of milk and fish
oil are presented in Table 1. The fish oil contained a high amount of
DHA (26.93%), compare to normal fish oil with around 9% DHA. The

Table 1
Initial characterization of fish oil and anhydrous milkfat (values are
mean * SD).

Fish oil Milkfat

Fatty acid composition (%)
C4:.0 _ 216 = 0.00
C6:0 —_ 1.70 = 0.07
C8:0 — 1.14 = 0.07
C€10:0 - 2.84 + 0.18
C12:0 — 3.52 = 0.15
C14:0 237 £ 1.25 11.94 * 0.21
Cl4:1 — 1.04 = 0.00
C16:0 19.05 = 0.07 35.18 = 0.11
Cl6:1 5.17 + 0.04 1.79 %= 0.00
C17:0 1.20 £ 0.02 0.63 = 0.05
C18:0 5.07 = 0.02 10.38 = 0.74
C18:1 17.33 = 0.01 20.28 + 0.43
Cl18:2 1.38 = 0.00 1.57 = 0.03
C18:3 (w3) 0.95 = 0.07 0.8 = 0.28
C18:4 (w3) 0.83 = 0.10 -
€20:4 1.92 = 0.01 -
C20:5 (w3) 6.76 + 0.06 —
€22:5 (w3) 2.84 + 0.05 —
C€22:6 (w3) 2693 + 0.32 —
Saturated fatty acids (SFA) 27.69 = 1116 69.49 = 0.52
Monounsaturated fatty acids (MUFA) 225 = 0.05 2311 = 0.33
Polyunsaturated fatty acids (PUFA) 41.61 * 0.05 237 + 0.02
Unsaturated fatty acids (USFA) 64.11 = 0.48 25.48 + 0.74
Long chain polyunsaturated fatty acids 39.31 = 0.50 —

(LCPUFA)
SFA/USFA 0.43 = 0.01 272 = 0.16
Total tocopherol content (g/kg) 2.8 —
Free fatty acid content (%) 0.10 £ 0.05 0.30 = 0.02
Peroxide value (meq 0,/kg oil) 0.98 = 0.03 0.12 + 0.01
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high percentage of poly polyunsaturated fatty acids (41.61%) specially
long-chain polyunsaturated fatty acids (LCPUFA) around 39.31% led to
its high vulnerability to oxidation. By contrast, milkfat with 69.49%
saturated fatty acids and only 2.37% polyunsaturated fatty acids is
considered as a fat with high oxidative stability.

Minor amount of free fatty acid content (less than 1%) and primary
peroxide value (PV) less than 1 meq O,/kg oil, shown in Table 1, de-
monstrated the acceptable primary quality of the milkfat and fish oil for
this study. Due to high vulnerability to oxidation, 2.8 g/kg tocopherol
as an antioxidant were added to fish oil to improve its oxidative sta-
bility during analysis.

3.2. Chemical interactions analysis

The possible chemical interactions between fish oil and milkfat in
their 5FO:5MF blend was investigated by FTIR analysis, as shown in
Fig. 1. It can be observed that the overall peaks in different wave-
numbers for milkfat, fish oil and their blends were almost similar. The
presence of a peak at 1750 cm™', which corresponds to carbonyl
compounds (C=0), can be observed in all samples. This carbonyl
compound can represent the carboxylic part of the fatty acid compo-
sition in TAG molecules (Rohman & Man, 2010). Moreover, the infrared
spectrum in all three samples showed a peak at 2930 cm ™, which
corresponds to methyl and methylene compounds (C—H) of the fatty
acid composition (Rohman & Man, 2010). By looking the spectra clo-
sely, there is a difference between height of the peaks of three samples
at frequency of 3000 cm ™! caused by cis double bond stretching (C=C)
(Guillen & Cabo, 1997). The highest peak at this frequency was ob-
served in fish oil, because of its high number of double bonds compare
to milkfat. However, FTIR analysis exhibited no notable new chemical
interaction between fish oil and milkfat blends. Therefore, the blend of
fish oil and milkfat was shown to be purely physical mixture.

3.3. Thermal analysis

3.3.1. Crystallization behaviour

The crystallization behaviour for milkfat, fish oil, and their blends
were analysed in 6 different cooling rates from 1 to 32 ‘C/min, re-
presented in Table 2 and Fig. 2. When fish oil was cooled from 60 °C to
—60 °C at 1 “C/min (lowest cooling rate used in this study), only one
exothermic peak exhibited at 1.49 °C, while, in this condition, milkfat
exhibited two exothermic peaks at 18.75 °C and 13.05 °C.

The wide difference between the exothermic peaks of milkfat and
fish oil is because of the large divergence in TAG composition, which
are reported in Table 1. Addition of milkfat to fish oil shifted most of
the peaks to higher temperatures. Incorporation of 10% milkfat in fish
oil led to two exothermic peaks at 11.25 °C and 3.74 °C at 1 “C/min.
Mixing milkfat and fish oil led to new interaction between their TAG
composition during crystallization. These new interaction is referred to
as intersolubility which can change the crystallization behaviour of the
blends (Martini et al., 2001). This significant alteration in crystal-
lization behaviour even with 10% of milkfat could be caused by the
reorientation of carbon chains in TAG molecule by adding milkfat. This
phenomenon is due to the new hydrophobic interaction and Van der
Waals bonds between milkfat and fish oil TAG molecules at low tem-
peratures (Truong et al., 2016). This reorientation in TAG composition
can limit the access of molecules such as oxygen to unsaturated fatty
acids of fish oil. The 5FO:5MF blend revealed two peaks at 15.73 °C and
8.98 °C at 1 °C/min which was significantly different from pure fish oil
crystallization behaviour but was similar to milkfat. The dominating
effect of milkfat in the blends on crystallization behaviour was observed
in all the blends in all cooling rates, as shown in Fig. 2.

However, at cooling rate of 2 °C/min, a third peak (T¢3) appeared at
—4.11, —6.04 and —7.63 °C in blends of 9FO:1MF, 7FO:3MF and
5FO:5MF, respectively. By increasing the amount of milkfat in these
three blends, T3 shifted to a lower temperature, which was opposite to
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Table 2

Crystallization peak temperatures, and overall enthalpy of fish oil, milkfat and their blends at 6 different cooling rates.
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1. FTIR spectra of fish oil, milkfat and their 5FO:5MF blend.

Cooling rate ("C/min)

