
 

 

Understanding the potential protective effect of 

milkfat on omega-3 fatty acids 

 

 

 

Mitra Nosratpour 

 

M.Sc. Food chemistry 

B.Sc. Food Science 

 

 

 

A thesis submitted for the degree of Doctor of Philosophy 

at Monash University 

2022 

Department of Chemical Engineering 

 

 

 



 
 

Copyright notice 

©Mitra Nosratpour (2022). 

I certify that I have made all reasonable efforts to secure copyright permissions for third-

party content included in this thesis and have not knowingly added copyright content to my 

work without the owner's permission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



i 
 

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 encapsulation 

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 to investigate the possible 

protective mechanism of milkfat mixed to fish 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 fish oil (30 milkfat/70 fish 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 stability.  

In the second stage, fish oil and milkfat behaviour were investigated in the form of solid 

crystalline lipid particles. In this regard, the change in thermal and crystalline behaviours as 

well as fatty acid distribution were analysed in the solid lipid particles of fish oil and milkfat 

during storage at -22°C, 4°C and 21°C. The result showed that the distribution of saturated 

ŀƴŘ ǳƴǎŀǘǳǊŀǘŜŘ Ŧŀǘǘȅ ŀŎƛŘǎ ǿŀǎ ƴƻǘ ǳƴƛŦƻǊƳΤ ŀ мл ˃Ƴ ƻǳǘŜǊƳƻǎǘ ƭŀȅŜǊ ƻŦ ǇǊŜŘƻƳƛƴŀƴǘƭȅ 

saturated fatty acids was identified as responsible for the intact solid lipid particle shape. Also, 

the result indicated that the change in crystalline structure could happen at any temperature, 

resulting in the change of the fatty acid distribution throughout the particles.  

In the final stage, the 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 crystalline structure 

(polymorphism) showed that the polymorphism behaviour was not the same inside and 

outside the food matrix, and the changes in molten state and different polymorphs were 

significant when the particles were outside the food matrix. This study also showed that the 

particles of fish oil-milkfat could improve the thermal stability of fish oil and can successfully 
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reduce the fishy flavour inside the food matrix without significant change in colour and 

viscosity.  

This thesis demonstrates that the strategy of encapsulating active ingredients with 

undesirable sensory characteristics using milkfat is highly effective. The produced solid-lipid 

particles were shown to have improved storage stability and can potentially be used to fortify 

a variety of dairy products to increase their overall nutritional benefits. 
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1.1 Background 

Long chain omega-3 polyunsaturated fatty acids (LCPUFA), especially Eicosapentaenoic 

acid (EPA) and docosahexaenoic acid (DHA), which exist in fish oil, are among the most 

important nutrients, having a lot of health benefits to human (Simopoulos, 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 the high 

number of double bonds in their structure (Scrimgeour, 2005). Moreover, the oxidation 

phenomenon can cause undesirable flavour and potentially hazardous chemical development. 

A number of strategies including 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 encapsulation (Drusch & Mannino, 2009; 

Encina, Vergara, Giménez, Oyarzún-Ampuero, & Robert, 2016) have 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 properties (Hashempour-Baltork, Torbati, 

Azadmard-Damirchi, & Savage, 2016). Moreover, this strategy can be applied as a pre-

treatment to optimise oil/fat mixtures to provide specific properties for the encapsulation 

technology όDƘƴƛƳƛΣ .ǳŘƛƭŀǊǘƻΣ ϧ YŀƳŀƭπ9ƭŘƛƴΣ нлмтύ. Although literature is available on the 

blending of different vegetable oils to improve their stability, few studies are focusing on 

improving fish oil stability via blending with stable oil/fat.  

Among all the encapsulation technologies, spray chilling is considered to be the least 

expensive one (Gouin, 2004). This strategy produces solid lipid microparticles without utilizing 

water, organic solvents and high temperatures (Okuro, Thomazini, Balieiro, Liberal, & Fávaro-

Trindade, 2013). The most suitable carriers for the production of particles by spray chilling are 

fats, oils, triacylglycerols (TAG), fatty acids,  alcohols and waxes in the food industry (Okuro, 

de Matos Junior, & Favaro-Trindade, 2013). The solid lipid particles with different active 

ingredients 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 yoghurt, 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 properties (Tulini et al., 2016). 
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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 changes the 

particle structure during storage, and it can cause core expulsion (de Lara Pedroso, Thomazini, 

Heinemann, & Favaro-Trindade, 2012). 

Milkfat is a natural component of milk that possess 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 structures (Lubary, 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 crystallize and melt in 

several steps depending on different cooling and heating rates (DeMan, 1992). With the 

polymorphs which can affect the texture, milkfat could have three forms of crystals (ʰΣ ʲΩ ŀƴŘ 

ʲύ based on their crystallization condition. The ʲΩ ŦƻƭƭƻǿŜŘ ōȅ ʰ ŎǊȅǎǘŀƭǎ ŀǊŜ ǘƘŜ ŘƻƳƛƴŀƴǘ 

forms. Lǘ ƛǎ ǘƘŜ ʰ ŎǊȅǎǘŀƭǎ ǇǊŜǎŜƴǘ ƛƴ ƳƛƭƪŦŀǘ ǘƘŀǘ ǇǊƻŘǳŎŜ ǘƘŜ ŘŜǎƛǊŜŘ ǘŜȄǘǳǊŜ ƛƴ ƛŎŜ ŎǊŜŀƳΦ ¢ƘŜ 

small needle-ƭƛƪŜ ŎǊȅǎǘŀƭǎ ƻŦ ʲΩ ƛƳǇŀǊǘ ƎƻƻŘ ǇƭŀǎǘƛŎƛǘȅ ǘƘŀǘ ƳŀƪŜ ƳƛƭƪŦŀǘ ǎǳƛǘŀōƭŜ ŦƻǊ ǘƘŜ 

production of margarine, 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 et al., 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 to entrap fish oil with milkfat 

stearin crystals has been reported 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. Therefore, further studies are 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 project was to investigate the possible protective effect 

of milkfat as stable fat with fish oil as vulnerable oil. In 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 chilling processes to produce lipid particles. In contrast, fish oil is a 

vulnerable oil with a high percentage of omega-3 fatty acids and health benefits, that can thus 

be used to fortify food products.  

As a result, 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 determination, this study is divided into three 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. It determined the extent that the blending strategy with 

milkfat improves the oxidative and thermal stability of fish oil, and the resulting effects on the 

crystalline structure. 

Chapter 4 encompasses production of the solid lipid particles consisting of fish oil and 

milkfat. This determined the ability 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 particles, as 

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 fish 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 sensory characteristics 

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 chapter outline 

This thesis is organised into 6 sections, as shown below: 

Chapter 1 ς Introduction 

Chapter 2 ς Literature review 

Chapter 3 ς Characterisation of thermal and structural behaviour of lipid blends 

composed of fish oil and milkfat. (Stage 1) 
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Chapter 4 - Fatty acid distribution and polymorphism in solid lipid particles of milkfat 

and long chain omega-3 fatty acids. (Stage 2) 

Chapter 5 - The physicochemical and sensory characteristics of yoghurt fortified with 

encapsulated fish oil. (Stage 3) 

Chapter 6 ς Conclusions and recommendations



 
 

 

Chapter 2 

 

Literature review 
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2.1 Introduction 

Improved delivery of the numerous health benefits of long chain omega-3 fatty 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 and high 

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 oxidative stability 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 materials, 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 µm), micro (1.0-5000 µm), sub-micron (0.1-1 µm), and nano (1-100 nm). 

(Anandaraman & 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 

ŜƳǇƭƻȅŜŘ ƛƴ ǘƘŜ ŦƻƻŘ ƛƴŘǳǎǘǊȅ ό7ƻǊŚŜǾƛŏ Ŝǘ ŀƭΦΣ нлмрΤ ½ǳƛŘŀƳ ϧ {ƘƛƳƻƴƛΣ нлмлύ ǘƻ ŜƴŎŀǇǎǳƭŀǘŜ 

LCPUFAs. Among these encapsulation methods, spray chilling is considered as 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, & Fávaro-Trindade, 2013).  

The solid lipid particles contained omega-3 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 the lipid 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' 



8 

 

thermal and crystallization behaviour is important as there may be significant impacts on 

particle stability, sensorial characteristics, and release behaviour. 

To date there have been numerous published works on improving the stability of 

LCPUFAs through modification and encapsulation. However, still incorporating LCPUFAs into 

food products has remained a challenge in food industry. The purpose of this chapter is to 

explore the possible ways to improve LCPUFAs stability and to mask the undesirable flavour. 

A more comprehensive 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 LCPUFAs as solid lipid 

particles into various food products 

2.2 Omega-3 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 development in infants (Kadam & Prabhasankar, 2010; Simopoulos, 1999). The 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 proposed (Kolanowski, 

Jaworska, Weißbrodt, & Kunz, 2007). However, the worldwide average consumption is less 

than the recommended intake (Arab-Tehrany et al., 2012). Thus, foods enriched with LCPUFAs 

or fish oil are gaining importance in food markets.  Fish oil contains 99% triacylglycerols (TAG). 

These TAGs are three fatty acids esterified to glycerol. However,  EPA and DHA in TAG 

structure are extremely susceptible to oxidation due to the presence of high number of 

double bonds (Scrimgeour, 2005). This 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 results in 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 commercial application. 

One of them is adding antioxidants to the formulation of the microparticles (Baik et al., 2004). 

This approach has been widely studied, and there are myriad of food grade antioxidants 

available in the market for incorporation with fish oil. Although these antioxidants can 
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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 hydroxyanisole (BHA), their 

use in food industry becomes an issue under debate (Shahidi & Zhong, 2010).  

There are four 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 diseases (Idris & Dian, 2005; Iqbal, 2014). Interesterification is 

another process. During interesterification, the distribution of fatty acids is randomized on 

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 acids (Dijkstra, 2015; Siddique, 

Ahmad, Ibrahim, Hena, & Rafatullah, 2010). Fractionation is a process which separates the 

oils and fats into a series of fractions with different chemical and physical properties. 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 a pre-treatment process before hydrogenation, 

interesterification and blending (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 characteristics is the most straightforward method 

to produce new products with the desired oxidative and chemical properties, taking 

advantage of the different characteristics of each oil (Chu & Kung, 1998; Hashempour-Baltork, 

Torbati, Azadmard-Damirchi, & Savage, 2016). 

2.4.1 Effect of blending on physical properties 

Fatty acids esterified to glycerol named Triacylglycerols (TAGs) are the key components 

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

acceptance of oils (Bakhtiary, Asadollahi, & Ardakani, 2014). During 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 profile, 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. Smoke point mainly depends on free fatty acids, since they are more volatile 

than TAGs (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 the smoke point of the final product (Choudhary & Grover, 2013). 

Viscosity is another important characteristic which can be changed during the blending 

process. High quantity of unsaturated fatty acids cause low viscosity of oils, while increasing 

the amount of saturated fatty acids leads to high viscosity όCŀǎƛƴŀΣ IŀƭƭƳŀƴΣ /ǊŀƛƎπ{ŎƘƳƛŘǘΣ ϧ 

Clements, 2006). Moreover, increasing the viscosity by blending saturated fatty acids 

decreases the oxygen diffusivity in oil structure, which leads to better oxidative stability (Chaix, 

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 blend (Martini, Herrera, & Hartel, 2002; Scrimgeour, 2005). 

 Blending divergent fats and oils can change the overall fatty acids composition. 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 2.9.3).  Kaufmann, Andersen, and Wiking (2012) reported that 

adding 10% of rapeseed oil to milkfat, can change the size of the formed crystal network. 

Furthermore, Tzompa-Sosa, Ramel, van Valenberg, and van Aken (2016) reported that 

ǎŀǘǳǊŀǘŜŘ ¢!Dǎ ƻŦ ƳƛƭƪŦŀǘΣ ǇǊƻƳƻǘŜŘ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ʰ ǇƻƭȅƳƻǊǇƘΦ IƻǿŜǾŜǊΣ  ǳƴǎŀǘǳǊŀǘŜŘ 
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TAGs promoted the ŦƻǊƳŀǘƛƻƴ ƻŦ ǘƘŜ ʲ ǇƻƭȅƳƻǊǇƘǎΦ Awad, Helgason, Weiss, Decker, and 

McClements (2009) demonstrated that by increasing the amount of fish oil in tripalmitin (TAG 

with three palmitic acids), the rate of transitiƻƴ ƻŦ ʰ ǘƻ ʲ ǇƻƭȅƳƻǊǇƘǎ ƛƴŎǊŜŀǎŜŘΦ IƻǿŜǾŜǊΣ 

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 polymorphism behaviour and crystalline structure of fats during the 

cooling and spray chilling process (Li, Truong, & Bhandari, 2017; Timms, 1984), which will be 

discussed in details in the following sections. 

