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In recent times, there has been a growing demand for full plant-based encapsulating 

agents to replace the commonly used animal-based or synthetic emulsifiers. However, 

native pea protein isolate (PPI) has the major drawback of low solubility at neutral pH 

and unable to stabilize emulsion under storage period. Tocotrienol-rich fraction (TRF) 

derived from red palm oil has gained significant attention due to its health benefits. 

However, incorporating it into food products has been challenging due to its poor water 

solubility. Therefore, this study aimed to enhance the solubility of native PPI followed 

by complexation with flaxseed gum (FG) to create a stable delivery system to form TRF-

based nanoemulsions.   

 

Firstly, the solubility of treated pea protein isolate (TPPI) was enhanced through pH 

adjustment and thermal treatment. TRF-based oil-in-water nanoemulsions were prepared 

under pH 6 using 2% w/w of soluble treated pea protein isolate- flaxseed gum (TPPI-

FG) complexes at different ratios (ranging from 3:1 to 11:1). The results indicated that 

the nanoemulsion prepared using TPPI-FG (3:1) exhibited the highest stability, as 

evidenced by its increased viscosity, emulsifying activity index, and emulsion stability 

index. During a 7-day storage study, the nanoemulsion stabilized by TPPI-FG (3:1) 

remained the most stable, with only a slight increase in droplet size, the lowest rise in 

polydispersity index, and creaming index. The morphology study further revealed that 

no coalescence was observed in this nanoemulsion. 

 

Subsequently, the optimized TPPI-FG (3:1) stabilized nanoemulsion was spray-dried 

using different core-to-wall ratios, wall material compositions, and mixing ratios. The 

microcapsule formed at a 1:4 M ratio exhibited higher microencapsulation efficiency 

(MEE), improved water solubility index, increased retention of tocopherol and 

tocotrienol, and excellent flowability. When the 1:4 core-to-wall ratio was employed, 

Maltodextrin (M) was mixed with starch sodium octenyl succinate (OSS) and inulin 
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(INU) at mixing ratios of 9:1 and 8:2, to create microcapsules. It was observed that the 

1:4 M:OSS (8:2) microcapsule achieved the highest MEE, retained the most tocopherol 

and tocotrienol, demonstrated excellent flowability, and exhibited low cohesiveness. 

This microcapsule also possessed the highest sphericity, featuring a smooth and dense 

external surface without cracks.  

 

Next, the optimised TRF-based microcapsule produced from the 1:4 M:OSS (8:2) ratio 

were examined for storage stability, release characteristics, and bioaccessibility of 

tocotrienol. Over 13 weeks of storage at 40 °C, the microcapsules displayed a slight 

increase in cohesiveness and lightness, along with a minor decrease in MEE, yellowness, 

and chroma. Additionally, the microcapsule remained stable against oxidation during 

storage, as indicated by a low peroxide value, and degradation of tocopherol and 

tocotrienol isomers. These microcapsules proceed to be stable under various ionic 

strengths (ranging from 0 to 200 mM) and pH (ranging from 3 to 9). Furthermore, they 

exhibited higher bioaccessibility and release compared to bulk oil.  

 

Finally,  the optimised TRF-based microcapsules were added to mayonnaises (M-mayo) 

and stored at 4 °C for one month. M-mayo remained stable throughout storage, showing 

only a slight increase in lightness, redness, yellowness, firmness, consistency, and 

viscosity. By the fourth week, M-mayo had a low peroxide value and minimal 

degradation of tocopherol and tocotrienol isomers. Sensory evaluation indicated that M-

mayo received the highest rating for color, while other sensory attributes (aroma, taste, 

creaminess, sourness, and overall acceptability) received similar ratings with other 

samples. This demonstrated that M-mayo is equally well-liked as the original 

mayonnaise. In conclusion, this study successfully addresses the challenge of 

incorporating TRF into food products using a fully plant-based emulsifier. The optimized 

delivery system shows excellent stability, bioaccessibility, and acceptance, making it a 

promising approach for enhancing the nutritional value of food products. 