Sample 1 2 4 8 16 32
FO Tey °C NA NA NA NA NA NA
Tez °C 1.49 = 0.06 1.25 = 0.14 0.58 = 0.78 —=0.37 = 217 -2 * 0.54 —-6.14 = 1.27
Tes °C NA NA NA NA NA NA
Ec J/g 145 = 1.24 1.29 = 0.1 437 £ 1.2 512 = 3.1 11.75 £ 3.5 17.46 £ 0.56
9FO: 1IMF Ter °C 11.25 = 0.29 10.50 = 0.3 9.48 = 0.04 7.9 = 0.18 6.02 = 0.6 NA
Tez °C 374 £ 01 3.61 £ 0.06 2,97 = 0.08 1.83 = 0.27 0.61 £ 0.06 —4.02 £ 1.07
Tes 'C NA —-4.11 = 0.07 —455 = 0.02 =53 * 0.1 —6.44 = 0.02 NA
Ec J/g 4.57 £ 0.7 3.52 £ 0.32 4.38 £ 0.33 492 + 0.35 1047 = 1.2 16.65 £ 2.65
7FO:3MF Tey"C 14.01 = 0.41 13.24 = 0.59 12,68 = 0.2 11.48 = 0.07 9.75 = 0.19 7.25 + 0.12
Tea°C 597 = 0.33 554 £ 0.25 518 = 0.25 412 = 0.11 275 £ 049 -1.9 = 0.72
Tpa ™ NA -6.04 = 0.22 —-6.22 = 0.3 —-6.25 = 1.07 —-8.31 £ 0.21 —-10.8 = 0.05
Ec J/g 6.5 = 0.59 6.9 = 1.74 8.89 = 2.94 10.28 = 1.07 9.88 = 1.06 17.15 = 0.73
SFO:5MF Ty "C 1573 £ 0.7 1495 = 0.52 13.95 = 0.26 12.64 = 037 10.62 £ 0.15 9.73 £ 1.58
Tez °C 8.98 + 033 7.64 = 0.15 6.7 = 0.42 545 = 0.36 3.8 = 014 2,25 + 0.47
Tey °C NA =7.63 £ 0.02 -7.88 = 0.10 —8.63 £ 0.04 =10.32 = 0.06 -11.69 = 0.58
Ec J/g 411 = 032 6.14 = 2.34 11.92 = 0.69 13.99 = 1.01 12.45 = 0.16 103 £ 09
3FO:.7MF Tey'C 17.32 = 0.7 16.3 = 0.54 15.39 + 0.72 14.56 = 0.37 13.21 = 0.18 10.84 = 0.23
Tez °C 11.20 = 0.9 10.03 = 0.95 8.18 = 0.59 6.84 = 0.71 5.80 = 063 285 = 0.72
Tes °C NA NA —-9.69 = 0.18 -10.18 = 0.08 -11.3 = 0.25 -13.62 = 0.67
Ec J/g 6.39 = 313 10.72 = 4.56 11.33 = 1.36 17.59 = 0.75 17.19 = 0.2 15.47 = 0.74
1FO:9MF Ter ™ 18.03 = 0.59 17.16 = 0.07 16.71 = 0.01 15.78 = 0.01 14.44 = 0.13 12.18 = 0.64
Tez °C 12.87 £ 04 11.95 = 0.03 9.59 * 0.02 8.38 + 0.24 7.02 £ 071 4.4 £ 047
Tes °C NA NA NA —11.99 = 0.26 —12.95 = 0.26 NA
Ec J/g 515 = 1.88 8.9 = 1.36 13.69 = 3.39 15.16 = 0.08 2258 = 2.00 34.83 = 1.01
MF Tey"C 18.75 = 0.81 18.18 = 0.59 17.15 = 0.09 16.63 = 0.01 1517 = 0.13 13.65 = 1.36
Tew °C 13.05 = 0.13 1256 = 0.16 10.12 = 0.01 8.91 = 0.21 7.06 = 0.69 3.57 = 0.07
Tes 'C NA NA NA —12.81 + 0.08 —13.50 = 0.44 NA
Ec J/g 597 + 1.88 7.37 + 237 17.45 = 0.15 16.51 = 0.98 18.59 = 1.98 24,43 = 077
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Fig. 2. The crystallization exotherms of milkfat, fish oil and their blends at cooling rates of 1, 2, 4, 8, 16 and 32 “C/min.

the trend in first (Tc;) and second peaks (Tc,). The formation of this
peak could be due to the intersolubility of TAG composition in milkfat
and fish oil (Maki et al., 2009; Zhou & Hartel, 2006). As Tc3 appeared in
the blends at 2, 4, 8, 16 and 32 °C/min, the cooling rate can be said to

be

a significant parameter in determining the intersolubility of TAG

composition in the blends. This is supported since changing the cooling
rate can lead to the formation of different compound crystals (Martini
et al., 2001).
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Fig. 3. A. The melting endotherms of 5FO:5MF after cooling rates of 1, 2, 4, 8, 16 and 32 “C/min. B. The melting endotherms of pure milkfat, fish oil and their blends

after cooling at 8 “C/min.

Table 3

Melting peak temperatures”, and overall enthalpy of fish oil, milkfat and their blends after cooling at 8 “C/min.
Sample Tt 6 Tt 6 Ties ™ TG Tus °C Tiss C Em J/g
FO -31.34 = 0.24 NA 247 = 045 NA 1094 = 1.8 23.07 = 0.17 10.53 + 1.27
9FO:1MF NA -1.62 = 0.80 3.15 = 0.57 8.84 * 0.52 12.38 + 0.43 2431 + 0.57 13.86 = 2.13
7F0:3MF NA —3.20 = 0.05 3.21 + 0.47 8.17 £ 0.76 13.37 + 0.37 25.61 = 0.15 14.07 = 0.18
5FO:5MF NA -4.45 = 0.27 541 = 0.12 8.47 + 0.33 13.81 = 0.55 30.47 = 0.22 13.32 = 2.61
3FO:7MF NA —5.88 = 0.21 7.15 £ 0.36 NA 1543 = 1.17 32.71 + 0.86 16.17 = 1.60
1FO:9MF NA -8.18 = 0.30 9.27 = 0.28 NA 17.31 = 0.07 33.30 = 0.01 20.67 = 0.99
MF NA NA 9.63 %= 0.20 NA 16.80 = 0.12 33.34 * 041 19.01 + 3.89

* Peaks with enthalpies less than 0.5 J/g were omitted from this table.

The cooling rate significantly affected the crystallization behaviour
and crystallization temperature of samples. As observed in Table 2,
from cooling rate of 1-32 “C/min, the one exothermic peak for fish oil
shifted from 1.49 °C to —6.14 °C. The first and the second exothermic
peaks of milkfat changed from 18.75 °C to 13.65 “C and 13.05-3.57 °C,
respectively. Therefore, by increasing the cooling rate from 1 to 32 °C/
min, the exothermic peaks for all the samples shifted to a lower tem-
perature. At high cooling rate, TAG do not have sufficient time to re-
arrange into stable crystalline structure, so that the crystallization
happens in lower temperature. While in the low cooling rate, the
temperature remains high for a longer time so TAGs could have the
opportunity to form crystals with less energy and thus early crystal-
lization will occur (Campos, Narine, & Marangoni, 2002; Martini,
Herrera, & Hartel, 2002).

The result showed that adding milkfat to fish oil in any cooling rate
and any ratio caused significant changes in crystallization behaviour.
The intersolubility in TAG molecules of the blends can result in domi-
nant milkfat crystallization behaviour and the emergence of new exo-
thermic peaks during crystallization.

3.3.2. Melting behaviour
The effect of different cooling rates on melting behaviour for the

blend of 5FO:5MF was shown in Fig. 3.A as a representative for all the
samples. The melting peak temperature remained almost the same for
all the cooling rates from 1 to 32 “C/min. Thus, the range of cooling rate
used in this study did not have a considerable impact on the melting
behaviour and peak temperature of all the samples.

The effect of various ratios of milkfat on melting had similar trend
to that of crystallization behaviour. As can be seen in Fig. 3.B and
Table 3, fish oil had the first melting peak (Ty;) at —31.34 °C as the
lowest melting point. However, by adding just 10% milkfat to fish oil
the peak disappeared. By adding 30% or more milkfat to fish oil, the
endothermic peaks including Tus, Tus and Tye shifted to higher tem-
peratures and became sharper in accordance with the result of Truong
et al. (2016) with milkfat stearin and fish oil. In addition, there were
two small peaks labelled as Ty and Tys which appeared just in the
blends with opposite trends with other peaks.

Milkfat TAGs can be solubilised in fish oil TAG and reduce the
mobility of unsaturated TAG molecules in fish oil. This results in new
peaks and significant shifts of the peaks to higher temperatures (Li
et al., 2017). This result can verify the effect of intersolubility phe-
nomenon on thermal behaviour between high melting TAGs of milkfat
and the low melting TAGs of fish oil.

The findings from this study showed that the 30% or more of
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Fig. 5. The XRD pattern of milkfat, fish oil and their blends at 4 “C/min.

unfractionated milkfat could have significant impact on melting and
crystallization behaviour of the blends.