2.4.2 Effect of blending on chemical properties 

 Blending various oils changes the fatty acid composition. The impact of fatty acid 

composition of oils on stability has been extensively investigated (De Leonardis & Macciola, 

2012; Neff, El-Agaimy, & Mounts, 1994; Nosratpour, Farhoosh, & Sharif, 2017; Warner & 

Mounts, 1993).  

The basic mechanism of this 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 steps. Figure 2.1 shows oxidation process of unsaturated fatty acids. It can be 

concluded from the Figure that, in the first step, a free radical (Lω) is formed after abstraction 

of hydrogen radical (Hω) from the unsaturated fatty acids in the presence of light, metal 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 C-H bonds found in the fatty acids. Double bonds in the fatty acid 

structures weaken the C-H bonds on the carbon atom attached to the double bond which 

simplify the hydrogen removal. Then, the free radicals (Lω) will react with oxygen. This 

reaction causes the formation of lipid peroxyl radicals (LOOω) which reacts with another 

unsaturated fatty acid, making the tasteless hyrdoperoxides (LOOH). These hydroperoxides 

are considered as primary oxidation products. At the final 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; Kamal-Eldin, 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 and palmitic acid 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 oxidation because 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 oxidative stability.  

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 amount and the rate of formation of 

both primary and secondary oxidation products decrease όaŀǊǘƝƴπtƻƭǾƛƭƭƻΣ ałǊǉǳŜȊπwǳƛȊΣ ϧ 

Dobarganes, 2004). In this case, the radical initiator and oxygen will have less effect on the 

oxidation process. 

 

Figure 2.1. Oxidation process of ǳƴǎŀǘǳǊŀǘŜŘ Ŧŀǘǘȅ ŀŎƛŘǎΦ [IΣ ǳƴǎŀǘǳǊŀǘŜŘ Ŧŀǘǘȅ ŀŎƛŘΤ ·ωΣ ǊŀŘƛŎŀƭ ƛƴƛǘƛŀǘƻǊΤ [ωΣ 
ŀƭƪȅƭ ǊŀŘƛŎŀƭΤ [hhωΣ ǇŜǊƻȄȅƭ ǊŀŘƛŎŀƭΤ [hhIΣ ƘȅŘǊƻǇŜǊƻȄƛŘŜ (Jacobsen, 2013). 
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Figure 2.2. 5ƛŦŦŜǊŜƴǘ Ŧŀǘǘȅ ŀŎƛŘ ǎǘǊǳŎǘǳǊŜǎ ŀƴŘ ǘƘŜƛǊ ƻǊƛƎƛƴΦ ά/έ ƛǎ ǘƘŜ ǎƘƻǊǘ ŦƻǊƳ ƻŦ ŎŀǊōƻƴΣ ǘƘŜ ƴǳƳōŜǊ ƴŜȄǘ ǘƻ ƛǘΣ 
is their total carbon numbers and the number of double bonds in each fatty acid. The red arrow shows the place 
which leads to oxidation (Scrimgeour, 2005). 

 

2.4.3 Oils used for the blending 

Among vegetable oils, palm oil has a stable fatty acid composition with about 50 percent 

saturated fatty acids including palmitic acid (C16:0) (Ong & Goh, 2002). The search for more 

stable oil structure led to many experiments on blending palm oil with other edible oils ό!ƭπ

Khusaibi, Gordon, Lovegrove, & Niranjan, 2012; De Leonardis & Macciola, 2012; De Marco et 

ŀƭΦΣ нллтΤ 9ƴǊƝǉǳŜȊπCŜǊƴłƴŘŜȊΣ #ƭǾŀǊŜȊ ŘŜ ƭŀ /ŀŘŜƴŀ ȅ ¸ŀƷŜȊΣ ϧ {ƻǎŀπaƻǊŀƭŜǎΣ нлммΤ CŀǊŀƎ, El-

Agaimy, & El Hakeem, 2010; Neff et al., 1994; Nosratpour et al., 2017; Padmavathy, Siddhu, 

& Sundararaj, 2001; Yi, Andersen, & Skibsted, 2011)Φ ¢ƘŜȅ ǊŜǇƻǊǘŜŘ ǘƘŀǘ ƻƛƭǎΩ ƻȄƛŘŀǘƛǾŜ 

stability could be improved when blended with palm oil. Saturated hydroperoxides from 

these stable oils have more kinetic resistance to decomposition than those produced by fish 

oil TAGs. In addition, the more compact composition of saturated TAGs in stable oils and fats 

(Chaiyasit, Elias, McClements, & Decker, 2007; Fennema, 1996) may have a protective effect 

on LCPUFA, which has not yet been proven.   

Another saturated oil could be coconut oil with 50% of medium chain saturated fatty 

acids, including myristic (C14:0) and lauric acid (C12:0). The oxidizability of vegetable oils can 

be improved by minor incorporation with coconut oil (Bhatnagar, Kumar, Hemavathy, & 
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Krishna, 2009; Suprit et al., 2017). Milkfat has a similar fatty acid composition to palm and 

coconut oils. This kind of fat contains high saturated fatty acids, which stabilizes oxidation 

when blended with other oils (Gee, 2007; Nosratpour et al., 2017; Roman, Heyd, Broyart, 

Castillo, & Maillard, 2013). Based on the findings of previous studies (Bhatnagar et al., 2009; 

Lubary, Hofland, & Ter Horst, 2011; Nosratpour et al., 2017), the 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 content of which is even higher than that of palm oil. 

As shown in Table 2.1, 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 coconut oil, milkfat 

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 acids, which leads 

to high oxidative stability of the oil structure. Moreover, the comparison 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, respectively (O'brien, 2008). Therefore, this is a strong scientific indication that 

milkfat, when blended with fish oil or other vulnerable 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 Encapsulation technology  

Encapsulation is a promising technology capable of coating or entrapping 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 odour, control the release and increase the ease of 

handling (Fang & Bhandari, 2010). 

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

5000 µm), sub-micron (1-0.1 µm) and nano (1-100 nm). (Anandaraman & Reineccius, 1986; 

Desai & Jin Park, 2005; Hornyak, Tibbals, Dutta, & Moore, 2008). Several factors should be 

considered when using microencapsulation, including type of the core,  wall material and 

microparticles. Different microencapsulation approaches including freeze drying, spray drying  

and spray-cooling can be employed in the food industry to encapsulate fish oil (Zuidam & 

Shimoni, 2010). Among the different available encapsulation methods in the food industries, 
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the most extensively used strategies are spray-drying and freeze drying. Freeze-drying is 

usually applied to thermo-sensitive and oxidisable compounds, since the process has low 

temperature and vacuum condition. However, its main disadvantages are high-energy 

consumption and processing cost.  

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

reproducibility and high stability of the finished products (Gharsallaoui, Roudaut, Chambin, 

Voilley, & Saurel, 2007; Madene, Jacquot, Scher, & Desobry, 2006; Nedovic, Kalusevic, 

Manojlovic, Levic, & Bugarski, 2011; Sosnik & Seremeta, 2015; Y. Wang, Liu, Chen, & 

Selomulya, 2016).  

Table 2.1. Fatty acid composition of four different edible oils, and their total oxidative stability (Bhatnagar et 
al., 2009; Lubary et al., 2011; Nosratpour et al., 2017). 

 Fish oil Coconut oil Palm oil 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     

C16:1 11.72 ---- 0.16 2.6 

C18:1 26.26 2.8 43 24 

C18:2 7.15 1.2 12.01 2.5 

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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Table 2.2 Fats and oils oxidative stability ratings (O'brien, 2008). 

Source of fat and oil Total number of double bonds Oxidative stability rating 

Safflower 168.8 Worst 

Sunflower 156.3  

Soybean 153.7  

Canola 131.5  

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 protein and soy 

protein isolate have been reported (Aghbashlo, Mobli, Madadlou, & Rafiee, 2013b; 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), few authors suggested that encapsulation of fish oil did not notably 

ameliorate its oxidative stability (Kolanowski, Ziolkowski, Weißbrodt, Kunz, & Laufenberg, 

2006; Márquez-Ruiz, Velasco, & Dobarganes, 2000). Kolanowski et al. (2006) reported that 

the difference in oxidative stability is related to an elevated temperature during drying, which 

may cause an increased oxidation of PUFA. Moreover, Heinzelmann and Franke (Heinzelmann 

& Franke, 1999) showed 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 

Spray 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 of the lipid 

carriers. The melting point of spray chilling carriers is between 32-42°C, whereas it is above 

42°C for spray cooling (Gouin, 2004). The encapsulated active agent can either be lipid-soluble, 

in the form of dry particles, or aqueous 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, resulting in the solidification of lipids and production of fine particles (Favaro-

Trindade, Okuro, & de Matos Jr, 2015). The spray chilling process is similar to spray drying 

though it lacks the water evaporation step (Uhlemann, Schleifenbaum, & Bertram, 2002).   

Spray chilling is considered a simple, rapid, and safe technique with the potential for 

high yields and industrial-scale manufacture (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 methods (Okuro, de Matos Junior, & Favaro-

Trindade, 2013; Passerini et al., 2010).  The produced lipid particles can protect the active 

ingredient from degradation and also conceal potential undesirable taste (Horlacher & Sander, 

2008). 

 

Figure 2.3. Schematic 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 thŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀƴ ǳƴǎǘŀōƭŜ ʰ ŎǊȅǎǘŀƭƭƛƴŜ ǎǘǊǳŎǘǳǊŜ ƛƴ ǘƘŜ Ŧƛƴŀƭ 

products that can cause expulsion of the core during processing and storage (Okuro, de Matos 

Junior, et al., 2013). This phenomenon occurs because different lipids can adopt a range of 

crystalline structures and polymorphic arrangements during the solidification process (Sato & 

Ueno, 2005; Westesen, Bunjes, & Koch, 1997). This will be further detailed in the following 

section. Another challenge of the spray 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 temperatures greater than the carrier's melting points. At elevated temperatures, 

particle degradation and change of the crystalline structure may occur, which are detrimental 

to the product's quality.  

2.7 Core and carriers 

Lipids can be classified into three main groups based on their structure, (1) simple lipids 

such as acyl glycerols (glycerol + fatty acids) and wax esters (long chain alcohols + fatty acids); 

(2) complex lipids such as phospholipids and glycolipids; and (3) derived lipids include fatty 

acids, mono-and diacyl glycerols and alcohols (O Keefe, 2002) Simple 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 process (Table 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 encounter digestive 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 plants. The 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 melting points (35 ς 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 content 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 the stability of solid lipid 

particle. This phenomenon will be discussed further in section 2.9.3. 

Apart from TAGs mono- and diacyl glycerols and 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 chemical composition 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 alcohol 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 carnauba and beeswax, are not suitable for spray chilling of active 

ingredients because of their high-water vapor permeability, high melting point (81-86 °C), and 

adhesive nature, respectively (Yin & Cadwallader, 2018). High water vapor permeability of 

microcrystalline wax prevents its use as a carrier that requires a moisture barrier. Compared 

with most of the other carriers given in Table 2.3, the high melting point of carnauba requires 

a higher heat treatment for producing the molten mixture, which can affect the stability 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 degradation, 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 hydrophobic and 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 half-life. For instance, the use of hydrophobic carriers 

with higher melting points, such as hard fats and wax esters, favours the stability of drugs 
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sensitive to degradation in long-term 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-ǎƻƭǳōƭŜ ŘǊǳƎǎ ό!ƭōŜǊǘƛƴƛΣ tŀǎǎŜǊƛƴƛΣ tŀǘǘŀǊƛƴƻΣ ϧ wƻŘǊƛƎǳŜȊΣ нллуΤ Lƭƛŏ Ŝǘ ŀƭΦΣ нллфΤ 

Passerini et al., 2002). Considering the literature, using lipid as carriers makes this 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, including fat- and water-soluble 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 delay the oxidation process for ingredients such as vitamins and oxidizable oils 

(Wegmüller, Zimmermann, Bühr, Windhab, & Hurrell, 2006). Probiotics can also be protected 

by lipid matrices from the acidic condition in the stomach (Lahtinen, Ouwehand, Salminen, 

Forssell, & Myllärinen, 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, & 

Favaro-Trindade, 2012; Paula K Okuro et al., 2013). To encapsulate water-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, Donnelly, & Al-Kassas, 

2008). The most common choices of emulsifiers are lecithin, carboxy methyl cellulose, and 

wax esters (Table 2.3). 