 

 

Keywords: Protein-polysaccharide complex, Tocotrienol-rich fraction, 

Microencapsulation, Pea protein isolate, flaxseed gum   
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TOKOTRIENOL YANG DISTABIL OLEH KOMPLEKS PROTIN PEA 

TERASING DAN GAM BIJI FLAX 

 

Oleh 

 

TEOW SHUH JUN 

 

Disember 2023 

 

Pengerusi : Profesor Tan Chin Ping, PhD 

Fakulti  : Sains dan Tekonolgi Makanan 

 

Sejak kebelakangan ini, terdapat permintaan yang semakin meningkat untuk agen 

pengkapsulan berasaskan tumbuhan untuk menggantikan pengemulsi berasaskan haiwan 

atau sintetik yang biasa digunakan. Walau bagaimanapun, pengasingan protein pea asli 

(PPI) mempunyai kelemahan iaitu keterlarutan yang rendah pada pH neutral dan tidak 

dapat menstabilkan emulsi dalam tempoh penyimpanan. Pecahan kaya tokotrienol (TRF) 

yang diperoleh daripada minyak sawit merah telah mendapat perhatian yang ketara 

kerana manfaat kesihatannya. Walau bagaimanapun, memasukkannya ke dalam produk 

makanan telah mencabar kerana keterlarutan airnya yang lemah. Oleh itu, kajian ini 

bertujuan untuk meningkatkan keterlarutan PPI asli diikuti dengan pengkompleksan 

dengan gam biji flax (FG) untuk mewujudkan sistem penghantaran yang stabil untuk 

membentuk nanoemulsi berasaskan TRF. 

 

Pertama, keterlarutan pengasingan protin pea yang dirawat (TPPI) telah dipertingkatkan 

melalui pelarasan pH dan rawatan haba. Nanoemulsi minyak dalam air berasaskan TRF 

telah disediakan di bawah pH 6 menggunakan 2% b/b kompleks pengasingan protin pea 

yang dirawat -gum biji flaxis (TPPI-FG) larut pada nisbah yang berbeza (antara 3:1 

hingga 11:1). Keputusan menunjukkan bahawa nanoemulsi yang disediakan 

menggunakan TPPI-FG (3:1) mempamerkan kestabilan tertinggi, seperti yang 

dibuktikan oleh peningkatan kelikatan, indeks aktiviti pengemulsi, dan indeks kestabilan 

emulsi. Semasa kajian penyimpanan selama 7 hari, nanoemulsi yang distabilkan oleh 

TPPI-FG (3:1) kekal paling stabil, dengan hanya sedikit peningkatan dalam saiz titisan, 

kenaikan terendah dalam indeks polidispersiti, dan indeks krim. Kajian morfologi 

seterusnya mendedahkan bahawa tiada penyatuan diperhatikan dalam nanoemulsi ini. 

 

Selepas itu, nanoemulsi stabil TPPI-FG (3:1) yang dioptimumkan telah disembur-kering 

menggunakan nisbah teras-ke-dinding yang berbeza, komposisi bahan dinding, dan 

nisbah campuran. Mikrokapsul yang terbentuk pada nisbah 1:4 maltodekstrin (M) 
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mempamerkan kecekapan mikroenkapsulasi (MEE) yang lebih tinggi, indeks 

keterlarutan air yang lebih baik, pengekalan tokoferol dan tokotrienol yang tidak 

berubah, dan kebolehaliran yang sangat baik. Apabila nisbah teras-ke-dinding 1:4 

digunakan, M dicampur dengan kanji sodium octenyl succinate (OSS) dan inulin (INU) 

pada nisbah campuran 9:1 dan 8:2, untuk menghasilkan mikrokapsul. Telah diperhatikan 

bahawa mikrokapsul 1:4 M:OSS (8:2) mencapai MEE tertinggi, mengekalkan tokoferol 

dan tokotrienol yang paling banyak, menunjukkan kebolehliran yang sangat baik, dan 

mempamerkan kepaduan yang rendah. Mikrokapsul ini juga mempunyai sfera tertinggi, 

menampilkan permukaan luar yang licin dan padat tanpa retak. 

 

Seterusnya, mikrokapsul berasaskan TRF yang dioptimumkan yang dihasilkan daripada 

nisbah 1:4 M:OSS (8:2) telah diperiksa untuk kestabilan penyimpanan, ciri pelepasan, 

dan bioakses tocotrienol. Lebih 13 minggu penyimpanan pada 40 °C, mikrokapsul 

menunjukkan sedikit peningkatan dalam kepaduan dan kecerahan, bersama-sama dengan 

penurunan kecil dalam MEE, kekuningan dan kroma. Selain itu, mikrokapsul kekal stabil 

terhadap pengoksidaan semasa penyimpanan, seperti yang ditunjukkan oleh nilai 

peroksida yang rendah, dan degradasi isomer tokoferol dan tokotrienol. Mikrokapsul ini 

terbukti stabil di bawah pelbagai kekuatan ionik (antara 0 hingga 200 mM) dan pH 

(antara 3 hingga 9). Tambahan pula, mereka mempamerkan bioakses dan pelepasan yang 

lebih tinggi berbanding minyak pukal. 