3.4. Polymorphic behaviour

After applying four different cooling rates of 1, 2, 4 and 8 °C/min,
the XRD pattern of milkfat, fish oil and the blends were analysed and
reported at 4 “C. The peaks for three main polymorphic forms in fats
and oils including @, " and B can be observed in the XRD patterns of all
the samples in the short spacing range of 3.6-5 A". A single, strong and

very broad peak at 4.15 A" was assigned to a form. Two strong lines at
4.2 and 3.8 A° were assigned to ' structure and a strong line at 4.6 A°
corresponded to f structure (Metin & Hartel, 2005). The XRD patterns
for milkfat, fish oil and SMF:5FO at four cooling rates are represented in
Fig. 4. The figures for the rest of the samples can be found in Appen-
dices (Fig. 1A). XRD patterns did not have any significant differences in
the short spacing range of 3.6-5 A" in cooling rates of 1, 2, 4 and 8 °C/
min applied in XRD. Therefore, this range of cooling rates did not seem
to affect the samples' polymorphic behaviour. A similar trend was ob-
served by Maleky, Acevedo, and Marangoni (2012).
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MF

The coexistence of all the crystal polymorphs was seen in pure fish
oil, milkfat and the 50:50 blend, in agreement with the result of Truong
et al. (2016). As shown in Fig. 4a. a strong line at 4.6 A° proved the
existence of f structure in fish oil more than other polymorphs. On the
contrary, in milkfat, p and a structure with strong peaks at 4.2, 3.8 and

40X

Fig. 6. Polarized light micrographs of Milkfat, fish oil and their blends, crystallized at 22 °C and 6 "C after 48 h with 20X and 40X magnification, the white line
represents the scale of 50 pm.

4.15 A" accounted as a dominant state which was also reported in lit-
erature (Fig. 4b) (Sato, 2001; Truong, Morgan, Bansal, Palmer, &
Bhandari, 2015). However, the overall polymorphic behaviour in the
blend of 5SMF:5FO, was similar to milkfat because of the strong peaks at
4.2, 3.8 and 4.15 A" (Fig. 4c).
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Fig. 7. Fractal dimension of milkfat-fish oil clusters at 22 and 6 °C after 48 h.

Fig. 5, shows the polymorphism behaviour of all the samples at the
cooling rate of 4 °C/min. All the polymorph structures were detected in
all the blend, consistent with previously reported result by Truong et al.
(2016). However, the whole polymorphism pattern of the blends con-
taining 30 percent milkfat or more, were significantly similar to pure
milkfat rather than pure fish oil. Therefore, the blends with 30% milkfat
and higher have this tendency to have (3" and a structures rather than f.
These findings corroborated the dominant polymorphic behaviour of
milkfat in the blends with fish oil, which could make the texture of the
blend desirable for use in dairy products.

3.5. Microscopic analysis

The micro-crystals of milkfat, fish oil and the blends at 22 and 6 °C
are represented in Fig. 6. Crystals within the range of 0.5-700 um are
observed through polarized light microscopy (Simoes & Gioielli, 2000).
The temperature of 22 and 6 °C are the highest and lowest aging tem-
peratures, respectively, that the milkfat crystals can be observed (Awad
et al., 2004; Narine & Marangoni, 2004). A comparison of the clusters
after aging at these two temperatures, demonstrated relatively larger
clusters with fewer numbers at 22 °C. This result supports the hypoth-
esis that at high crystallization temperature, TAG molecules have suf-
ficient time to develop uniform and stable clusters (Metin & Hartel,
2005). The results were in agreement with numerous researchers
(Campos et al., 2002; Herrera & Hartel, 2000; Wiking, De Graef,
Rasmussen, & Dewettinck, 2009).

Both the pure fish oil and milkfat clusters can be detected at 22 °C,
However, the form of their crystals was not similar. As can be seen in
Fig. 6, the shape and size of the clusters in 5SFO:5MF blend were similar
to milkfat. The interaction between TAG molecules played a crucial role
on the formation of these clusters, as the saturated and unsaturated
TAG molecules present can form a solid solution (Zhou & Hartel, 2006).
The more saturated TAGs of milkfat, decreased the mobility of the
unsaturated TAGs of fish oil (Truong et al., 2015). Therefore, the blend
showed the characteristic similar to milkfat with the higher saturated
TAG molecules.

Fat crystal networks are made from clusters of crystallites, where
the aggregates may display fractal behaviour (Marangoni, 2004). The
box-counting fractal dimension (D) analysis was carried out for both
temperatures to compare the shape of the crystals (Fig. 7). Higher D¢
indicates higher spatial distribution of mass in the fat crystals. There is
a close relationship between crystal network structure and Dy (Awad &
Marangoni, 2005). The overall finding for Dy suggested that increasing
the ratio of milkfat lead to an increase in Dy Increasing the milkfat
ratio, lead to an increase in the number and homogeneity of clusters, as
observed in Fig. 6. Difference in Dy occurred at high melting point, TAG
composition in milkfat is capable of increasing the number of nucleate
and cluster—cluster interactions in the crystal network. This leads to the
formation of more crystals with higher mass-spatial distribution. (Chai,
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Meng, Liu, & Liu, 2019). As can be seen in Fig. 7, from blends con-
taining 50% milkfat or more at 22 °C, the D¢ do not have any statisti-
cally significant differences. Therefore, the crystal network structures
for these blends showed the dominant behaviour of milkfat. The simi-
larity in Dy can be correlated to similarity in mechanical properties and
crystallization behaviour (Tang & Marangoni, 2006).

At lower temperature, the crystals decreased in size but increased in
number (Fig. 6). This temperature promoted a higher nucleation rate
which resulted in the formation of many small crystals (Herrera &
Hartel, 2000). At 6 °C, all the blends showed clusters after 48 h of aging.
The cluster structure at this temperature for milkfat was not discrete,
preventing the fractal dimension comparison of pure milkfat. However,
all other samples at 6 °C were analysed (Fig. 7).

The increase in Dy for blends including 30% milkfat or more can be
observed at both temperatures. The result has shown that the cooling
condition can change the crystal size and shape. Furthermore, the
dominant behaviour and noticeable effect of milkfat can be observed in
the crystal network of the blends at both temperatures.

4. Conclusion

In the present study, the thermal and crystallization behaviour of
milkfat, fish oil and their blends were analysed. The result revealed that
the blend of milkfat and fish oil in liquid state did not exhibit any no-
table changes in chemical bonds, and thus can be considered as physical
blends. However, there were some changes in their thermal behaviour
during crystallization and in the molecular structures. The inter-
solubility between TAG molecules of milkfat and fish oil, results in new
interactions between the respective TAG molecules as well as reor-
ientation of the carbon chains. This phenomenon produces new en-
dotherms and exotherms in the melting and crystallisation behaviour of
the blends, respectively. The phenomena also led to the dominant be-
haviour of high melting point TAG molecules observed in the milkfat.
The 10% incorporation of milkfat or more, notably increased the
melting and crystallization temperature of the whole blend. This
dominant behaviour was also noted for the polymorphic behaviour.
Blends of 30% milkfat or more had the B’ structure, similar to milkfat.
Furthermore, the shape of the crystals was dominated by milkfat
characteristics in the blends.

Therefore, by adding milkfat to fish oil, blends with milkfat char-
acteristics but with a high percentage of omega-3 fatty acids can be
generated. The outcome suggested milkfat, with its dominant thermal
and structural behaviour even at a small amount, can be utilized as a
carrier for more susceptible oils. The distribution of milkfat with fish oil
in solid state still needs further investigation.
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Supplementarynformation
3S.1 Oxidation analysis method

1.1 A Imm layer oil was added to a petri dish (9 cm diameter) #redoxidation of
samplesat 80 °C was analysed in the dark condi{igmanuel, Denisov, & Maizus, 196b)e
process was carried out at an adequate oxygen concentration (more than 5% oxygen in the
headspace), to make sure that the rate of diffusion was not affecting the oxidation rate
(Labuza & Dugan Jr, 1971)pid oxidation progress was observed by calculating peroxide
value (PV) and@hiobarbitoricacid (TBA). By plotting the changes in PV versus storage time
and TBA wuesus storage time, the kinetic curves were drawn and the data was reported from
the curves.