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 can result in 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 between different 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 carrier does not result in significant chemical interactions, with no new bond detected 

via methods such as Fourier-transformed infrared spectroscopy (FTIR), so they are considered 

so they are considered physical mixtures (Oriani et al., 2016; Passerini et al., 2010; Pelissari et 

al., 2016). 

2.8  Milkfat 

Milkfat is considered as one of the main constituents of milk with unique taste and a lot 

of application in food products (Jost, 2005). Milkfat exists in the globule forms with 0.1-0.15 

˃Ƴ ŘƛŀƳŜǘŜǊΦ aƻǊŜƻǾŜǊΣ ƛǘ ƛǎ ŎƻŀǘŜŘ ǿƛǘƘ ŀ ƳŜƳōǊŀƴŜ ŎƻƳǇƻǎŜŘ ƻŦ ƭƛǇƛŘ ŀƴŘ ǇǊƻǘŜƛƴǎ 

(Spitsberg, 2005). Milkfat contains 97-98% 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 nature. The fatty acid 

composition of milkfat can vary based on several conditions, such as location, season and 

feeding strategies. There are hundreds of different fatty acids with carbon numbers ranging 

from 2 to 24, which causes 400 different TAG species with differences in chain length and 

degree of saturation (Lubary et al., 2011).  

2.8.1 Milkfat fatty acid composition 

As mentioned in section 2.4.3, because 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 hard fractions are enriched in long chain saturated fatty acids (Deffense, 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 the hardest and most 

stable fraction of milkfat on stability of omega-3 fatty acids in low temperature was 

investigated by Truong, Janin, Li, and Bhandari (2016). They demonstrated that by blending 

fish oil with milkfat stearin fraction in 8°C, TAG molecules of fish oils were entrapped by a 

crystalline matrix of milkfat stearin. 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 

crystalline matrix. Whether the compact composition of saturated TAGs in non-fractioned 

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 milk (Keogh et al., 2001; Santhanam, 

Lekshmi, Chouksey, Tripathi, & Gudipati, 2015).  The focus of these reports, however, 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 also blended with fish oil with the primary 

purpose of being the bulk matrix in which antioxidants are added to the formulation (Let, 

Jacobsen, Pham, & Meyer, 2005).  This report focused on the effect of the antioxidant addition 

on fish oil stability rather than on any potential protective effect 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 effect 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.   

 

Figure 2.4. Fatty acid composition of milkfat and three fractions (Deffense, 1987). 

 

2.8.2 Milkfat physical 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 from -30 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 treatment (Timms, 1980). The peaks are 

related to the existence of different milkfat fractions that can be separated by fractionation 

and were described in Figure 2.4. These three fractions are called high melting point (stearin), 

middle melting point (first olein) and low melting point (second olein) fractions (Marangoni & 

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 

ǘȅǇŜǎ ƻŦ ǇƻƭȅƳƻǊǇƘƛŎ ŎǊȅǎǘŀƭ ŦƻǊƳǎ ƛƴ ƳƛƭƪŦŀǘ ¢!Dǎ ŀǊŜ ʰ όƘŜȄagonal, lowest melting point and 

ǎǘŀōƛƭƛǘȅύΣ ʲϥ όƻǊǘƘƻǊƘƻƳōƛŎύ ŀƴŘ ʲ όǘǊƛŎƭƛƴƛŎΣ ƘƛƎƘŜǎǘ ƳŜƭǘƛƴƎ Ǉƻƛƴǘ ŀƴŘ ǎǘŀōƛƭƛǘȅύ ŦƻǊƳǎ (DeMan, 

1992). Among all the factors affecting the crystalline state, the cooling rate as a processing 

condition is one of the important ones affecting the crystalline microstructure. Diffuse 

crystalline structure phase formation with low energy, occurs due to the fast cooling rate of 

liquid lipids. However, slow cooling rate provides lipid molecules with sufficient time to 

organize into coherent, three-dimensional crystalline structures. Marangoni 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 spherulitic crystal of 

milkfat is 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 literature (Truong 

et al., 2016; Wright, Batte, & Marangoni, 2005).  

 It is obvious that the 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 cooling rate (Martini et al., 2002; Ten Grotenhuis, Van Aken, Van Malssen, & Schenk, 1999; 

Truong et al., 2016; Wiking, De Graef, Rasmussen, & Dewettinck, 2009), change 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 will be addressed in this 

ǇǊƻƧŜŎǘΦ {ƛƴŎŜ ƘŀǾƛƴƎ ƳƻǊŜ ǎǘŀōƭŜ ŎǊȅǎǘŀƭƭƛƴŜ ǎǘǊǳŎǘǳǊŜ ƛƴŎƭǳŘƛƴƎ ʲϥ ŀƴŘ ʲ ŦƻǊƳǎ ŀŦǘŜǊ ǎǇǊŀȅ 

cooling procedure with proper storage condition of the final particles can prevent core 

expulsion and improve particles stability. 
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Figure 2.5. Spherulitic crystal growth of milkfat observed by polarized light microscope (Marangoni & 
McGauley, 2003). 

2.9 Particle characterization after spray 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 analysed by SEM, X-ray micro-computed tomography, 

and polarized/ confocal/ light microscopy, as shown in Figure 2.6. The spray chilled particles 

are commonly matrix-type such that the bioactive material is dispersed all over the particle 

(Yin & Cadwallader, 2018; Zuidam & Shimoni, 2010).  

The particles produced by spray chilling mostly displayed spherical shape; this leads to 

good flow properties as reported by numerous studies (Chambi, Alvim, Barrera-Arellano, & 

Grosso, 2008; Maschke et al., 2007; McCarron, Donnelly, & Al-Kassas, 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 can vary based on the type of 

the carriers and the core/wall material ratio. Savolainen, Khoo, Glad, Dahlqvist, and Juppo 

(2002) reported that using wax esters such as carnauba can lead to a smooth and round 

surface. However, Rodriguez et al. (1999); Savolainen et al. (2002) and M. D. M. Ribeiro, 

Arellano, and Grosso (2012) reported that particles with stearic acids as a carrier had some 

imperfections on their surfaces. This imperfection in the crystals can help to retain the active 

ingredient and prevent its expulsion. 

The surface of pure lipid particles with various TAG composition revealed a rough 

structure. The roughness can be attributed to the formation of different crystal sizes by 

various TAG compositions (Matos-Jr, Di Sabatino, Passerini, Favaro-Trindade, & 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 surface. (Maschke et al., 2007; Matos-

Jr et al., 2015), as observed via SEM. The images obtained by light 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 properties (Oriani et al., 

2016). Moreover, based on the difference in density between the carrier and the core, X-ray 

transmission microscopy (X-ray micro-CT) can be used to reveal their distribution and internal 

configuration inside the particles (Yin & Cadwallader, 2018). All these methods showed that 

the microparticles display a matrix type after spray chilling (Figure 2.6).  

 The microparticles produced from the spray chilling process tend to have a wide size 

distribution from 50 to 600 µm, depending on the type of carrier, bioactive, and the molten 

mass viscosity (Albertini, Passerini, Pattarino, & Rodriguez, 2008). The particle size can be 

affected by extrinsic parameters of the process, including nozzle diameter, atomization 

pressure, cooling air flow, and the temperature of the chamber όLƭƛŏ Ŝǘ ŀƭΦΣ нллфύ. The storage 

temperature after particle production can affect particle size. Increasing the storage 

temperature can increase the particle size, depending on the TAG 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 fatty acids will melt, resulting in higher liquid fat 

content, higher volume, and less compact crystalline structure. This phenomenon also 

facilitates adhesion in particle agglomeration (de Souza Queirós, 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, sensorial, and release characteristics 

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

 Processing Condition Particle characteristics  

Type Carrier Melting 
point (°C) 

Additive or 
carrier 

modulator 

Core Chamber 
tempera
ture (°C) 

Particle 
size (µm) 

Possible 
polymorphic 

form 

Storage 
conditio

n 

Polymorphic 
form during 

storage 

Reference 

TAG/FA 
 

Fully hydrogenated 
anhydrous milkfat 

(FHAMF) 

46 --- --- 2  10-1000 aƻǎǘƭȅ ʲΩ 5, 15, 

and 25°C 

90 days 

 

aƻǎǘƭȅ ʲΩ (de Souza Queirós 
et al., 2020) 

Palm oil and FHPO Palm oil: 
36.94  
FHPO: 
58.91  

--- Ascorbic acid 4  90.87- 
181.29 

aƻǎǘƭȅ ʲΩ NA 
 

NA 
 

(Carvalho et al., 
2019) 

FHPO and 
hydrogenated and 

interesterified 
vegetable fat 

FHPO: 
58.32 

Vegetable 
fat:  

35.83 

--- Green tea 
powder extract 

6  15-174 NA NA NA (Cutrim, Alvim, & 
Cortez, 2019) 

Vegetable fat  48  Soy lecithin Vitamin B12 5  13.28-
26.99 

aƻǎǘƭȅ ʲ' 25°C for 
30, 60, 
90 and 
мнл Řŀȅǎ 

aƻǎǘƭȅ ʲ' (Mazzocato, 
Thomazini, & 
Favaro-Trindade, 
2019) 

Vegetable fat 54  --- Guarana seed 
extract 

13  1-82 NA NA NA (Silva et al., 2019) 

Glyceryl (monostearate, 
dibehenate, distearate, 
trimyristate, tristearate) 

55-73   --- -̡galactosidase Ambient 75-250 aƻǎǘƭȅ ʲ ŀƴŘ 
ǎƻƳŜ ʰ 

25°C 
 
 

7 days 

/ƻƳǇƭŜǘŜƭȅ ʲ (Bertoni, 
Albertini, Dolci, & 
Passerini, 2018) 
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Palm fat and palm 
hardfat 

60  --- Cinnamon 
oleoresin 

7  5-200 ʰΣ ʲ' ŀƴŘ ʲ 24 and 

45°C 

7 days 

ʲ' ŀƴŘ ʲ (Procopio et al., 
2018) 

hydrogenated 
and interesterified 

cottonseed, soy and 
palm oils 

48  --- Proanthocyanidi
n-rich cinnamon 
ŜȄǘǊŀŎǘ ŀƴŘ ʰ-

tocopherol 

13  80 aƻǎǘƭȅ ʲΩ 5, 25 and 
37°C 

 
90 days 

aƻǎǘƭȅ ʲ' (Tulini et al., 
2017) 

Palmitic acid, Oleic acid, 
palm fat 

60  --- Ginger oleoresin 7  30-85 NA 
 

NA 
 

NA 
 

(Oriani et al., 
2016) 

hydrogenated and 
interesterified 

cottonseed, soy and 
palm oils 

51  Gum Arabic 
and 

carboxymethy
lcellulose 

Lycopene 
dispersed om 
sunflower oil 

13  10-110 aƻǎǘƭȅ ʲ' NA NA (Pelissari et al., 
2016) 

Vegetable fat 49  Soy lecithin, 
beeswax 

Vitamin D3 13  80-100 aƻǎǘƭȅ ʲ' NA NA (Paucar et al., 
2016) 

FHSO and Soybean oil 75  Polyglycerol 
polyricinoleat

e 

Gallic acid 7  24-36 NA NA NA (Consoli, 
Grimaldi, Sartori, 
Menegalli, & 
Hubinger, 2016) 

Fully hydrogenated 
palm oil (FHPO), 

cottonseed oil (FHCO), 
soybean oil (FHSO) and 

crambe oil (FHCrO) 

60 to 70  --- --- 0 0.9 -
126.9 

aƻǎǘƭȅ ʰ 

 

25°C 

24h 

FHPO, FHSO and 

CI/Ǌh Ґ ʰ 

CI/hҐ ʲ' ŀƴŘ ʲ 

(Lopes et al., 
2015) 

Lauric acid and oleic 
acid 

45  --- Vitamin C 6 18-67 NA NA NA (Sartori et al., 
2015) 
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Vegetable glycerol 
Monostearate and  

FHPO 

Vegetable 
monostear
ate : 79.5 

FHPO: 
64.02 

--- Ascorbic acid 22 89-167 
 

NA NA NA (Matos-Jr et al., 
2015) 

FHPO and palm kernel 
oil 

43 --- Lactobacillus 
acidophilus with 

inulin or 
polydextrose 

15 30-100 aƻǎǘƭȅ ʲ NA NA (Paula K Okuro et 
al., 2013) 

Interesterified palm fat 
and palm kernel, 

47.5 --- Bifidobacterium 
lactis and 

Lactobacillus 
acidophilus 

10 0.6-126 NA NA NA (de Lara Pedroso 
et al., 2012) 

Oleic acid and stearic 
acid 

46 Lecithin Glucose 0  80-116 NA NA NA (M. D. M. Ribeiro 
et al., 2012) 

Glyceryl 
palmitostearate, 
trimyristin and 

tristearin. 