 

Akhirnya, mikrokapsul berasaskan TRF yang dioptimumkan telah ditambah kepada 

mayonis (M-mayo) dan disimpan pada suhu 4 ° C selama satu bulan. M-mayo kekal 

stabil sepanjang penyimpanan, hanya menunjukkan sedikit peningkatan dalam 

kecerahan, kemerahan, kekuningan, ketegasan, konsistensi dan kelikatan. Menjelang 

minggu keempat, M-mayo mempunyai nilai peroksida yang rendah dan degradasi 

minimum isomer tokoferol dan tokotrienol. Penilaian deria menunjukkan bahawa M-

mayo menerima penarafan tertinggi untuk warna, manakala atribut deria lain (aroma, 

rasa, krim, masam dan penerimaan keseluruhan) menerima penilaian yang sama dengan 

sampel lain. Ini menunjukkan bahawa M-mayo sangat digemari seperti mayonis asli. 

Kesimpulannya, kajian ini berjaya menangani cabaran untuk memasukkan TRF ke dalam 

produk makanan menggunakan pengemulsi berasaskan tumbuhan sepenuhnya. Sistem 

penyampaian yang dioptimumkan menunjukkan kestabilan, bioakses dan penerimaan 

yang sangat baik, menjadikannya pendekatan yang menjanjikan untuk meningkatkan 

nilai pemakanan produk makanan. 

 

 

Kata Kunci: Kompleks protin-polisakarida, Pecahan kaya tokotrienol, 

Mikroenkapsulasi, Pengasingan protin pea, Gam biji flax 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background 

 

Presently, consumer demands for healthier and natural food products have spurred the 

food industry to seek natural ingredient replacements for synthetic ones. Consequently, 

numerous studies have investigated the performance of natural emulsifiers relative to 

synthetic ones (Arancibia et al., 2017; Gumus et al., 2017; McClements et al., 2017; 

McClements & Gumus, 2016). Natural ingredients are derived from animal-based and 

plant-based, the latter has gained a lot of attention as it is more sustainable agricultural 

production, environmentally friendly, and lowers harmful gas emissions (Bryant, 2022).  

 

Pea protein isolate (PPI) stands out as an outstanding plant-based protein due to its high 

nutritive value and abundance of raw materials (Li et al., 2024). It is a potential emulsifier 

because of its amphiphilic macromolecular nature, comprising both polar and nonpolar 

regions. It consists of legumin (11S) and vicilin (7S), which is attributed to emulsifying 

and gelling properties (Lam et al., 2018). Additionally, PPI is known for “clean” 

ingredients, high nutritive value, and low allergenicity (Walia & Chen, 2020). 

Furthermore, PPI possesses health benefits, which help to reduce blood pressure, regulate 

intestinal bacteria, and act as an antioxidant (Zou & Akoh, 2015b).  Pea protein was 

incorporated into food products to produce emulsion (Kim et al., 2022; Zha et al., 2019), 

plant-based meat (Bryant, 2022; Desiderio et al., 2023), edible film (Farshi et al., 2024) 

and enriched bread (Moretton et al., 2023).  

 

Flaxseed gum (FG), a water-soluble plant-based polysaccharide boasting excellent 

water-holding capacity and rheological properties, effectively stabilizes O/W emulsions 

(Wang et al., 2010).  It is widely applied in food systems owing to its functional 

properties, including thickening and gelling (Sun et al., 2022). In addition, FG possesses 

health benefits such as preventing obesity, enhancing lipid metabolism, and preventing 

metabolic syndrome (Luo et al., 2019).  

 

Palm oil is renowned for its rich vitamin E content, known to possess potent antioxidant 

properties with diverse benefits for biological activities (Pierpaoli et al., 2010; Sen et al., 

2010). Vitamin E comprises two major constituents, tocopherols, and tocotrienols, 

sharing similar chemical structures featuring a chromane ring and an alkyl side chain 

(Goh et al., 2015). Both tocopherols and tocotrienols encompass four distinct variants, 

namely alpha (α-), beta (β-), gamma (γ-), and delta (δ-), distinguished by the number and 

position of methyl groups attached to the chromane rings (Aggarwal et al., 2010).  