3S.1.1 Peroxide value (PV)

PVwas measured using Spectramax M2E microplate reader instrument. Glass tubes
containing oil samples (0.Q0.30 g) were mixed with chioform¢methanol (7:3, v/v) using a
vortex mixer (24 s). Ammonium thiocyanate solution (30% wi/v) was prepared, followed by
the preparation of iron (Il) chloride solution ([0.5 g FeS0O4.7H20 dissolved in 50 mL HR2O]
[0.4 g barium chloride dihydrate dissetyin 50 mL H20] + 2mL 10M HCI, with the precipitate,
Ol NAdzY &dzf LIKI S FAEGSNBR 2FF (G2 LINRBRdAzOS
to the sample, and mixed using a vortex mixe#(8). After incubating the blend at ambient
temperature for 5 min, the absorbance was measured at 500 nm. The plot &f Fe
concentration vs absorbance was drawn using a standard solution of iron (Ill) chloride
(Shantha & Decker, 1994)he peroxide value, represented as milliequivalents of oxygen per

kilogram of oil, was determined as shown in equation 1A:
PAOT AEA AOA —— (1A)

In the peroxide value equationgAabsorbance of the oil sample,-Absorbance of the
blank, m= slope obtained from the calibration curve of*eencentration vs absorbance
(40.86) 55.84= atomic weight of iron and=+nweight ofthe sample in gram.
3S.1.2 Thiobarbitoric acideactive substance (TBARS)

Thiobarbitoricacid reactive substances were measured spectrophotometrically by a
Spectramax M2E microplate reader instrumefokorny & Dieffenbacher, 1989YBA
solution was prepared by mixing 200 mg etl#lobarbitoricacid in 200 ml of -butanol. The

solution was filtered to remove the undissolved residue. The filtrate solution was made up to
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100ml with Xbutanol. 56200 mg of the sample was dissolved #butanol in a volumetric
flask of 25ml and made up to volume tithe same solvent. five ml of the sample solution
and 5 ml of reagent solution were added to dry test tube and mixed thoroughly. The sample
was placed in a thermostatic bath at 95 °C for 120 min. Finally, after 120 min, the test tube
was cooled under theunning tap water and the sample absorbance was measured at 530
nm. Finally, the TBA value expressed as milligram (mg) malonaldehyde per kg of oil was
represented by using equation 2A:
YO O & 0T —— (2A)

In the TBA value equation, A= absorbance of the sample solution, B= absorbance of the

reagent blank, m= mass of the oil in mg and 50 is a factor valid with the volumetric flask of

25ml and the cell width of 10 mm.

3S.20xidative stability result

The oxidative stability of milkfat, fish oil and the blend of 5:5 were evaluated by
monitoring the production of primary and secondary oxidation products with PV and TBA
measurement at 80°C in liquid state. The temperature ofB@ould be the highest
temperature used for blending milkfat with any other oils and fats. Therefore, it would be
good indicator of how the oxidative stability will improve by blending strategy. PV is generally
considered as a suitable index for init@ti step of oxidation and the value can directly
measure the amount of lipid hydroperoxide as the primary oxidation products in fats and oils
(Yildiz, Wehling, & Cuppett, 2008ased on Table 3S.2, after 420 min at 80°C, the PV in
milkfat, 5:5 blend and fish oil were 8.61, 92.64 and 218.55 m#kp@il, respectively.

TBA is considered as one of the most broadly used technique to evaluate secondary
oxidation products, specially for fish oflsishida et al., 1993Yhe result of the TBA method
at 80C after 300 min can be seen in Table 3S.2. By increasing the rate of milkfat in the blends,
the production of primary and secondary oxidation products, decreased significantly.
Considerable improvement of the overakidative stability was observed by increasing the
rate of milkfat in the blends which is caused by decreasing the percentage of vulnerable
LCPUFA. This outcome was in agreement with the result of Truong @0dl6)with milkfat
stearin at 8°C.

Theimprovement in overall oxidative stability in liquid state at 8D could be due to

the increase on the ratio of saturated fatty acids, since saturated fatty acids do not participate
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in oxidation reaction. Moreover, there is a kinetic resistance to decomposition in more

saturated hydroperoxides during the oxidation procéSanimi et al., 2017; Nosratpour et al.,

2017) Therefore, the blending strategy with milkfat as stable dan be used as a pre

treatment to improve their overall oxidative stability.
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Figure 3S.1XRD pattern and polymorphic forms of a. 9FO:1MF, b. 7FO:3MF c. 3FO:7MF and d. 1FO:9MF at
cooling rates of 1, 2, 4 and 8°C/min.
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Table 3S.1The melting peak temperatures, and overall enthalpy of fish oil, milkfat and their blends in 6
different cooling ratesThe results are represented as the means * standard deviation (n=3).