57-72 --- Bovine serum 
albumin 

Ambient 150-300 NA NA NA (Di Sabatino, 
Albertini, Kett, & 
Passerini, 2012) 

Intersterified Cotton 
seed oil, FHPO and 

soybean oil 

60 --- -htocopherol 10  NA aƻǎǘƭȅ ʲ 18, 22 
and 25°C 
180 days 

aƻǎǘƭȅ ʲ (Gamboa et al., 
2011) 

mixture of mono-, di-, 
and 

tri-esters of glycerol and 
behenic acid 

(C22)Compritol 

72.8 --- Theophylline 
(TH). 

Ambient 50ς350 
 

aƻǎǘƭȅ ʲ' 25°C 

6 months 

aƻǎǘƭȅ ʲ' (Passerini et al., 
2010) 

FHPO 63 Lecithin Iron, iodine, 
vitamin A 

Liqiuid 
Nitrogen 

28-428 NA NA NA (Wegmüller et al., 
2006) 
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Medium-chain TAG NA Tween-60 Isoflavone 5 NA NA NA NA (Jeon et al., 2005) 

Waxes Beeswax, Candelilla, 
carnauba, 

microcrystalline, 
Paraffin wax and 

Octacosane 

51 to 72 --- 2-acetyl-1-
pyrroline zinc 

chloride complex 

NA 5-200 NA NA NA (Yin & 
Cadwallader, 
2018) 

carnauba wax, stearilic 
alcohol and ceto-

stearilic 
alcohol 

NA --- Vitamin E NA 75ς500 
 

NA NA NA (Albertini et al., 
2008) 

Fatty alcohol, fatty acid, 
fatty acid ester, 

hydrogenated fatty acid 
ester and polar wax 

50-80 --- Felodipine 
(poorly soluble 

drug) 

-50  26.5 - 
30.3 

NA NA NA (Savolainen et al., 
2002) 
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Figure 2.6. The ideal distribution in microsphere type of spray-chilled 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 melting and crystallization behaviour of particles' lipid composition significantly 

affects its characteristics (Oriani et al., 2016). The core and its carriers' melting points would 

determine the appropriate cooling chamber design and storage temperature 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 2.7, the carriers' melting points 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 to design the spray chilling production process. The use of 

cryogenics, such as liquid nitrogen for chamber cooling, has also been reported (Horlacher & 

Sander, 2008; Wegmüller et al., 2006). 
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Figure 2.7. Relation between carrier melting point and processing condition. A dash line is the fitted linear 
relationship between X and Y axis. 1(M. D. M. Ribeiro et al., 2012), 2(de Souza Queirós et al., 2020), 3(Carvalho et 
al., 2019), 4(Sartori et al., 2015), 5(Oriani et al., 2016), 6(Gamboa et al., 2011), 7(de Lara Pedroso et al., 2012), 
8(Pelissari et al., 2016), 9(Tulini et al., 2017), 10(Matos-Jr et al., 2015). 

 

2.9.2.1 The effect of lipid formulation and 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 medium-chain fatty acids leads to the melting temperature above 60°C in 

TAGs (A. P. B. Ribeiro, Basso, & Kieckbusch, 2013).  de Souza Queirós et al. (2020) reported 

that fully hydrogenated milkfat has two melting peaks, the first one associated with TAGs with 

short and medium-chain fatty acids (at around 25°C) and the second one (at 46°C) dedicated 

to TAGs with long chain fatty acids.  

The addition 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 point (Matos-Jr et al., 2015). A reason 

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. (2009) conveyed 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 
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reduce the mobility of unsaturated TAG structure, this resulted in a significant increase in 

melting temperature of the particle.  The result of chapter 3 in this thesis, showed that in the 

blends of milkfat (saturated fatty acids) and fish oil (unsaturated fatty acids), 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 storage, thermal and crystallization behaviour of 

lipids can change based on storage condition and lipid composition. Matos-Jr et al. (2015) 

reported that encapsulated particles of ascorbic acid with palm oil and vegetable 

monostearate did not show any change in thermal behaviour during storage at 22 and 37°C 

in 56 days. In contrast, de Souza Queirós et al. (2020) reported 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 higher enthalpy 

in the melting behaviour of lipids indicates a higher 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 needed to break up the crystalline 

structure (A. P. B. Ribeiro et al., 2015; T. Wang & Briggs, 2002). Therefore, selection of 

appropriate lipids carriers can beneficially change the overall thermal behaviour of the 

resulting particles.  

2.9.3 Crystalline and polymorphic behaviour 

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 into crystals (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 

Ƴŀƛƴ ǘȅǇŜǎ ƻŦ ǇƻƭȅƳƻǊǇƘƛŎ ŎǊȅǎǘŀƭ ŦƻǊƳǎ ƛƴ ¢!Dǎ ŀǊŜ ʰΣ ʲϥ and ʲ ŦƻǊƳǎ (Ten Grotenhuis, Van 

Aken, Van Malssen, & Schenk, 1999) and the presence of these forms are determined by X-

Ǌŀȅ ŘƛŦŦǊŀŎǘƛƻƴ ό·w5ύ ŀƴŀƭȅǎƛǎΦ ¢ƘŜ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘǊŜŜ ŘƛŦŦŜǊŜƴǘ ǇƻƭȅƳƻǊǇƘƛŎ ŦƻǊƳǎΣ ʰΣ ʲϥΣ 

ŀƴŘ ʲΣ Ŏŀƴ ōŜ ŘƻƴŜ ōȅ ŀƴŀƭȅǎƛƴƎ ǘƘŜƛǊ ǎƘort spacings (the distance between parallel acyl 

groups in their TAGs) by XRD (Hartel, 2001). Table 2.4, represents the polymorphic crystal 

forms in solid lipid particles and the resulting characteristic. The most and the least stable 

ǇƻƭȅƳƻǊǇƘƛŎ ŀǊǊŀƴƎŜƳŜƴǘ ŀǊŜ ŘŜŘƛŎŀǘŜŘ ǘƻ ʲ ŀƴŘ ʰ ǎǘǊǳŎǘǳǊŜǎ ŀƴŘ ƘŀǾŜ ǘƘŜ ƘƛƎƘŜǎǘ ŀƴŘ 
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lowest melting points, respectively. A polymorphic transformation happens irreversibly from 

ʰ ǘƻ ʲϥ ŀƴŘ ǘƘŜƴ ǘƻ ʲ ǎǘǊǳŎǘǳǊŜ όCƛƎǳǊŜ нΦ8), and the rate at which this occurs depends on 

temperature and time. Moreover, each polymorph can reversibly transform to liquid state. 

There are two types of polymorphism, namely solid-solid and melt-mediated types. The 

solid-solid transformation happens when the temperature is under the melting point of all 

the polymorphs involved. The melt-mediated transformation happens above the melting 

point temperature of the less stable polymorphs. (Kellens, Meeussen, Gehrke, & Reynaers, 

1991; Koyano, Hachiya, Arishimo, Sato, & Sagi, 1989). As can be observed in Table 2.5, 

different polymorphic crystal forms have their physical 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 unstable crystalline 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 the 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 characteristics of 

solid lipid particles (Metin & Hartel, 2005; Timms, 1984). 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 the stability and quality of resulting products.    

 

Figure 2.8. Different type of polymorphs and their melting points in fats and oils. TM ( )h, TM (ʲϥ )and Tm ( )̡ are 
ƳŜƭǘƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜǎ ƻŦ ʰΣ ʲϥ ŀƴŘ ʲ ǇƻƭȅƳƻǊǇƘǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅ (Metin & Hartel, 2005).  
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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 ideally. However, 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 between -8 

ŀƴŘ нлϲ/Σ ǇƻƭȅƳƻǊǇƘǎ ƻŦ ʰ ŀƴŘ ʲ ŜȄƛǎǘ ǘƻƎŜǘƘŜǊΣ ǿƘƛƭŜ ŀǘ ǘŜƳǇŜratures below -уϲ/Σ ʰ 

polymorph is observed (Mazzanti, Guthrie, Sirota, Marangoni, & Idziak, 2004; Metin & Hartel, 

2005). In general, unstable polymorphs will undergo a transformation over time into stable 

ŦƻǊƳǎ ǳƴǘƛƭ ǘƘŜ ʲ ŦƻǊƳ όƳƻǎǘ ǎǘŀōƭŜύ ƛǎ ǊŜŀŎƘŜŘΦ ¢ƘŜ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ Ŏŀƴ ōŜ ƴƻǘŜŘ ōȅ ŀ ǎƳŀƭƭ 

increase in melting temperature above the melting point of the less stable forms, which can 

be seen in Figure 2.8. 



35 

 

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

Polymorphic 
form 

Unit cells Subcell structure 
(Sato & Ueno, 

2005) 
 

Short 
spacing in 
XRD (Å) 

Thermal 
stability (Sato 
& Ueno, 2005) 

Chain characteristic (Sato & 
Ueno, 2005) 

General characteristic 
in particle 

Sensorial 
properties of the 
particle 

 h Hexagonal 

 

4.15 Least stable 
with 

lowest melting 
point 

 

¶ Loose chain 
packing  

¶ Without specific 
chain-chain 
interactions 

NA Soft and foamy 
texture in food 
(Sato & Ueno, 2005) 

ʲ' Orthorhombic 
perpendicular 

 

 

3.8 and 4.2 Intermediate 
Stability 

¶ Tightly packed 
lattice  

¶ Specific chain-chain 
interactions 

Best entrapment of 
active agent because 
of the spatial 
organization (Müller et 
al., 2002) 

Impart good 
plasticity, smooth 
and creamy texture 
in food (O Brien & 
Timms, 2004) 
 

 ̡ Triclinic 
parallel 

 

4.6 Most stable 
with highest 
melting point 

¶ An oblique two-
dimensional lattice 

¶ Tightly packed 
chains,  

¶ Specific chain-chain 
interactions 

Further expulsion of 
the active agent 
because of the 
compact structure 
(Procopio et al., 2018)  
 

Decrease the 
quality of the 
powder and 
granular texture in 
food (Müller et al., 
2002) 
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Table 2.5. Factors contributing to the formation of different polymorphic forms of particles. 