 

Extensive research highlights the pivotal role of tocopherols and tocotrienols in 

preventing various diseases, including atherosclerosis, neurodegeneration, cancer, and 

aging, driven by the adverse effects of reactive oxygen and nitrogen species that promote 
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oxidation (Park et al., 2010; Sen et al., 2010). Tocotrienols exhibit superior bioactivity 

compared to tocopherols (Peh et al., 2016). Despite their nutritional benefits, the 

hydrophobic nature of tocotrienols, low aqueous solubility, and limited intestinal 

permeability following oral ingestion pose formidable challenges in integrating them into 

aqueous-based foods (Fu et al., 2014; Goh et al., 2015; McClements & Xiao, 2012). 

Furthermore, the susceptibility of polyunsaturated tocotrienols to oxidation under 

environmental stressors such as heat, light, and oxygen hinders their bioactivity and leads 

to the formation of undesirable reaction products (Ko et al., 2010). Therefore, an efficient 

delivery system is crucial to enhance the stability of tocotrienols during storage and 

environmental stress. 

 

Nanoemulsions offer a promising solution to address the solubility and intestinal 

permeability limitations of tocotrienols (Yang & McClements, 2013). Nanoemulsions 

are isotropic dispersed systems comprising two immiscible liquids, typically an oil phase 

dispersed in an aqueous phase or vice versa, forming nanoscale droplets (Simonazzi et 

al., 2018). These nanoscale delivery systems feature average oil droplet diameters of 10–

100 nm and are generally recognized as safe (GRAS) for use in food. They are easily 

prepared, exhibit high physical and chemical stability, and enhance the bioavailability of 

lipid components (Walker et al., 2015; Yi et al., 2015). 

 

However, liquid nanoemulsions have a limited shelf-life and are susceptible to microbial 

spoilage during storage. Additionally, the handling, bulk transport, and application of 

liquid nanoemulsions in dry food systems are constrained (Teo et al., 2021). 

Consequently, the conversion of nanoemulsions into a dry form through 

microencapsulation has become essential to overcome these limitations. Spray drying is 

the most widely employed method for encapsulation, renowned for its economic 

efficiency, flexibility, and effectiveness (Fang & Bhandari, 2012). This technique is 

particularly suitable for encapsulating heat-sensitive bioactive compounds due to its high 

drying rates and short residence time (Araujo-Díaz et al., 2017). Moreover, spray drying 

can dehydrate microcapsules to less than 3% of their final water content to minimize 

physical and chemical deterioration (Gharsallaoui et al., 2007).  

 

The choice of wall materials for spray drying must consider factors such as low viscosity, 

high water solubility, excellent film-forming properties, and efficient drying properties 

(Turchiuli et al., 2014). Maltodextrin (M), a hydrolysed starch, is widely favored for 

encapsulation due to its favorable water solubility, oxidative stability, and low viscosity 

(Jafari et al., 2008).  Starch sodium octenyl succinate (OSS), derived from tapioca, boasts 

high encapsulation efficiency, and emulsions prepared using M and OSS exhibit low 

viscosity (Carneiro et al., 2013). Inulin (INU),  a dietary fiber, remains undigested in the 

small intestine but can be partially or completely degraded by colonic microbiota to 

promote human health (Tripodo & Mandracchia, 2019). 

 

Mayonnaise, a creamy, white condiment with a thick texture, Mayonnaise, a creamy, 

white condiment with a thick texture, is commonly used with salads, sandwiches, and as 

a dipping sauce. Mayonnaise is a form of water-in-oil (W/O) emulsion prepared at low 

pH conditions (Mattia et al., 2015). Traditional mayonnaise typically consists of a high 

amount of oil (65 to 85%), egg yolk (as an emulsifier), lemon juice or vinegar (for pH 
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regulation and flavour), and seasonings (sugar, salt, and mustard) (Rashed et al., 2017; 

Di Mattia et al., 2015). With the rise of the healthy eating trend, mayonnaises have been 

fortified with natural antioxidants such as resveratrol, tocopherol, and rosemary essential 

oil (Abdolmaleki et al., 2019; Rabbani et al., 2021). In this study, mayonnaise was 

selected for fortification with tocotrienol microcapsules to assess the oxidative and 

storage stability of tocotrienol.  