Cooling rate (°C/min)
Sample 1 2 4 8 16 32
Tr(°C) | -31.48+0.77  -32.03%0.69 -31.47+0.01 -31.34£0.24 31 53+0.02  -31.75+0.33
Te2°C | -12.910.38 -13.09:0.65 -12.58+0.06 NA NA NA
Trs°C 1.93:0.18 1.63:0.07 2.08:0.01 2.4740.45 2.3240.37 2.26+0.01
o Tra°C 10.11%0.15 9.97:0.10 11.66:2.16 10.94:1.8 9.07:0.07 9.23+0.47
Tes°C NA NA NA NA 15.63:0.35 15.16:0.32
Tre°C | 23.85:0.78 23.59:0.06 23.54:0.25 23.070.17 23.31:0.4 23.71¢1.18
B /g 8.380.95 93417 10.16:0.92 10.531.27 9+0.39 8.46+0.37
Te°'C | -32.48:0.36 -33.411.12 -33.92+1.06 -33.95+1.21  -33.38041  -31.66:0.65
TerC -13.91.18 -14.52+0.45 -14.76¢.67 -14.41.96 -14.48:0.42 NA
TesC 3.14+0.63 2.83+0.47 2.62+0.28 3.15+0.57 3.21+0.01 3.39+0.29
9FO:AMF| Tea°C 8.84+0.52 8.51+0.68 8.38+0.49 8.84+0.52 8.9+0.03 NA
Tes°C 12.08+0.23 12.07+0.42 12.04+0.27 12.38+0.43 12.30+0.05 13.96+.35
ToeC 24.91+0.81 24.52+0.62 24.05+0.36 24.31+0.57 23.99+0.12 25.71+0.10
BaJlg | 12.34%1.95 13.54+0.34 14.50+0.21 13.86+2.13 15.21+0.52 12.99+1.94
Tor -16.07:0.25 -15.74:0.08 15.710.08 -15.33:0.06 -15.50:0.3 -15.26:0.08
TerC -4.11+0.04 -3.69£0.17 -3.620.06 -3.20:0.05 -3.46+0.33 -3.45t0.25
TesC 3.91+1.15 3.19:0.01 2.79:0.59 3.2140.47 3.15¢0.50 3.540.50
7EO:3MF | Tea°C NA 8.77+0.06 8.04:0.93 8.1740.76 8.23t0.55 8.840.29
TesC 13.07%0.08 13.56:0.08 13.27%0.40 13.3%0.37 12.92:0.42 12.93:0.28
e 25.85+0.74 25+0.77 25.13:0.46 25.61+.15 24.94:0.59 25.11:0.21
BuaJlg | 13.97:0.49 13.88:0.37 13.45+1.05 14.0%0.18 14.47:0.81 14.30:0.15
Ter’C -18.7+0.42 -17.571.11 16.79:0.78 16.36:0.01 -15.8%#0.03  -15.79:0.02
TerC -6.15:0.21 -5.46+0.55 -4.91+0.09 -4.45:0.27 -4.23+0.08 -4.61+0.14
TesC NA NA 0.33:0.37 1.08+0.06 1.46+0.16 1.59+0.13
TosC 5.08+0.59 5.22+1.52 5.22+0.28 5.41+0.12 5.3740.03 5.540.29
5FO:5MF
TesC 8.99:0.26 9.22+1.11 8.68:0.11 8.47+0.33 8.49¢0.02 8.75¢0.19
Toe® 14.12:0.16 14.06+1.10 13.74:0.01 13.81+0.55 14.18:0.05 13.41+0.23
T C 29.3+0.42 29.010.01 30.26:0.12 30.47:0.22 30.98:0.13 30.36:0.19
Buadlg | 17.46:1.20 16.10:2.25 14.711.22 13.32:2.61 10.79:0.44 12.45:0.02
Tor’C NA -8.130.37  _§5140.41 5.88:0.21 -5.72+0.35 -5.73:0.09
TorC NA NA -1.23+0.33 0.070.71  0.13:0.48 0.25:0.38
TesC NA 6.85+0.85 6.73:0.53 7.15:0.36 7.10:0.40 6.860.21
3FO:7MF | TesC 15.20:1.51 15.25+1.24 15.01+1.05 15.43+1.17 15.91+0.44 15.50+0.28
TesC 31.78:1.34 31.81+1.76 31.95+1.14 32.71+0.86 33.01+0.56 32.78+0.24
TeeC NA NA NA NA NA NA
BuJlg | 15.33:1.48 21.98:0.01 19.14:0.28 16.17%1.60 17.12:0.9 16.98:0.08
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Ter'C NA NA 2023036 8.18:030 7.710.46 -7.61£0.39
TerC NA NA NA 1.2740.28 -0.76:0.50  -0.73+0.48
TeC | 9.82:0.32 9.91+0.03 9.66:0.33 9.27+0.28 9.15:0.61 9.25:0.56
1IFO:9MF | TerC | 17.02:0.40 16.98:0.18 17.21+0.45 17.310.07 17.230.54  16.95:0.37
TesC | 31.42:1.42 33.14:0.04 33.46:0.41 33.30:0.01 33.44:0.40  33.15:0.38
Toe'C NA NA NA NA NA NA
Ewdig | 21.04:4.09 21.54:0.89 20.29:1.13 20.67:0.99 21.20:1.80  20.8G:0.07
Tor’C NA NA NA -9.99:0.05 -9.67+0.42 -8.52:0,60
Tof NA NA NA -1.87+0.28 -1.53:0.04 -1.03:0.08
T#C | 10.83:0.00 10.35:0.29 10.06:0.21 9.63:0.20 9.71£0.16 9.83:0.13
MF TofC | 17.42:0.01 17.0%0.25 16.81:0.06 16.80:0.12 17.28:0.23 17.23:0.03
TeC | 32.84:0.00 32.90:0.11 33.32:0.10 33.34:0.41 33.77%0.16  33.84:0.12
e NA NA NA NA NA NA
Ewdig | 34.06:0.20 26.92+1.66 22.131.04 19.01:3.89 2244045  21.22:0.86

Table 3S.2The amount of PV and TBA after 300 min in Milkfat, 5FO:5MF blend and fish oil at 80°C.

Samples PV (meq @kg oil) TBA (mg/kg oil)
Milkfat 8.61+3.3 Not detectable
5FO:5MF blend 92.64+4.16 1.3+0.3

Fish oil 218.55+ 9.34 2.7+0.3
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Chapter 4

Fatty acid distribution and
polymorphism in solid lipid particles of
milkfat and long chain omegafatty
acids

*This chapter has beatceptedn FoodChemistryon 239 Jan, 202as.

Nosratpour, M., Kochan, K., Ma, J., Wang, Y., Wood, B. R., Haritos, V. S., &
Selomulya, G2022) Investigating the fatty acid distribution and polymorphism

in solid lipid particles of milkfat and Ignchain omegss fatty acids.Food
Chemistry.



4.1 Overview

A result of previous chapter has been demonstrated that milkfat thermal and structural
behaviour is dominant, when blended with fish diherefore, milkfat can be utilized as a
carrier for solid lipid particle production. In this respect, this chapter designed to investigate
the behaviour of milkfat and fish oil blend in the form of solid lipid particles.

Saturated fatty aciecontaining lipds, such as milkfat, may protect long chain
polyunsaturated fatty acids in fish oil when blended together into solid lipid particles (SLPs).
One of the main challenges of SLPs is structural polymorphism, which can lead to expulsion
of the protected compoant during prolonged storage. To investigate this phenomenon, the
change in thermal and crystalline behaviours, and fatty acid distribution, were analysed in
SLPs of fish oil and milkfat during storage for up to 28 dayay Hiffraction analysis showed
changes immolten and crystalline states occurred even-aR°C.Increasing the temperature
to room temperature (21°C) led to more than 4586lten state but SLPs retained their initial
shape. Confocal Raman Spectroscopy of the SLPs showed the distrilfuatty acids was
y2i dzyAF2NXZT 6AGK wmn >Y 2dziSNyzaid fFresSN 27

responsible for the intact SLP shape and stability of the core.
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4.2 Introduction
Long chain polyunsaturated fatty acids (LCPUFA) including eicosapentaenoic acid (EPA)

and docosahexaenoic acid (DHA) are considered as essential fatty acids with important
physiological functions and health benefits. However, these fatty acids are susedptiard
oxidation, because of the high number of double bonds in their strugt@ceimgeour2020).

The oxidation phenomenon is a major cause of the off flavour and unpleasant fishy odour for
oils containing these fatty acids. Preventing the oxidation of LCPUFAs and masking their
undesired taste is gaining importance in the food industry, as it vlidlwafor their
incorporation into food products.

Spray chilling/cooling is one of the encapsulation technologies to produce solid lipid
particles (SLPs) of LCPUFAs. This method does not require high temperaiicbprevent
the detrimental effect on LRUFAs structur€Okuro, Thomazini, Balieiroiperal, & Favare
Trindade, 2013; Rosiaux, Jannin, Hughes, & Marchaud, ZXé&protective effect of SLPs is
offered via matrix encapsulation with lipids, where active ingredients are dispersed all over
the particle or aggregated and buried with the lip{@ouin, 204). The physical protection of
LCPUFAs as active ingredients by lipids can improve oxidative stability, mask unpleasant
flavours and enhance the bioavailability of active ingredients during digestion. Milkfat as a
natural component of milk with the mosomplex fatty acid composition, over 60% saturated
fatty acids and high melting point reported to have the capacity to entrap low melting point
oils(Hettinga, Van Ngwn, & Shahidi, 220; Li, Truong, & Bhandari, 201 Mherefore, milkfat
can be used as a lipid carrier for spray chilling.