Polymorphic form 

Internal factors 

 h ʲ'  ̡

 1. High levels of palmitic 

acid (Lopes et al., 2015; 

Procopio et al., 2018) 

1. TAGs with 

carbon number 

equivalent to 54 

(DeMan & 

DeMan, 2001)  

 2. Diversified TAG 

composition and fatty 

acid profile (DeMan & 

DeMan, 2001) 

 

 3. High levels of cotton 

seed oil (A. P. B. Ribeiro 

et al., 2015) 

 

 4. TAGs with carbon 

number equivalent to 50 

and 52 (de Oliveira et al., 

2015) 

 

External factors 

Rapid cooling in  

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. 

tƻƭȅƳƻǊǇƘǎ ƻŦ ʰ ǿƛǘƘ ƭƻǿ ŀŎǘƛǾŀǘƛƻƴ ŜƴŜǊƎȅ ŀǊŜ ƴƻǘ ŦƛǊƳƭȅ ǇŀŎƪŜŘΦ ¢ƘŜȅ ƴǳŎƭŜŀǘŜ more rapidly 

and have lower crystallization temperatures than polymorphs with high activation energy, 

ƛƴŎƭǳŘƛƴƎ ʲϥ ŀƴŘ ʲ (Kaufmann, Andersen, & Wiking, 2012).  In 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 this condition, 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 cooling develops a higher nucleation rate, resulting in the formation of many small 

crystals (Metin & Hartel, 2005). Maleky, Acevedo, and Marangoni (2012) reported that a slow 
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ŎƻƻƭƛƴƎ ǊŀǘŜ όлΦмϲ/κƳƛƴύ ƛƴ Ŧǳƭƭȅ ƘȅŘǊƻƎŜƴŀǘŜŘ Ŏŀƴƻƭŀ ƻƛƭ ƭŜŀŘǎ ǘƻ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ʲ 

ǇƻƭȅƳƻǊǇƘΣ ǿƘŜǊŜŀǎ ʰ ǇƻƭȅƳƻǊǇƘ ǿŀǎ ŘŜǘected at a rapid cooling rate (0.7 and 10°C/min). In 

ŀŘŘƛǘƛƻƴΣ ǘƘŜȅ ǊŜǇƻǊǘŜŘ ǘƘŀǘ ǘƘŜ ʰ ŦƻǊƳ ǿŀǎ ƳŜŎƘŀƴƛŎŀƭƭȅ ǿŜŀƪŜǊ ǘƘŀƴ ǘƘŜ ʲ ǇƻƭȅƳƻǊǇƘƛŎ 

form.  Conducting a slow cooling rate such as 0.1°C/min in spray chilling equipment is not 

practical in an industrial setting. In rapid cooling, which generally occurs in the spray chilling 

ǘŜŎƘƴƛǉǳŜΣ ǘƘŜ ʰ ŦƻǊƳ ŜƳŜǊƎŜǎΦ 5ǳǊƛƴƎ ǇŀǊǘƛŎƭŜ ǎǘƻǊŀƎŜΣ ǘƘƛǎ ǳƴǎǘŀōƭŜ ŦƻǊƳ ǘǊŀƴǎŦƻǊƳǎ ƛƴǘƻ 

ǘƘŜ ʲϥ ƻǊΣ ƛƴ ǎƻƳŜ ŎŀǎŜǎΣ ʲ ŦƻǊƳΣ ǘƘŜ ƳƻǊŜ ǎǘŀōƭŜ ŎǊȅǎǘŀƭƭƛƴŜ ǎǘǊǳŎǘǳǊŜǎ (Metin & Hartel, 2005). 

¢ƘŜ ŎƘŀƴƎŜ ƛƴ ŎǊȅǎǘŀƭ ƳƻǊǇƘƻƭƻƎȅ ǘƻ ƘƛƎƘŜǊ ŎƻƴǘŜƴǘ ƻŦ ʲϥ ŀƴŘ ʲ ƛǎ ǘƘŜ Ƴŀƛƴ ŎŀǳǎŜ ƻŦ ŎƻǊŜ 

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 lead to different 

arrangements of crystals polymorphic forms (Table 2.5). TAGs having a total of 54 carbons in 

ǘƘŜƛǊ Ŧŀǘǘȅ ŀŎƛŘ ŎƘŀƛƴǎΣ ŜŀŎƘ ǿƛǘƘ му ŎŀǊōƻƴǎ ǳǎǳŀƭƭȅ ŦƻǊƳ ʲ ŎǊȅǎǘŀƭǎΦ ¢ƘŜ Ŧŀǘǘȅ ŀŎƛŘǎ Ŏŀƴ ōŜ 

saturated, mono and polyunsaturated (DeMan & DeMan, 2001). Conversely, TAGs having a 

total of 50 carbons composed of two fatty acid chain each with 16 and one with 18 carbons 

ǳǎǳŀƭƭȅ ŦƻǊƳ ʲϥ ŎǊȅǎǘŀƭǎΦ Lƴ ǘƘŜ ǎŀƳŜ ǿŀȅΣ ¢!Dǎ ǿƛǘƘ рн ŎŀǊōƻƴǎ ŎƻƳǇƻǎŜŘ ƻŦ ƻƴŜ Ŧŀǘǘȅ ŀŎƛŘ 

with 16 and two with 18 ŎŀǊōƻƴ ŎƘŀƛƴ ŀƭǎƻ ŦƻǊƳ ʲϥ ŎǊȅǎǘŀƭǎ (de Oliveira, Ribeiro, dos Santos, 

Cardoso, & Kieckbusch, 2015). Blending high and low melting point TAGs as the carrier can 

lead to a less ordered crystalline structure with more space to accommodate the core (Hu 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 particles (Yin & Cadwallader, 

2018). Hard fats as a carrier in the spray chilling process can act as nuclei during crystal 

formation because of their well-defined and homogenous TAG composition, which can induce 

a particular polymorphic form (Lopes et al., 2015; Oliveira, Ribeiro, & Kieckbusch, 2014). As 

the use of a slow cooling rate is impractical in industrial applications, there is a need to 

understand the impact of different formulations as the main 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 high-temperature environment, 

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 storage (Li et al., 2005). In general, increasing the storage temperature 

can lead to the formation of more stable crystalline structures (Lopes et al., 2015). As can be 

seen in Table 2.3, solid lipid particles can attain all three forms of ʰΣ ̡ ϥ ŀƴŘ ʲ ŘǳǊƛƴƎ ǘƘŜ ǎǘƻǊŀƎŜΦ 

By choosing a suitable carrier, both the cooling chamber and storage temperatures can be 

adjusted to achieve the desired structure. 

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 application (Lida, Sundram, Siew, Aminah, & Mamot, 

2002). The SFC percentage of the total fat can be determined by pulsed-nuclear magnetic 

resonance (pNMR) (Humphrey & 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 fats and oils, it is challenging to characterize phase 

behaviour for crystallization, since the mixtures have a range of TAG compositions, saturated 

and unsaturated fatty acids. In this regard, SFC and an iso-solid diagram can be used to study 

and predict the phase behaviour of oil and fat mixtures (Campos, 2004).  

Even though SFC is affected primarily by molecular composition such as saturation and 

chain length of fatty acids, processing condition such as cooling rate is also a contributing 

factor (Rye, Litwinenko, & Marangoni, 2005). Regarding the molecular composition, a 

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 SFC (Rye et al., 2005). In the system 

containing fish oil and tripalmitin, SFC decreased with a linear trend by increasing the ratio of 

fish oil in the blend (Awad et al., 2009). Adding 40% sunflower oil as unsaturated oil to milkfat 

as saturated fat decreased the SFC to almost 50% at a wide temperature range (from 35 to 

5°C). However, the aforesaid percentage of sunflower oil decreased the melting point of the 

blend by just a few degrees (Martini, Herrera, & Hartel, 2002). Regarding the cooling rate, Rye 

et al. (2005) reported that decreasing the cooling rate from 5°C /min to 0.1°C /min resulted 

in 4-8 % lower SFC. However, the cooling rate ranges in this study were too low compared to 

the fast cooling rate of spray chilling. Based on SFC and an iso-solid diagram, the eutectic 

behaviour of lipid blends can be observed.  
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Better core retention is achieved in a condition when the carrier blend of TAG molecules 

or fatty acids shows eutectic behaviour such as that observed in the blend of 70% stearic acid 

and 30% oleic acid with SFC between 50-65% (M. D. M. Ribeiro et al., 2012). Therefore, SFC 

in the lipid carrier can 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 properties 

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. (2016) reported that more than 87% Vitamin D3 was present in 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 vulnerable colourant to oxidation, at a refrigerated 

temperature under vacuum resulted in more stability than storage at room temperature. The 

stability of vulnerable bioactives is profoundly affected by the temperature and presence of 

oxygen during the storage (Damodaran & 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 particles. Paucar et al. (2016) reported 

the highest level of VitaminD3, 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 for the retention of Vitamin D3. 

Moreover, Pelissari et al. (2016) stated that the addition of gum Arabic in the formulation of 

the carrier with sunflower oil resulted 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 less oxidation 

(Matos-Jr et al., 2015; Pelissari et al., 2016). Adding antioxidants to vulnerable cores such as 

carotenoids can also increase their stability during storage (Gomes, Borrin, Cardoso, Souto, & 

Pinho, 2013). Stability can be assessed by measuring the amount of encapsulated material, 

analysing colour in colourants, 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 is, an increase in red pigment 

signifies lycopene particle degradation (Matos-Jr et al., 2015; Pelissari et al., 2016). Moreover, 

particle aggregation during storage can be a sign of polymorphism from alpha to beta 

structure (Helgason, Awad, Kristbergsson, McClements, & Weiss, 2008) as particle shape may 

change from spherical to needle-like. Needle-like shapes result in a higher surface area of the 

lipid phase, which leads to particle aggregation. ¢ƻ ƳƛƴƛƳƛǎŜ ŀƎƎǊŜƎŀǘƛƻƴ, a surfactant like 

Tween 20 is included in the formulation, to the increase repulsion between particles. 

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, 

hydrophilic-hydrophobic balance of the lipids, bioactive to carrier ratio, bioactive 

physicochemical properties, and nature of other additives (Rosiaux, Jannin, Hughes, & 

Marchaud, 2015). Two release mechanisms for active ingredients within spray chilled 

particles are enzymatic digestion of lipids in the small intestine and increased temperature 

above the melting point of the carrier material (Paula Kiyomi Okuro et al., 2013). In aqueous 

media, mixtures of triacylglycerols with high and low melting points, resulting in different 

carbon chain arrangements. This consequently increased the capacity of the particles to keep 

more active ingredients within the spaces, resulting in a slower release (Carvalho, Oriani, de 

Oliveira, & Hubinger, 2019; Leonel, Chambi, Barrera-Arellano, Pastore, & Grosso, 2010; Müller, 

Radtke, & Wissing, 2002; M. D. M. Ribeiro et al., 2012; Sartori et al., 2015). Even 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 release (Gouin, 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 more compatibility with hydrophilic cores (Önal & Langdon, 2004). In this regard,  

casein with hydrophobic nature, reported to have slower release with wall materials 

containing stearic and lauric acid compare to stearic and oleic acid (Chambi et al., 2008). 

Moreover, carrier composition with more unsaturated fatty acids can have a less ordered 

structure, resulting in improved encapsulation capacity and controlled release (Leonel et al., 

2010; Rodriguez et al., 1999). It has been reported that the proportion 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 release (Carvalho et al., 2019; Chambi 

et al., 2008; Jenning, Thünemann, & 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 and compatibility between core and carrier are the most 

critical factors that affect the release characteristics of the particles (Akiyama et al., 1993; 

Carvalho et al., 2019; Chambi et al., 2008; Jenning et al., 2000; Leonel et al., 2010; Müller 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 undesirable flavours 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 salt (Wegmüller et al., 2006). Bitter isoflavones have also been 

masked to some degree by encapsulation with medium-chain TAGs as carriers (Jeon, 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 properties (A. P. B. 

Ribeiro et al., 2015)Φ !ǎ Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ ¢ŀōƭŜ нΦпΣ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ʰ ǎǘǊǳŎǘǳǊŜ ƭŜŀŘǎ ǘƻ ŀ ŦƻŀƳȅ 

and soft texture, which is desirable for products such as ice cream (Sato & Ueno, 2005). 

CƻǊƳŀǘƛƻƴ ƻŦ ʲ' structure is the most desirable for food applications because of good plasticity, 

smooth and creamy texture. This structure can be used in margarine, shortenings, and baking 

fats (O Brien & Timms, 2004)Φ ¢ƘŜ ƭŀǊƎŜǊ ǎƛȊŜ ƻŦ ʲ ǎǘǊǳŎǘǳǊŜ ǊŜǎǳƭǘǎ ƛƴ ŀ ƎǊƛǘǘȅ ǎŜƴǎŀǘƛƻƴ ƛƴ ŦƻƻŘΣ 

which can be desirable in some food products such as chocolate (Müller 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 of spray-chilled 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 to 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 2.6). Alvim, Stein, Koury, Dantas, and Cruz (2016) also reported 

that encapsulating ascorbic acid through spray chilling, provides protection from thermal 

degradation during baking of the biscuits. Consequently, studies have demonstrated that 

solid lipid particles can be used in baked products, sugar, flours, dry soup mixes, and foods 

containing high levels of fat (Madene et al., 2006; Wegmüller et al., 2006).  The paraffin 

coated flavour agent, 2-Acetyl-1-pyrroline, added to instant rice during cooking produced full 

flavour recovery, as reported by Yin and Cadwallader (2019). Furthermore, lipid particles 

containing probiotics in food applications represent a promising method for ensuring cell 

viability during storage. Arslan-Tontul, Erbas, and Gorgulu (2019) reported that encapsulated 

Saccharomyces boulardii and Lactobacillus acidophilus were more heat tolerant compared to 

Bifidobacterium bifidum during 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. (2018) reported 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 the cinnamon oleoresin from 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 different active ingredients, creating the potential for the development of new 

functional foods (de Matos-Jr, Comunian, Thomazini, & Favaro-Trindade, 2017; Paula K Okuro 

et al., 2013; Sartori et al., 2015; Tulini et al., 2017), only a few studies have analysed solid 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 promising new functional foods.  
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Table 2.6. Different active ingredients, their food application, and the outcome characteristics.  