 

1.2 Problem statement 

 

Pea protein isolate has great potential to produce nanoemulsion as it poses excellent 

foaming and emulsifying properties attributed to its amphiphilic nature (Jiang et al., 

2019). However, the low solubility nature of native PPI at neutral conditions has become 

the major challenge that limits its emulsifying properties and functionality (Li et al., 

2024; Sha et al., 2021). To overcome this problem, pH-shirting, and thermal treatment 

were applied to alter the conformation of the protein structure in this study. A study found 

that alkaline pH-treated pea protein improved the antioxidant activity and emulsification 

of oil-in-water (O/W) emulsions (Jiang et al., 2019). To further enhance the 

nanoemulsion stability, the treated PPI  was complexed with FG by electrostatic 

interaction. The interactions between protein and polysaccharide improve the surface 

wettability and hydrophobicity of proteins, which promote higher complex adsorption at 

the interphase of the nanoemulsion (Li et al., 2024). Some studies have demonstrated 

that emulsion stability can be enhanced by utilizing protein-polysaccharide complexes 

to increase the thickness of the interfacial layer through electrostatic interaction (Berton-

Carabin et al., 2014; Jourdain et al., 2009; Wong et al., 2011; Li et al., 2024). 

Additionally, FG poses high water-holding capacity and thickening properties which 

increase the viscosity of the aqueous phase to prevent oil droplet aggregation (Sun et al., 

2022).   

 

As for now, there are limited literature studies that have explored the effect of pH-shirting 

and thermal treatment on PPI. To the best of our knowledge, no study was done using 

the treated PPI to form a complex with FG and the emulsifying properties remain 

unknown. There is no exploration done on the formation of tocotrienol-rich fraction 

(TRF) based nanoemulsions using the TPPI-FG complex. Furthermore, the impact of 

wall materials on the encapsulation efficiency and stability of TRF-based microcapsules 

remains unclear. Additionally, the stability of TRF after incorporation into a food system 

has yet to be explored.  

 

1.3 Objectives 

 

The objectives of this study were as follows:  

1. To prepare stable tocotrienol-rich nanoemulsions using treated TPPI-FG 

complexes.  

2. To optimize and characterize tocotrienol-rich fraction-based microcapsules 

generated through spray drying using different core-to-wall ratios, wall material 

compositions, and mixing ratios.  
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3. To determine the storage stability, release characteristics, and bioaccessibility 

of the TRF encapsulated in M:OSS microcapsules.  

4. To examine the effect of storage and mayonnaise matrix on the stability of  TRF 

encapsulated in M:OSS microcapsules.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Plant-Based Protein Emulsifier  

 

Natural emulsifiers fall into categories such as surfactants, phospholipids, proteins, 

polysaccharides, and solid particles (Donsì & Velikov, 2019). Protein emulsifiers are 

amphiphilic molecules that form interfacial films at O/W interfaces (Foegeding & Davis, 

2011; Lam & Nickerson, 2013; Plankensteiner et al., 2024). The amphiphilic nature of 

proteins reduces interfacial tension and stabilizes the O/W interface (Burger & Zhang, 

2019). During emulsification, effective protein emulsifiers rapidly migrate to the 

interface, with their hydrophobic portions facing the oil phase and hydrophilic portions 

orienting toward the aqueous phase. Proteins unfold and adsorb at the interface, creating 

a viscoelastic film around oil droplets to prevent coalescence and flocculation  (Karaca 

et al., 2011; Shevkani et al., 2015; Plankensteiner et al., 2024).  

 

The advantages of using protein emulsifiers include high nutritive value, 

biocompatibility, biodegradability, and GRAS status (Wu et al., 2011). Protein 

emulsifiers are commonly derived from both plant and animal sources. Soybean 

(lecithin), gliadin, and zein are among the most common plant-based protein emulsifiers, 

while animal-based options include milk protein (whey protein), casein, eggs, gelatin, 

and collagen (Amine et al., 2014; Arancibia et al., 2017; Kibici & Kahveci, 2019; 

O’Sullivan et al., 2016; Ozcelik et al., 2019; Stone et al., 2015; Tarhini et al., 2017; 

Caihua Liu et al., 2024; Feng et al., 2022).  

 

 Plant-based proteins have gained popularity due to their sustainability, safety, and 

appeal to specific consumer groups such as vegans and vegetarians (Walia & Chen, 

2020). Plant-based proteins are poised to be a promising alternative in the future, capable 

of replacing allergenic and/or animal-source emulsifiers (Burger & Zhang, 2019). 

Therefore, this study focused on plant-based protein emulsifiers, specifically PPI.  