During cooling of lipids, triacylglycerols (TAGs) pack into different structural
arrangements, known as polymorphisms, depending several factors such as TAG
composition, rate of cooling, and storage temperature. The main types of polymorphic crystal
F2N¥a Ay ¢lyDR il (NBaMEES Wesdorp, 2019Yhe most and the least

aG1rofS LRfTEY2NLIKAO FFNNYy3aSYSyida NS i |yR h
YSEtOAY3I LRAYIaEX NBALISOGAGSted t2f_Y2NLIKAO Ol
FYR GKSYy (2 i &0GNHzOGdzZNBE F2NJ 0KS ¢! D O2YLIRaAdl

One of the main drawbacks of SLPs is that the molten components are rapidly cooled.
When this occurs, the lipid matrix crystallises into various crystalline arrangement. Based on
the temperature and duration of storage, the crystal structure undergoegmotphism to

reach a more stable state, this-ogientation can lead to changes in the location of active
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ingredients within the particle or expulsion of the active ingrediédé Lara Pedroso,
Thomazini, Heinemann, & Favafondade 2012) Furthermore, different crystalline

structures have different capacities to entrap active ingredients. The spatial organization of

g9 Oly tSIR G2 o0Sad Sy iNulsyRBadtke, &Wissitigk2802) OG A @
| 26 SOSNE (KS GAIKGEE LI O]l SR OKIFIAYyA yR O2YLW
active ingredientgProcopio et al., 2018Active ingredient (or core) expulsion is one of the

main disadvantages of using FAs and TAGs as carriers, due to polymorph formation. The
change in crystalline structure can release theecingredients to the surface, resulting in

exposure to the environment and significantly reduce the stability of vulnerable components
(Gamboa, Goncalves, & Grosso, 2011; Okuro, de Matos Junior, & Havetade, 2013)

Storage temperature is one of the main factors affecting the crystallime fand
polymorphic transformation in SL®Slazzanti, Guthrie, Sirota, Marangoni,|8ziak, 2004;
Metin & Hartel, 2005) Even though many studies have reported different crystalline
structures for SLAFenning, Thiinemann, & Gohla, 2000; Lopes et al., 2015; Procopio et al.,
2018; Tulini et al.,, 2017)they have not investigated the probability of polymorphic
transformation and core expulsion at different storage times and temperatures. When
different TAG compositions are mixed, the distribution of saturated (SFA), monounsaturated
(MUFA) and polyunsatated fatty acids (PUFA) are not homogenous. New interactions
between TAGs and reorientation of hydrocarbon chains could occur, because of intersolubility
of TAGYMatrtini, Herrera, & Hartel, 2001; Nosratpour, Wang, Woo, & Selomulya, 2020)
Therefae, understanding the localisation of different fatty acids in blended lipid particles,
especially containing PUFA or long chain ordggd@As, is crucial to provide insight into the
underlying reason for core expulsion. Polyunsaturated and oxidizabledeittg exposed on
the surface due to core expulsion can induce faster oxidation and not mask the undesired
taste of these substances.

Here we address a knowledge gap in fatty acid distribution within lipid particles and the
role of lipid polymorphism throgh the use of analytical techniques including differential
scanning calorimetry, hot stage microscopy, -bay diffraction and Confocal Raman
spectroscopy to monitor fatty acid distribution and core expulsion in SLPs of blended milkfat
and fish oil. The findgs provide an understanding on how a variety of fatty acids are
distributed within lipid particles and how polymorphisms can affect fatty acid distribution

over time when stored at different temperatures.
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4.3 Materials and methods

43.1 Materials

Milkfat for this project was kindly provided by Tatura Milk Industries Limited, Victoria,
Australia. Based on its analysis certificate, the fat contained 99.93% bultter fat, 0.3% free fatty
acid, 0.07% moisture content, and peroxide value (PV1&meq Q/kg fat. The milkfat was
stored at 4°CTuna oil (HIDHA® 25N Food) was kindly provided byléga Ingredients Pty
Ltd (Melbourne, Australia), and was stored-88°C until analysis. The term fish oil was used
instead of High DHA Tuna dlccording to the analysi®dificate, the fish oil contained less
than 0.1% free fatty acids, 0.3 meq/ky PV and 2.8 g/kg tocopherol content. All other
chemicals were of analytical reagent grade and purchased from Merck (Sydney, Australia).

4.3.2 Fatty acid composition analysis

The ftty acid composition of milkfat and high DHA fish oil were determined by gas
chromatography (GC) (Tabi&1). The fatty acid composition of milkfat: fish oil ratio of 50:50
were also analysed at day 1 and day 28 after production of SLPs. Transestmitid¢datty
acids into their fatty acid methyl esters (FAME) was achieved by mixing and shaking 2 to 3
drops of oil in 1 ml of #mexane with 5 drops of 2 N methanolic potassium hydroxide at 50°C
for 3 min. After shaking, the solution was kept for 10 mimam temperature. The upper
layer was then collected for GC analysis. An Agilent 7820A GC instrument equipped with flame
ionisation detector and a SupelcoWax capillary column 30m length x 0.32 mm inner diameter
P nodp >Y FALY GKAOIF B AElAA gl aO0IdMISIRS MIA H KA ¢ A il N
the sample was injected with a split ratio of 8:1. The temperature of the oven was increased
from 120°C to 260°C at a rate of 15 degrees per minute. The temperature of the injector and
detector was maintaied at 260°C and 300°C, respecti@lgrhoosh, Niazmand, Rezaei, &
Sarabi, 2008)The result was reported based on FAME retention time and their relative area

percentage.

4.3.3 Solid lipid particle production
Pure milkfat and fish oil were placed in oven at 60°C for 10 min to facilitate blending.

After melting, the blends of milkfat and fish oil at three ratios (30:70, 50:50, 70:30, (w/w))
were prepared by manual mixing for 5 min. The mixtures were solidifiezligh the single
droplet method originally establishedLin & Chen, 2002yith some modifications. Droplets
were formed wha added to liquid nitrogeritemperature around190°C}Yhrough a filament

and then collected after the liquid nitrogen vaporisddhe size of the produced particles was
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between 1 to 1.5mmThe produced solid lipid particles were stored-22°C, until furber
analysis.
4.3.4 Crystalline structures

A Bruker D8 Advance diffractometer equipped with an MTC Wide Rangkuin
Chamber with controlled heating and cooling capabilities was used for XRD data collection.
Cuka radiation { = 0.15406 nm) was used with a geatr voltage at 40 kV and current at
40 mA. The lowwemperature aged SLP samples were egyound with liquid N2 into powder
form for in-situ XRD performed with Bradgdrentano diffraction geometry at temperature
22°C for samples prepared at day 1 and @d8yof storage at22°C(The grinding happened
immediately before the analysis to prevent polymorphisife insitu stage temperature
was stabilised for 15 min before XRD scan started. The XRD data for pelleted samples were
collected by using the igitu XRD scan in transmission geometry with focusedk@ztbbeam
conditioned by a Gobel mirror. The pelleted sampléth an approximatediameterof 2 mm
were scanned at22°C, 4°C and 21°C, respectively. A Bruker Lynxeye XE position sensitive
RSGSOG2NI 6 a dzaSR Ay ™5 Y2RS-30deyAllihe paticle®2t £ SO
werekept indry iceduring transferat temperature around55°C.

In order to quantify the polymorphs of thailkfat and fish oil blends, diffraction data
were also collected for liquithilkfat and fish oil asnolten statesphases of the mixture. The
milkfat and fish oil were considered totalliguid when they wee melted completely. The
XRD data fomelted samples was collected at 60°C in thesitu XRD chamber. Theolten
stateswere modelled according to the PNKCS method (Scarlett & Madsen, 2006). The Rietveld
refinement software, TOPAS Academic version 7,ugas for polymorphs refinement with
fundamental parameter approach (Coelho, 2018)e peaks were decomposed based on the
method reported byArita-Merino, van Valenberg, Gilbert, and Scholten (202Dhe insitu
chamber environment contribution to the XRD pattern was also measured and modelled. The
Bruker DIFFRAC.EVA software version 5 was also used for processing and demonstrating the
XRD data.