Active ingredient Carrier Application 
of solid 

lipid 
particle 

Sensorial 
changes 

Stability or loss 
during storage 

Release 
behaviour 

References 

Saccharomyces 
boulardii/  Lactobacillus 

acidophilus/ 
Bifidobacterium 

bifidum 

Hydrogenated 
palm oil 

Cream-
filled, 

marmalade-
filled, and 
chocolate-

coated cake 

Not 
detectable 

Storage viability of 
30 days under 
refrigerated 
condition 

 

NA 
 
 

(Arslan-
Tontul et al., 
2019) 

2-acetyl-1-pyrroline 
zinc chloride complex 

Paraffin Instant rice Full flavour 
recovery 

after 
cooking 

Significant improve 
in the stability at 

ambient 
temperature 

Controlled 
release 

(Yin & 
Cadwallader, 
2019) 

Lactobacillus 
acidophilus/  

Bifidobacterium lactis 

Vegetable fat Savory 
cereal bar 

Not 
detectable 

Storage viability of 
90 days in the 

product 

Intestine 
release 

(Bampi et al., 
2016) 

Ascorbic acid Hydrogenated 
vegetable fat 
and Stearic 

acid 

Biscuit Not 
detectable 

NA NA 
 

(Alvim et al., 
2016) 

Iodine and iron Hydrogenated 
palm oil 

Biscuit Not 
detectable 

NA NA (Biebinger et 
al., 2009) 

Iodine, iron and 
Vitamin A 

Fully 
hydrogenated 

palm fat 

Salt Not 
detectable 

Loss of 20% of 
iodine and 12% of 
Vitamin A after 6 
months of storage 

at room 
temperature 

NA (Wegmüller 
et al., 2006) 

Isoflavone Medium 
chain TAG 

Milk Slight effect 8% release after 3 
days of storage at 

4 °C 

87.6% 
release in 
simulated 
intestinal 

fluid 

Jeon et al. 
(2005) 

 

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 economical and eco-friendly 

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 perception. A 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 considering relevant 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 practice. 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 reduce the polymorphism of particles after 

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 carrier, significantly 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 adverse effects 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. Further investigation 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 of the 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 the 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. The second 

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 in detail in Chapter 

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 matrix were also investigated and are 

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 the literature 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 research aim of this 

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. 
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Supplementary information 

3S.1 Oxidation analysis method 

1.1 A 1-mm layer oil was added to a petri dish (9 cm diameter) and the oxidation of 

samples at 80 °C was analysed in the dark condition (Emanuel, Denisov, & Maizus, 1965). The 

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). Lipid oxidation progress was observed by calculating peroxide 

value (PV) and Thiobarbitoric acid (TBA). By plotting the changes in PV versus storage time 

and TBA versus storage time, the kinetic curves were drawn and the data was reported from 

the curves. 

3S.1.1 Peroxide value (PV)  

PV was measured using Spectramax M2E microplate reader instrument. Glass tubes 

containing oil samples (0.01ς0.30 g) were mixed with chloroformςmethanol (7:3, v/v) using a 

vortex mixer (2-4 s).  Ammonium thiocyanate solution (30% w/v) was prepared, followed by 

the preparation of iron (II) chloride solution ([0.5 g FeSO4.7H2O dissolved in 50 mL H2O]    Ҍ

[0.4 g barium chloride dihydrate dissolved in 50 mL H2O] + 2mL 10M HCl, with the precipitate, 

ōŀǊƛǳƳ ǎǳƭǇƘŀǘŜΣ ŦƛƭǘŜǊŜŘ ƻŦŦ ǘƻ ǇǊƻŘǳŎŜ ŀ ŎƭŜŀǊ ǎƻƭǳǘƛƻƴϐύΦ рл ˃ƭ ƻŦ ŜŀŎƘ ǎƻƭǳǘƛƻƴ ǿŀǎ ŀŘŘŜŘ 

to the sample, and mixed using a vortex mixer (2-4 s). After incubating the blend at ambient 

temperature for 5 min, the absorbance was measured at 500 nm. The plot of Fe3+ 

concentration vs absorbance was drawn using a standard solution of iron (III) chloride  

(Shantha & Decker, 1994). The peroxide value, represented as milliequivalents of oxygen per 

kilogram of oil, was determined as shown in equation 1A: 

                      PÅÒÏØÉÄÅ ÖÁÌÕÅ 
Ȣ

                                                             (1A)  

In the peroxide value equation, As= absorbance of the oil sample, Ab= absorbance of the 

blank, m= slope obtained from the calibration curve of Fe3+ concentration vs absorbance 

(40.86) 55.84= atomic weight of iron and m0= weight of the sample in gram.  

3S.1.2 Thiobarbitoric acid- reactive substance (TBARs)  

Thiobarbitoric acid- reactive substances were measured spectrophotometrically by a 

Spectramax M2E microplate reader instrument (Pokorny & Dieffenbacher, 1989). TBA 

solution was prepared by mixing 200 mg of 2- thiobarbitoric acid in 100 ml of 1-butanol. The 

solution was filtered to remove the undissolved residue. The filtrate solution was made up to 
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100ml with 1-butanol. 50-200 mg of the sample was dissolved in 1-butanol in a volumetric 

flask of 25ml and made up to volume with the 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 the running 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: 

            Ὕὄὃ ὺὥὰόὩυπ                                                             (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.2 Oxidative 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 of 80°C would 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 initiation 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, 2003). Based 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 meq O2/kg oil, respectively.  

TBA is considered as one of the most broadly used technique to evaluate secondary 

oxidation products, specially for fish oils (Kishida et al., 1993). The result of the TBA method 

at 80°C 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 overall oxidative 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 et al., (2016) with milkfat 

stearin at 8°C.   

The improvement in overall oxidative stability in liquid state at 80 °C 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 process (Ghnimi et al., 2017; Nosratpour et al., 

2017). Therefore, the blending strategy with milkfat as stable fat can be used as a pre-

treatment to improve their overall oxidative stability. 

 

 
Figure 3S.1. XRD 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.1. The melting peak temperatures, and overall enthalpy of fish oil, milkfat and their blends in 6 
different cooling rates. The results are represented as the means ± standard deviation (n=3). 

 Cooling rate (°C/min) 

Sample  1 2 4 8 16 32 

FO 

TP1 (°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 

TP2 °C -12.91±0.38 -13.09±0.65 -12.58±0.06 NA NA NA 

TP3 °C 1.93±0.18 1.63±0.07 2.08±0.01 2.47±0.45 2.32±0.37 2.26±0.01 

TP4 °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 

TP5 °C NA NA NA NA 15.63±0.35 15.16±0.32 

TP6 °C 23.85±0.78 23.59±0.06 23.54±0.25 23.07±0.17 23.31±0.4 23.71±1.18 

EM J/g 8.38±0.95 9.34±.17 10.16±0.92 10.53±1.27 9±0.39 8.46±0.37 

9FO:1MF 

TP1°C -32.48±0.36 -33.41±1.12 -33.92±1.06 -33.95±1.21 -33.38±0.41 -31.66±0.65 

TP2°C -13.91±.18 -14.52±0.45 -14.76±.67 -14.41±.96 -14.48±0.42 NA 

TP3°C 3.14±0.63 2.83±0.47 2.62±0.28 3.15±0.57 3.21±0.01 3.39±0.29 

TP4 °C 8.84±0.52 8.51±0.68 8.38±0.49 8.84±0.52 8.9±0.03 NA 

TP5 °C 12.08±0.23 12.07±0.42 12.04±0.27 12.38±0.43 12.30±0.05 13.96±.35 

TP6°C  24.91±0.81 24.52±0.62 24.05±0.36 24.31±0.57 23.99±0.12 25.71±0.10 

EM J/g 12.34±1.95 13.54±0.34 14.50±0.21 13.86±2.13 15.21±0.52 12.99±1.94 

7FO:3MF 

TP1°C -16.07±0.25 -15.74±0.08 -15.71±0.08 -15.33±0.06 -15.50±0.3 -15.26±0.08 

TP2°C -4.11±0.04 -3.69±0.17 -3.62±0.06 -3.20±0.05 -3.46±0.33 -3.45±0.25 

TP3°C 3.91±1.15 3.19±0.01 2.79±0.59 3.21±0.47 3.15±0.50 3.54±0.50 

TP4 °C NA 8.77±0.06 8.04±0.93 8.17±0.76 8.23±0.55 8.84±0.29 

TP5°C  13.07±0.08 13.56±0.08 13.27±0.40 13.37±0.37 12.92±0.42 12.93±0.28 

TP6°C  25.85±0.74 25±0.77 25.13±0.46 25.61±.15 24.94±0.59 25.11±0.21 

EM J/g 13.97±0.49 13.88±0.37 13.45±1.05 14.07±0.18 14.47±0.81 14.30±0.15 

5FO:5MF 

TP1°C -18.7±0.42 -17.57±1.11 -16.79±0.78 -16.36±0.01 -15.81±0.03 -15.79±0.02 

TP2°C -6.15±0.21 -5.46±0.55 -4.91±0.09 -4.45±0.27 -4.23±0.08 -4.61±0.14 

TP3°C NA NA 0.33±0.37 1.08±0.06 1.46±0.16 1.59±0.13 

TP4°C  5.08 ±0.59 5.22±1.52 5.22±0.28 5.41±0.12 5.37±0.03 5.54±0.29 

TP5°C  8.99±0.26 9.22±1.11 8.68±0.11 8.47±0.33 8.49±0.02 8.75±0.19 

TP6°C  14.12±0.16 14.06±1.10 13.74±0.01 13.81±0.55 14.18±0.05 13.41±0.23 

TP7°C 29.3±0.42 29.01±0.01 30.26±0.12 30.47±0.22 30.98±0.13 30.36±0.19 

EM J/g 17.46±1.20 16.10±2.25 14.71±1.22 13.32±2.61 10.79±0.44 12.45±0.02 

3FO:7MF 

TP1°C NA -8.13±0.37 -6.51±0.41 -5.88±0.21 -5.72±0.35 -5.73±0.09 

TP2°C NA NA -1.23±0.33 0.07±0.71 0.13±0.48 0.25±0.38 

TP3°C NA 6.85±0.85 6.73±0.53 7.15±0.36 7.10±0.40 6.86±0.21 

TP4°C  15.20±1.51 15.25±1.24 15.01±1.05 15.43±1.17 15.91±0.44 15.50±0.28 

TP5°C  31.78±1.34 31.81±1.76 31.95±1.14 32.71±0.86 33.01±0.56 32.78±0.24 

TP6°C  NA NA NA NA NA NA 

EM J/g 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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1FO:9MF 

TP1°C NA NA -9.23±0.36 -8.18±0.30 -7.71±0.46 -7.61±0.39 

TP2°C NA NA NA -1.27±0.28 -0.76±0.50 -0.73±0.48 

TP3°C 9.82±0.32 9.91±0.03 9.66±0.33 9.27±0.28 9.15±0.61 9.25±0.56 

TP4°C 17.02±0.40 16.98±0.18 17.21±0.45 17.31±0.07 17.23±0.54 16.95±0.37 

TP5°C  31.42±1.42 33.14±0.04 33.46±0.41 33.30±0.01 33.44±0.40 33.15±0.38 

TP6°C  NA NA NA NA NA NA 

EM J/g 21.04±4.09 21.54±0.89 20.29±1.13 20.67±0.99 21.20±1.80 20.80±0.07 

MF 

TP1°C NA NA NA -9.99±0.05 -9.67±0.42 -8.52±0.60 

TP2°C NA NA NA -1.87±0.28 -1.53±0.04 -1.03±0.08 

TP3°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 

TP4°C 17.42±0.01 17.07±0.25 16.81±0.06 16.80±0.12 17.28±0.23 17.23±0.03 

TP5°C 32.84±0.00 32.90±0.11 33.32±0.10 33.34±0.41 33.77±0.16 33.84±0.12 

TP6°C NA NA NA NA NA NA 

EM J/g 34.06±0.20 26.92±1.66 22.13±1.04 19.01±3.89 22.44±0.45 21.22±0.86 

 

Table 3S.2. The amount of PV and TBA after 300 min in Milkfat, 5FO:5MF blend and fish oil at 80°C. 
Samples PV (meq O2/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 



 
 

Chapter 4 

Fatty acid distribution and 

polymorphism in solid lipid particles of 

milkfat and long chain omega-3 fatty 

acids 

 
 

 
 
 
 
 
 

 

*This chapter has been accepted in Food Chemistry on 23rd Jan, 2022 as: 

 

 

 

 

 

 

 

Nosratpour, M., Kochan, K., Ma, J., Wang, Y., Wood, B. R., Haritos, V. S., & 

Selomulya, C. (2022). Investigating the fatty acid distribution and polymorphism 

in solid lipid particles of milkfat and long chain omega-s fatty acids. Food 

Chemistry. 

 



73 

4.1 Overview 

A result of previous chapter has been demonstrated that milkfat thermal and structural 

behaviour is dominant, when blended with fish oil. Therefore, 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 acid-containing lipids, 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 component 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 days. X-ray diffraction analysis showed 

changes in molten and crystalline states occurred even at -22°C. Increasing the temperature 

to room temperature (21°C) led to more than 45% molten state but SLPs retained their initial 

shape. Confocal Raman Spectroscopy of the SLPs showed the distribution of fatty acids was 

ƴƻǘ ǳƴƛŦƻǊƳΣ ǿƛǘƘ мл ˃Ƴ ƻǳǘŜǊƳƻǎǘ ƭŀȅŜǊ ƻŦ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ǎŀǘǳǊŀǘŜŘ Ŧŀǘǘȅ ŀŎƛŘǎ ƭƛƪŜƭȅ 

responsible for the intact SLP shape and stability of the core. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



74 

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 susceptible toward 

oxidation, because of the high number of double bonds in their structure (Scrimgeour, 2020). 

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 will allow for 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 temperatures, which prevent 

the detrimental effect on LCPUFAs structure (Okuro, Thomazini, Balieiro, Liberal, & Fávaro-

Trindade, 2013; Rosiaux, Jannin, Hughes, & Marchaud, 2015). The 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 lipids (Gouin, 2004). 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 most complex 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 Nguyen, & Shahidi, 2020; Li, Truong, & Bhandari, 2017). Therefore, 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 on several factors such as TAG 

composition, rate of cooling, and storage temperature. The main types of polymorphic crystal 

ŦƻǊƳǎ ƛƴ ¢!Dǎ ŀǊŜ ʰΣ ʲϥ ŀƴŘ ʲ ŦƻǊƳǎ (Marangoni & Wesdorp, 2019). The most and the least 

ǎǘŀōƭŜ ǇƻƭȅƳƻǊǇƘƛŎ ŀǊǊŀƴƎŜƳŜƴǘǎ ŀǊŜ ʲ ŀƴŘ ʰ ǎǘǊǳŎǘǳǊŜǎΣ ŀƭǎƻ ƘŀǾƛƴƎ ǘƘŜ ƘƛƎƘŜǎǘ ŀƴŘ ƭƻǿŜǎǘ 

ƳŜƭǘƛƴƎ ǇƻƛƴǘǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ tƻƭȅƳƻǊǇƘƛŎ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ƘŀǇǇŜƴǎ ƛǊǊŜǾŜǊǎƛōƭȅ ŦǊƻƳ ʰ ǘƻ ʲϥ 

ŀƴŘ ǘƘŜƴ ǘƻ ʲ ǎǘǊǳŎǘǳǊŜ ŦƻǊ ǘƘŜ ¢!D ŎƻƳǇƻǎƛǘƛƻƴΦ  

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 undergoes polymorphism to 

reach a more stable state, this re-orientation can lead to changes in the location of active 
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ingredients within the particle or expulsion of the active ingredient (de Lara Pedroso, 

Thomazini, Heinemann, & Favaro-Trindade, 2012). Furthermore, different crystalline 

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

ʲϥ Ŏŀƴ ƭŜŀŘ ǘƻ ōŜǎǘ ŜƴǘǊŀǇƳŜƴǘ ƻŦ ǘƘŜ ŀŎǘƛǾŜ ƛƴƎǊŜŘƛŜƴǘǎ (Müller, Radtke, & Wissing, 2002). 

IƻǿŜǾŜǊΣ ǘƘŜ ǘƛƎƘǘƭȅ ǇŀŎƪŜŘ ŎƘŀƛƴǎ ŀƴŘ ŎƻƳǇŀŎǘ ǎǘǊǳŎǘǳǊŜ ƻŦ ʲ Ŏŀƴ ƭŜŀŘ ǘƻ ǘƘŜ ŜȄǇǳƭǎƛƻƴ ƻŦ 

active ingredients (Procopio et al., 2018). Active 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 the active ingredients to the surface, resulting in 

exposure to the environment and significantly reduce the stability of vulnerable components 

(Gamboa, Gonçalves, & Grosso, 2011; Okuro, de Matos Junior, & Favaro-Trindade, 2013).  

Storage temperature is one of the main factors affecting the crystalline form and 

polymorphic transformation in SLPs (Mazzanti, Guthrie, Sirota, Marangoni, & Idziak, 2004; 

Metin & Hartel, 2005). Even though many studies have reported different crystalline 

structures for SLPs (Jenning, Thünemann, & 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 polyunsaturated fatty acids (PUFA) are not homogenous. New interactions 

between TAGs and reorientation of hydrocarbon chains could occur, because of intersolubility 

of TAGs (Martini, Herrera, & Hartel, 2001; Nosratpour, Wang, Woo, & Selomulya, 2020). 

Therefore, understanding the localisation of different fatty acids in blended lipid particles, 

especially containing PUFA or long chain omega-3 FAs, is crucial to provide insight into the 

underlying reason for core expulsion. Polyunsaturated and oxidizable fatty acids 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 through the use of analytical techniques including differential 

scanning calorimetry, hot stage microscopy, X-ray diffraction and Confocal Raman 

spectroscopy to monitor fatty acid distribution and core expulsion in SLPs of blended milkfat 

and fish oil. The findings 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 

4.3.1 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% butter fat, 0.3% free fatty 

acid, 0.07% moisture content, and peroxide value (PV) is 0.12 meq O2/kg fat.  The milkfat was 

stored at 4°C. Tuna oil (HiDHA® 25N Food) was kindly provided by Nu-Mega Ingredients Pty 

Ltd (Melbourne, Australia), and was stored at -18°C until analysis. The term fish oil was used 

instead of High DHA Tuna oil. According to the analysis certificate, the fish oil contained less 

than 0.1% free fatty acids, 0.3 meq O2/kg 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 fatty acid composition of milkfat and high DHA fish oil were determined by gas 

chromatography (GC) (Table 4S.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. Transesterification of fatty 

acids into their fatty acid methyl esters (FAME) was achieved by mixing and shaking 2 to 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 collected for GC analysis. An Agilent 7820A GC instrument equipped with flame 

ionisation detector and a SupelcoWax capillary column 30m length × 0.32 mm inner diameter 

Ҏ лΦр ˃Ƴ ŦƛƭƳ ǘƘƛŎƪƴŜǎǎ ǿŀǎ ǳǎŜŘ ǿƛǘƘ ƴƛǘǊƻƎŜƴ ŀǎ ŀ ŎŀǊǊƛŜǊ ƎŀǎΦ лΦр ˃ƭ ƻŦ ǘƘŜ ǳǇǇŜǊ ƭŀȅŜǊ ƻŦ 

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 maintained at 260°C and 300°C, respectively (Farhoosh, 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 solidified through the single 

droplet method originally established (Lin & Chen, 2002) with some modifications. Droplets 

were formed when added to liquid nitrogen (temperature around -190°C) through a filament 

and then collected after the liquid nitrogen vaporised. The size of the produced particles was 
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between 1 to 1.5mm. The produced solid lipid particles were stored at -22°C, until further 

analysis. 

4.3.4 Crystalline structures 

A Bruker D8 Advance diffractometer equipped with an MTC Wide Range in-situ 

Chamber with controlled heating and cooling capabilities was used for XRD data collection. 

Cu Ka radiation (l = 0.15406 nm) was used with a generator voltage at 40 kV and current at 

40 mA. The low-temperature aged SLP samples were cryo-ground with liquid N2 into powder 

form for in-situ XRD performed with Bragg-Brentano diffraction geometry at temperature -

22°C for samples prepared at day 1 and day 28 of storage at -22°C (The grinding happened 

immediately before the analysis to prevent polymorphism). The in-situ stage temperature 

was stabilised for 15 min before XRD scan started. The XRD data for pelleted samples were 

collected by using the in-situ XRD scan in transmission geometry with focused Cu Ka1 beam 

conditioned by a Göbel mirror. The pelleted samples with an approximate diameter of 2 mm 

were scanned at -22°C, 4°C and 21°C, respectively. A Bruker Lynxeye XE position sensitive 

ŘŜǘŜŎǘƻǊ ǿŀǎ ǳǎŜŘ ƛƴ м5 ƳƻŘŜ ŦƻǊ Řŀǘŀ ŎƻƭƭŜŎǘƛƻƴ ƛƴ ǘƘŜ н᷆ ǊŀƴƎŜ ƻŦ р - 30 deg. All the particles 

were kept in dry ice during transfer at temperature around -55°C. 

In order to quantify the polymorphs of the milkfat and fish oil blends, diffraction data 

were also collected for liquid milkfat and fish oil as molten states phases of the mixture. The 

milkfat and fish oil were considered totally liquid when they were melted completely. The 

XRD data for melted samples was collected at 60°C in the in-situ XRD chamber. The molten 

states were modelled according to the PNKCS method (Scarlett & Madsen, 2006). The Rietveld 

refinement software, TOPAS Academic version 7, was used for polymorphs refinement with 

fundamental parameter approach (Coelho, 2018). The peaks were decomposed based on the 

method reported by Arita-Merino, van Valenberg, Gilbert, and Scholten (2020).  The in-situ 

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. 

4.3.5 Fatty acid distribution analysis 

For Raman measurements, samples were placed on a Raman grade calcium fluoride 

window. The window was kept on ice during measurement 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 air-cooled solid-state laser. The laser operated at 532 nm excitation 

wavelength and was coupled to the microscope by a single-mode optical fibre with a diameter 

ƻŦ рл ˃ƳΦ ! ŘǊȅ hƭȅƳǇǳǎ at[!b όмллȄύ ƻōƧŜŎǘƛǾŜ ǿƛǘƘ b! ƻŦ лΦф ǿŀǎ ǳǎŜŘΣ enabling to obtain 

a spot size of Ɔ  350  400 nm and in-depth resolution of Ɔ  700 nm. Prior to the 

measurements, the monochromator of the spectrometer was calibrated using Raman 

scattering line produced by a silicon plate at 520.5 cm ς1. All spectra were collected with 

spectral resolution of 3 cm -1 and in the spectral range of 3705 ς 0 cm -1. 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: surface-layer and in-depth. The 

surface-layer profiling was conducted by measuring мл ǎǇŜŎǘǊŀ ƛƴ ǎǘŀŎƪ ŜǾŜǊȅ мΦл ˃Ƴ ŦǊƻƳ ǘƻǇ 

to bottom. The in-ŘŜǇǘƘ ǇǊƻŦƛƭƛƴƎ ǿŀǎ ŘƻƴŜ ōȅ ƳŜŀǎǳǊƛƴƎ ŦƛǾŜ ǎǇŜŎǘǊŀ ƛƴ ǎǘŀŎƪ ŜǾŜǊȅ нлΦл ˃Ƴ 

from top to bottom. All spectra were subjected to cosmic spike removal (CRR) in WITec 

control software directly after data collection (Kochan et al., 2019) . 

4.3.6 Thermal behaviour 

Thermal 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 

entropy were ŎŀƭƛōǊŀǘŜŘ ōȅ ǳǎƛƴƎ ŀƴ ƛƴŘƛǳƳ ǎǘŀƴŘŀǊŘ όƳŜƭǘƛƴƎ Ǉƻƛƴǘ Ґ мрсΦссϲ/Σ ɲH melting = 

28.41 J gҍ1), an identical empty pan was utilised as the reference, and the measurement was 

done under constant dried nitrogen purge, in triplicate. In each pan, one particle was placed 

with the weight of 4-6 mg. To prevent the particle from melting, the weighing and crimping 

process were conducted under dry ice temperature (-55°C). The samples (4-6 mg) 

temperature was stabilised by an isothermal process at -22°C for 10 min, then the samples 

were heated from -22°C to 60°C with a heating rate of 10°C/min. Then the temperature was 

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 BX60- Linkam hot stage (NY, USA) at day 1 of storage. The 

samples were heated from -22°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 

Statistical analyses were conducted by using IBM SPSS statistics 26 software. One-way 

analysis of variance (ANOVA) was used to determine the significant differences between the 
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ǊŜǎǳƭǘǎ ƻŦ 5{/ ŀƴŘ D/ ŀƴŀƭȅǎƛǎΦ 5ǳƴŎŀƴΩǎ ƳǳƭǘƛǇƭŜ ǊŀƴƎŜ ǘŜǎǘ ǿŀǎ ǳǎŜŘ ǘƻ ŎƻƳǇŀǊŜ ǘƘŜ ƳŜŀƴǎ 

at the 0.05 level. The presented data are the mean of values ± standard deviation. All the 

analyses happened in triplicate. 