435 Fatty acid distribution analysis

For Raman measurements, samples were placed on a Raman grade calcium fluoride
window. The window was kept on ice during mesment and was refrigerated for 30 min,
prior to sample deposition. Raman spectroscopy data was acquired using a WITec confocal

CRM alpha 300 Raman microscope equipped with a 600 grooves/mm grating, a CCD detector
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cooled to-60°C and an aitooled solidstate laser. The laser operated at 532 nm excitation
wavelength and was coupled to the microscope by a singlde opticafibre with a diameter
2F pn >Y® ! RNE hftéYLdza at[! b dnablinggaobtgim 2SO0 A
a spot size o0 350 400 nm and irdepth resolution ofO 700 nm. Priorto the
measurements, the monochromator of the spectrometer was calibrated using Raman
scattering line produced by a silicon plate at 520.5 ¢mAll spectra were collected with
spectral resolution of 3m - and in the spectral range of 37@® cm™. For single spectra, an
integration time of 0.1 s and accumulation of 10 was used, to limit the exposure to laser (0.3
mW). Depth profiling was performed in two instances: surfger and indepth. The
surfacelayer profiling was conducted by measurmgn 4 LJISOUNI Ay adal 01 S@S
to bottom. The iIRRS LG K LINPFAEf Ay 3 g+ a R2YyS o6& YSI adzNRy:
from top to bottom. All spectra were subjected to cosmic spike removal (CRR) in WITec
control software directly after dataollection(Kochan et al., 2019)
4.3.6 Thermal behaviour

Themal behaviour of the particles after day 1, day 28 of production were analysed by
differential scanning calorimetry (DSC) (Pyris 1, Perkin Elmer, MA, USA). The temperature and
entropywereOF f AN} G§SR 6@ dzaAy3d |y AYRAddEMmedng+ y RIFNR
28.41 J &), an identical empty pan was utilised as the reference, and the measurement was
done under constant dried nitrogen purge,timplicate.In each pan, one particle was placed
with the weight of 46 mg. To prevent the particle from rtieg, the weighing and crimping
process were conducted under dry ice temperatur&5¢C). The samples (6 mg)
temperaturewasstabilised by an isothermal process-a22°C for 10 min, then the samples
were heated from22°C to 60°C with a heating rate di°C/min. Then the temperatureas
held for 10 min. The same cooling and heating process was applied for a second round.

To monitor the melting behaviour of particles, hot stage microscopy (HSM) was
performed using an Olympus BXx@0nkam hot stage (NY,34) at day 1 of storage. The
samples were heated fror22°C to 60°C at 10°C/min on the hot stage surface. Changes in the
particle morphology structure were recorded by a Nikon camera.

4.3.7 Statistical analysis
Statisticalanalysesvere conducted by using IBMPSS statistics 26 software. Qray

analysis of variance (ANOVA) was used to determine the significant differences between the
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at the 0.05 levelThe presented datare the mean of values + standard deviatidvl. the

analy®s happened irriplicate.
4.4 Results and discussion

44.1 Stability of PUFA/SFA ratio in SLP of milkfat and fish oil

The FA composition of the supplied milkfat and fish oil lipids were confirmed via GC
analysis of the pure unblended oil§he high DHA fish oil used in the study contained 27%
docosahexaenoic aci(DHA), 7%eicosapentaenoic aci(EPA), and total 39%ng chain
polyunsaturated fatty acids (LCPUFA) as described by the supplier. Also, the milkfat contained
69% SFA and only 2% PWBApplementary tabldS1).

GC analysis was also conducted on particles produced via blending of milkfat and fish
oil to monitor any &tty acid loss during production and storage. As the fatty acids involved in
the three different blend ratios were the same, GC analysis was undertaken on patrticles
prepared from 50:50 milkfat: fish oil blendBolyene index (Pl: PUFA/SFA) was used as a
guantitative indicator of changes in fatty acid compositiivosratpour, Farhoosh, & Sharif,
2017; Lin, Lirand Hwang 1995)Formation of SLP via blending and solidification did not
significantly affect the fatty acid composition by comparing the PUFA/SFA ratio as liquefied
blends (0.4) and as formed particles at day 1 (0.38), as shown in EijuHowevey particles
stored at-22°C for 4 weeks showed a slight but significant reduction in PUFA/SFA ratio
compared with the liquid blend (Figu#el, p<0.05). The reason behind this decrease may be
the slight degradation of LCPUFA even at low temperatu&(), as the vulnerability of
LCPUFAs can lead to oxidation at low temperat(@eslivan, Budge, & -&nge, 2011)

0.50
0.40 f
0.30 }

0.20 f

PUFA/SFA (dimentionless)

Liquid state Particle at 1 Day Particle at week 4

Figure 4.1The PUFA/SFA ratio of milkfat: fish oil blended at 50:50 in the liquid state, in formed particles
at day 1 and after 4 weeks stored-22°C.Standard deviation, shown by the error bars. Columns with the same
lowercase letters in each figure are not sigrantly different at p < 0.05.
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4.4.2 Thermal behaviour of fresh and stored SLPs of different ratio

Particles made from three different blend ratios of milkfat and fish oil, as well as pure
milkfat particles were analysed for thermal behaviour by DSC for frgskpared samples
and those stored for time periods a22°C. The main melting peak temperatures from the
DSC scan I, Tv2 and Ts) were observed for all SLPs made from milkfat and fish oil blends.
Despite the different composition ratios of the parés| there was no statistical difference
across the melting point temperatures (Talld.a). Storage of particles &22°C for 28 d did
not have any statistically significant effect on thermal behaviour of particles made from all
the blend ratios tested @ble4.1a).

The fatty acid composition of milkfat can vary based on several conditions, such as
location, season and feeding strategies. The milkfat that was used in this study, was similar to
milkfat that had been used in previous work (Nosratpour et2020). As a result, the two
melting peaks atw2 and Tus for all the ratios analysed, were similar to those that had been
previously reported (Nosratpour et al., 2020). However, the first melting poiaf) for the
particle blends were different to thosabtained previously, due to differences in the thermal
history and morphology of the current sampl@ye, Litwinenko, & Marangoni, 2009he
result of melting peaks atvk and Tz for all the ratios were siifar to the result reported by
Nosratpour et al. (2020However, the first melting point (L) for the particles were different
from the previously published result, due to the difference in thermal history and morphology
of the current sample¢Rye, Litwinenko, & Marangoni, 200%) the current casehe rapid
solidification using LigNfor preparing spherical particles results in a different thermal
behaviour compared with the slow cooling rate applied to the film blend of the previous study
(Nosratpour et al., 2020)The melting points of particles for all the blends were close to pure
milkfat (1.6°C , 16.02°C and 34.929@®gpmen and Marangoni, 201Ten Greenhuis, Van
Aken, Van Malssen, and Schenk, 1999). This nesidating the dominant thermal behaviour
of milkfat in the blends, as reported previousNasratpour et al., 2020Measuring total
endothermic peak areas as overall enthalpy of melting) @howed that the particles with
higher percentage of milkfat had higher enthalpy of melting. Tesult suggested that
saturated fatty acid contents of milkfat decreased the mobility of unsaturated fatty acids of
fish oil,resulting in the increase in intake of thermal enthalpy (Truong, Janin, Li, & Bhandari,
2016). However, the ascending trend of ealihy, by increasing the milkfat ratio was more

significant for particles at day 1 of storage compared to day 28 of storage.
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The HSM was also used to determine thermal behaviour of particles. As can be observed
in Tabled.1.b, the overall thermal stabilitgf the particles was similar at temperature below
30°C , with all three ratios stable up to 20°C. At 30°C, the particles became transparent, but
still retained their shape. This result was indicative of the majority of low melting point TAGS,
which remaired in the centre of the particles, becoming liquid due to rising temperature.
However, the particle shape was retained because most of the high melting point TAGs were
positioned on the outer layeréfer to section 4.4.5 and these compounds remained isicdt

this temperature.