4.4 Results and discussion  

4.4.1 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 oils. The high DHA fish oil used in the study contained 27% 

docosahexaenoic acid (DHA), 7% eicosapentaenoic acid (EPA), and total 39% long chain 

polyunsaturated fatty acids (LCPUFA) as described by the supplier. Also, the milkfat contained 

69% SFA and only 2% PUFA (Supplementary table 4S.1).  

GC analysis was also conducted on particles produced via blending of milkfat and fish 

oil to monitor any fatty 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 particles 

prepared from 50:50 milkfat: fish oil blends. Polyene index (PI: PUFA/SFA) was used as a 

quantitative indicator of changes in fatty acid composition (Nosratpour, Farhoosh, & Sharif, 

2017; Lin, Lin and 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 Figure 4.1. However, particles 

stored at - 22°C for 4 weeks showed a slight but significant reduction in PUFA/SFA ratio 

compared with the liquid blend (Figure 4.1, p<0.05). The reason behind this decrease may be 

the slight degradation of LCPUFA even at low temperatures (-22°C), as the vulnerability of 

LCPUFAs can lead to oxidation at low temperatures (Sullivan, Budge, & St-Onge, 2011). 

 
Figure 4.1. The 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 at -22°C. Standard deviation, shown by the error bars. Columns with the same 
lowercase letters in each figure are not significantly 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 freshly prepared samples 

and those stored for time periods at -22°C. The main melting peak temperatures from the 

DSC scan (TM1, TM2 and TM3) were observed for all SLPs made from milkfat and fish oil blends. 

Despite the different composition ratios of the particles, there was no statistical difference 

across the melting point temperatures (Table 4.1.a). Storage of particles at -22°C for 28 d did 

not have any statistically significant effect on thermal behaviour of particles made from all 

the blend ratios tested (Table 4.1a). 

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 et al., 2020). As a result, the two 

melting peaks at TM2 and TM3 for all the ratios analysed, were similar to those that had been 

previously reported (Nosratpour et al., 2020). However, the first melting point (TM1) for the 

particle blends were different to those obtained previously, due to differences in the thermal 

history and morphology of the current samples (Rye, Litwinenko, & Marangoni, 2005). The 

result of melting peaks at TM2 and TM3 for all the ratios were similar to the result reported by 

Nosratpour et al. (2020). However, the first melting point (TM1) for the particles were different 

from the previously published result, due to the difference in thermal history and morphology 

of the current samples (Rye, Litwinenko, & Marangoni, 2005). In the current case, the rapid 

solidification using LiqN2 for 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 34.92°C), (Ramen and Marangoni, 2017; Ten Grotenhuis, Van 

Aken, Van Malssen, and Schenk, 1999). This result indicating the dominant thermal behaviour 

of milkfat in the blends, as reported previously (Nosratpour et al., 2020). Measuring total 

endothermic peak areas as overall enthalpy of melting (EM) showed that the particles with 

higher percentage of milkfat had higher enthalpy of melting. This result 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 enthalpy, 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 Table 4.1.b, the overall thermal stability of 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 remained 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 layer (refer to section 4.4.5), and these compounds remained solid at 

this temperature.  

Table 4.1. a. Melting peak temperatures and overall enthalpy of melting (EM) determined by DSC for samples 

prepared at day 1 and stored for 28 days, b. hot 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 of 10°C/min. The lowercase and uppercase 

letters represent the statistical differences in melting points and enthalpy of melting, respectively. 

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

a. 

Milkfat: 
fish oil 
ratio 

TM1°C TM2°C TM3°C EM J/g 

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

70:30 0.72±0.46b 1.03±0.23ab 14.51±0.66cd 14.92±0.23c 31.99±0.49g 32.28±0.59g 48.85±0.75A 34.09±1.31BCD 

50:50 0.95±0.10ab 1.51±0.00a 13.31±0.64de 13.34±0.35de 29.24±1.24g 30.02±0.24g 39.47±1.09B 36.52±2.07BC 

30:70 1.05±0.27ab 1.02±0.23ab 12.31±0.76ef 11.52±0.35f 28.92±6.75g 28.36±2.35g 27.69±6.83CD 26.82±495D 

 

b.  
 Hot Stage Temperature 

Milkfat: fish 
oil ratio 

0°C 10°C 20°C 30°C 40°C 

70:30      

50:50      

30:70      

 

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 consistency of active ingredients in 

solid lipid particles (Gouin, 2004). A greater concentration of saturated fatty acid-containing 

oils could be present in the outside layer with the more unsaturated FA oils in the centre, as 
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reported by Truong., 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 structure of particles 

after storage for 28 days at -22°C. All the possible crystalline structures of ʰΣ ʲΩŀƴŘ ʲ ǿŜǊŜ 

observed in the XRD patterns for the particles in the short d-spacing range of 3.6 to 5 Å (Metin 

& Hartel, 2005; Nosratpour et al., 2020). The XRD patterns and molten state are also provided 

(Supplementary Figure 4S.1 and 4S.2). The molten state, along with crystalline structure, 

changed after 28 d at -22°C. The result of polymorphs quantification and molten phase 

modelling showed that the molten phase varied between 35 and 45% in SLPs made from 

different blends (Figure 4.2). Even though the storage temperature was stable, the molten 

phase had noticeable increase in particles with a higher content of long chain polyunsaturated 

fatty acids from fish oils (50MF:50FO, 30MF:70FO). In contrast, the SLPs with the highest 

percentage of saturated fatty acids (70MF:30FO) had just a slight increase in the molten state. 

This behaviour is due to the quick solidification in liquid nitrogen, resulting in the increased 

presence of thermodynamically unstable unsaturated long chain molecules in comparison to 

the saturated molecules.  

 

Figure 4.2. The effect of storage at -22°C for 28 d on crystalline structure (as percentage contribution of each 
morph) of SLP composed of different blends of milkfat: fish oil, compared with freshly prepared samples. 

 
Lǘ ǿŀǎ ƻōǎŜǊǾŜŘ ǘƘŀǘ ʰ ŀƴŘ ǘƘŜƴ ʲΩ forms underwent the most substantial changes 

ŘǳǊƛƴƎ ǎǘƻǊŀƎŜΦ ¢ƘŜ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ʰ ǎǘǊǳŎǘǳǊŜ ŘŜŎǊŜŀǎŜŘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƴ ǇŀǊǘƛŎƭŜǎ ŦǊƻƳ ōƭŜƴŘǎ 
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of 70MF:30FO and 50MF:50FO over time, as it is the least stable type of polymorph. However, 

ǘƘŜ ʰ ǎǘǊǳŎǘǳǊŜ ƛƴ ǘƘŜ ǇŀǊǘƛŎƭŜǎ ƻŦ олaCΥтлCh ŘƛŘ ƴƻǘ ǳƴŘŜǊƎo noticeable change. Moreover, 

ǘƘŜ ƭŀǊƎŜǎǘ ƛƴŎǊŜŀǎŜ ƛƴ ʲΩ was observed for particles with the highest percentage of milkfat 

όтлaCΥолChύΦ ¢ƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ʲΩ may lead to increased entrapment of active ingredient 

ōŜŎŀǳǎŜ ƻŦ ǘƘŜ ǎǇŀǘƛŀƭ ƻǊƎŀƴƛȊŀǘƛƻƴ ƻŦ ʲΩ lattice (Müller et al., 2002).  However, the opposite 

trend was observed for particles with highest percentage of fish oil (30MF:70FO). The result 

ǎƘƻǿŜŘ ǘƘŀǘ ǘƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ʲΩ occurs in particles with higher content of saturated fatty acids. 

This outcome indicated the effect of different fatty acid compositions on emerging different 

polymorphs (Rye et al., 2005). Moreover, 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 

ŘǳǊƛƴƎ ǎǘƻǊŀƎŜΦ ¢ƘŜ ʲ ǎǘǊǳŎǘǳǊŜΣ ǿƘƛŎƘ Ƙŀǎ ōŜŜƴ ƪƴƻǿƴ ŀǎ ǘƘŜ Ƴƻǎǘ ǎǘŀōƭŜ ŎǊȅǎǘŀƭƭƛƴŜ ǎǘǊǳŎǘǳǊŜΣ 

remained relatively unchanged across the blends (except for the 50MF:50FO) with changes 

ōŜǘǿŜŜƴ м ǘƻ ф҈Φ IƻǿŜǾŜǊΣ ǘƘŜ ǊŜŀǎƻƴ ōŜƘƛƴŘ ŘŜŎǊŜŀǎƛƴƎ ƻŦ ʲ ǎǘǊǳŎǘǳǊŜ ƛƴ ǘƘŜ ǇŀǊǘƛŎƭŜ ǿƛǘƘ 

the ratio of 50MF:50FO is still unknown and needs further investigation. Even though a high 

temperature environment can accelerate polymorphic changes for lipid particles (Lopes 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 analysed by X-ray 

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 Figure 4.3, the molten state of the particles increased significantly, as 

expected, with increased temperature. However, increasing the temperature caused particles 

of different ratios to undergo different changes in the crystalline structure. .ƻǘƘ ʰ ŀƴŘ ʲΩ 

ǎƘƻǿŜŘ ŀ ŘŜŎǊŜŀǎƛƴƎ ǘǊŜƴŘ ǿƛǘƘ ƛƴŎǊŜŀǎŜ ƛƴ ǘŜƳǇŜǊŀǘǳǊŜΣ ōǳǘ ǘƘŜ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ʲ ǎǘǊǳŎǘǳǊŜ 

showed a slight increase from -22°C to 4°C and plateaued with no noticeable changes from 4 

to 21°C. This is because the increased mobility of the long chain unsaturated fatty acids during 

warming up, caused rearrangement of molecular chains into a different crystalline structure. 

The recrystallizaǘƛƻƴ ŦƻǊ ʲ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ŎƻƳǇƭŜǘŜŘ ŀǘ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǳǇ ǘƻ пϲ/ ŀƴŘ ǿƛǘƘ 

ŦǳǊǘƘŜǊ ƛƴŎǊŜŀǎŜǎ ƛƴ ǘŜƳǇŜǊŀǘǳǊŜΣ ƴƻ ƭƻƴƎŜǊ ƛƳǇŀŎǘƛƴƎ ʲ ǎǘǊǳŎǘǳǊŜ ǊŜŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴΦ LƴŎǊŜŀǎƛƴƎ 

the temperature from -ннϲ/ ǘƻ нмϲ/ ŎŀǳǎŜŘ ŀ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ŦǊƻƳ ʰ ǎǘŀǘŜ ǘƻ ʲΩ and then ǘƻ ʲ 

structure. This demonstrated a noticeable effect of temperature on polymorphism, achieving 

ǘƘŜ Ƴƻǎǘ ǎǘŀōƭŜ ǇƻƭȅƳƻǊǇƘ όʲύΣ ǿƛǘƘ ǘƘŜ ƘƛƎƘŜǎǘ ƳŜƭǘƛƴƎ Ǉƻƛƴǘ ŀƴŘ ƭŀǘŜƴǘ ƘŜŀǘ ƻŦ Ŧǳǎƛƻƴ (Metin 
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& Hartel, 2005). However, based on Table 4.1.b, the particles still retained their shape even 

with around 50% molten state at 21°C (Figure 4.3). This outcome qualitatively demonstrated 

that the particles have more stable, higher melting point TAGs on the external layer, as 

discussed in the following section.  

 

Figure 4.3. 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 analysis, 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 heat-stable outer shell (Table 4.1 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 Figure 4.4.A. As can be seen, the 

Raman intensity at wavenumbers 1160, 1524 and 1660 cm-1 increased when 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 µm can be observed in Figure 4.4.C. By scanning 

in-depth on all the particles, the relative intensity of the peaks at wavenumbers such as 1160 

and 1524 cm-1 dedicated to CƏC (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. 




































