Table 4.1. aMelting peak temperatures and overall enthalpy of melting)(Eetermined by DSC for samples
prepared at day 1 and stored for 28 dalgshot stage microscopy images for SLP prepared at day 1, for particles
with milkfat: fish oil ratio of 70:30, 50:50, 30:70 and heating rate ¢CI®in. The lowercase and uppercase
letters represent the statistical differences in melting points and enthafayelting, respectively.

The size of the produced particles was between 1 to 1.5 mm.

a.

Milkfat: Twm1°C Tm2°C Tmz°C EnJ/g

fish ail
ratio

70:30 0.72:0.46> 1.03+0.23> 14.51+0.66¢ 14.92:0.23 31.9%0.49 32.280.59 48.850.78" 34.091.3BCP

Day 1 Day28 Day 1 Day28 Day 1 Day28 Day 1 Day28

50:50 0.95:0.16®* 1.51+0.0G¢ 13.310.64° 13.34t0.38' 29.24+1.24 30.020.24 39.4#1.09%  36.52:2.07C

30:70  1.05:0.27° 1.02:0.23* 12.310.76' 11.520.35 28.926.7% 28.3G:2.39 27.6%#6.8F°  26.82+498

b.
Hot Stage Temperature
Milkfat: fish 0°C 10°C 20°C 30°C 40°C
oil ratio
(S —— [— —
R A I A BN -
! 2 —
-— (— [— — —
30:70
~
1
- - - - -

The result suggested that in the solid lipid particles containing a blend of TAGs with
different fatty acid compositions, the fatty acids may not be uniformly distributed throughout
the particle. This distribution is in contrast to the idea of consistei@ctive ingredients in
solid lipid particlegGouin, 2004)A greater concentration of saturated fatty agdntaining

oils could be present in the outside layer with the more unsatied FA oils in the centre, as
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reported byTruong, et al(2016) where the crystalline state of saturated TAG composition
decreased the mobility of unsaturated TAG in the blends.
4.4.3 Polymorphism development in SLPs after storage at low temperature

X-ray diffraction (XRD) was used to characterise the crystalline steictiiparticles
after storage for 28 days aR2°C. All the possible crystalline structure ok i QF Y R |
observed in the XRD patterns for the particles in the stieacing range of 3.6 tof(Metin
& Hartel, 2005; Nosratpour et al., 2020he XRD patterns amablten stateare also provided
(SupplementaryFigure4S1 and4S2). The molten state along with crystalline structure,
changed after 28 d at22°C. The result of polymorphs quantification amlten phase
modelling showed that thenolten phase varied between 35 and 45% in SLPs made from
different blends (Figurd.2). Even though the stage temperature was stable, thaolten
phase hadoticeableincrease in particles with a higher conteniafg chaimolyunsaturated
fatty acids from fish oils (50MF:50FO, 30MF:70FO). In contrast, the SLPs with the highest
percentage of saturated fatty ats (7OMF:30FO) had just a slight increase imtbéen state.
This behaviour is due to the quick solidification in liquid nitrogen, resulting in the increased
presence of thermodynamically unstable unsaturatexg chainmolecules in comparison to

the sdurated molecules.

Molten state
a 70MF:30FO
60 60

- 50MF:50FO

30Mf:70FO

Y
o
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28 1 28 1 28 1 28 1 28 1 28
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Figure 4.2The effect of storage aP2°C for 28 d on crystalline structure (as percentage contribution of each
morph) of SLBomposed of different blends of milkfat: fish oil, compared with freshly prepared samples.
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of 70MF:30FO and 50MF:50FO over time, as it is the least stable type of polymorph. However,

GKS h a0GNH2OGdzNBE Ay (KS LI dnhitite@de8ang8Vbreaver,a CY T 11 C

0§KS I NBS a fwashoifserdeB forap&rticlesyith the highest percentage of milkfat
6tnaCYonChoo Ekdy leadyiddintBasadSentrapfnent of active ingredient
0SS0l dzaS 2F GKS & Rittice(Mifler e2 alJ200g) Hbwevel tRe/oppdsie |
trend was observed for particles with highest percentage of fish oil (30MF:70RO)esult
AaK26SR (KI G fecds idpartchedwitdihghek opntent of saturated fatty acids.
This outcome indicated the effect of different fatty acid compositions on emerging different
polymorphs(Rye et al., 2005Moreover, the result showed that the blend of 70MF:30FO was
more practical to be used for particle production as it can lead to more stable entrapment
RdzZNAYy 3 aiG2Nr3aISd ¢KS i &alGNHz2OGdzNBEE gKAOK KI &
remained rdatively unchanged across the blends (except for the 50MF:50FOchatinges

0SG6SSYy m (2 d:d |1 26SOHSNE GKS NBlFazy o0SKAYR

the ratio of 50MF:50FO is still unknown and needs further investigation. Even though a h
temperature environment can accelerate polymorphic changes for lipid parictexes et al.,
2015) this result showed that storage of rapidly solidified particles at low temperature can

still lead to polymorphism.

4.4.4 Polymorphism development in SLPs at different temperature

The effect of different temperature on polymorphism of SLPs was analyseddy X
diffraction at-22°C, 4°C and 21°C and the XRD pattern given in supplementary material (Figure
4S.3. As can be seen in Figut8, themolten stateof the particles increased significantly, as
expected, with increased temperaturdowever, increasing thtemperature caused particles
of different ratios to undergo different changes in the crystalline structur@ 4 K h? | y R
AK26SR | RSONBFaAy3d GNBYR gA0K AYyONBIFasS Ay
showed a slight increase frof2°C to 4°@nd plateaued with nmoticeablechanges from 4
to 21°C. This is because the increased mobility of the long chain unsaturated fatty acids during
warming upcausedrearrangement of molecular chains into a different crystalline structure.

The recrystalliza A 2y  F2 NJ |

a0 NHzOUOdzNBE g1 a O2YLX SGSR |
FAdzZNIKSNJ AYONBIl aSa Ay GSYLISNI GdzNBX y2 f2y3ISN

[,

l.j

the temperaturefromi Hc/ G2 wHwmc/ Ol dza SR | Pd theal2 N I A

structure. This demonstratedreoticeableeffect of temperature on polymorphism, achieving

GKS Y2ad adlofS LRE{EY2NLK o6i 0% ¢AlGKMe#iS KAIK
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& Hartel, 2005)However, based on Tabdel.b, the particles $it retained their shape even
with around 50%molten stateat 21°C (Figuré.3). This outcome qualitatively demonstrated
that the particles have more stable, higher melting point TAGs on the external layer, as

discussed in the following section.

Figure4.3. The effect of increasing temperature on crystalline morphological structure of SLP prepared from
with milkfat: fish oil blends (Raw data with standard deviations can be found in Table 4S.3).

4.4.5 Fatty acid distribution throughout SLP

In the previous anlgsis, it was apparent that SLP made from milkfat and fish oil blends
exhibited a difference in distribution of fatty acids throughout the particles and possessed a
more heatstable outer shell (Tabkel b). Confocal Raman spectroscopy was used to examine
the fatty acid distribution of lipid particles for the first time and the distribution after
production in the outermost layer of all particles is shown in Figu4eA. As can be seen, the
Raman intensity at wavenumbers 1160, 1524 and 1660ioereasedvhen the ratio of fish
oil increased in the blend. All these wavenumbers are dedicated to C=C for unsaturated fatty
acids. The fatty acid distribution in every 20 um can be observed in Figu By scanning
in-depth on all the particles, the relativetensity of the peaks at wavenumbers such as 1160
and 1524 cm dedicated to ©C (in unsaturated fatty acids) increased gradually. The data
indicated that unsaturated fatty acids were more concentrated in the centre rather than on

the surface of particles
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