 

2.1.1  Pea Protein  

 

Leguminous plants have gained recent popularity as natural emulsifiers due to their 

sustainability, functional attributes, high natural abundance, and cost-effectiveness, 

which are known as a clean source of protein (Abi-Melhem & Hassoun, 2023). Pea, 

soybean, lupin, and peanut belong to leguminous plants (Richard et al., 2015). Among 

all, peanut and soybean were associated with major allergic concerns as they were found 

to have 16 allergens and 8 allergens registered by the World Health 

Organisation/International Union of Immunological Societies (WHO/IUIS) Allergen 

Nomenclature Subcommittee (Cabanillas et al., 2018). Unlike peanut and soybean, only 

3 allergens were isolated from peas, which are Pisum sativum (Pis s) 1, Pis s 2, and Pis s 

3 (Cabanillas et al., 2018). Pea protein is not associated with major allergic concerns 
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(Walia & Chen, 2020). Pea protein is not labeled as a potential food allergen by the  

European Union, Canada, or the United States (Lavine & Ben-Shoshan, 2019).  

 

Peas consist of approximately 20 to 30% protein, with 65 to 80% of it being globulins 

and 10 to 20% albumins (Karaca et al., 2011; Li et al., 2024). Globulins, particularly 

legumin and vicilin proteins (Lam et al., 2018; Makri et al., 2005). The PPI or pea protein 

concentrates typically contain 3 to 10% carbohydrate, 0.5 to 3.5% lipid, and 4 to 9% 

moisture (Karaca et al., 2011). The hydrophobic albumin fraction demonstrates foaming 

and emulsifying properties, as it tends to adsorb at the O/W interface (Burger & Zhang, 

2019).  Conversely, low-molecular-weight hydrophilic albumins play a lesser role in 

emulsification. Among the globulin fraction, vicilin is responsible for creating stable 

emulsions, while legumin proteins can enhance emulsion capacities (Koyoro & Powers, 

1987), although vicilin can disrupt the adsorption of legumin at the interface due to its 

higher surface activity (Dagorn‐Scaviner et al., 1986). Pea protein possesses both 

foaming and emulsifying properties because it possesses both polar and nonpolar 

regions, making it an amphiphilic macromolecule (Jiang et al., 2019).  

 

However, their low solubility poses a challenge in efficiently delivering nutrients in food 

(Almajwal et al., 2019). Various approaches have been employed to enhance pea protein 

solubility, including alkaline pH treatment (Jiang et al., 2019) and a combination of 

ultrasound and pH-shifting treatment (Almajwal et al., 2019). The emulsion formed 

using alkaline pH–treated pea protein demonstrated improved antioxidant activity and 

O/W emulsion stability (Jiang et al., 2019). Additionally, the functional properties of PPI 

were enhanced following ultrasound and pH-shifting treatment, resulting in increased 

surface hydrophobicity, solubility, and particle size reduction to below 100 nm 

(Almajwal et al., 2019). Another study reported that ultrasonic treatment helps to unfold 

the compact PPI structures, enhancing its ability to adsorb at the oil-water interphase, 

thus improving the emulsifying properties (Li et al., 2024). Therefore, PPI was selected 

in this study owing to its great potential emulsifying and foaming capacity due to the 

presence of amphiphilic properties as well as its sustainability, high natural abundance, 

cost-effectiveness, and suitability for a vegan diet.  

 

2.2  Plant-Based Polysaccharide Emulsifier 

 

Polysaccharides, also known as hydrocolloids or gums, are typically soluble in water and 

have moderate surface activity, making them effective emulsion stabilizers by increasing 

the viscosity of the continuous phase (Bueno et al., 2009). Increased viscosity reduces 

droplet collisions in the dispersed phase, delaying phase separation (Benichou et al., 

2002; Cameron et al., 1991; Huang et al., 2001; Makri et al., 2005) Furthermore, these 

large molecules can form thick hydrophilic layers around droplets, requiring higher 

surface loads compared to emulsifiers like surfactants or proteins (Ozturk & 

McClements, 2016). Polysaccharides stabilize emulsions through steric and electrostatic 

repulsion mechanisms. This type of emulsifier typically requires a larger quantity 

compared to other emulsifiers (Donsì & Velikov, 2019). Commonly studied 

polysaccharides include gum Arabic (Bai et al., 2016), modified starches (Donsì, Wang, 

et al., 2011; Sharif et al., 2017; Zhang et al., 2016), pectin (Guerra-Rosas et al., 2017), 

and FG (Liu et al., 2018).  
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2.2.1 Flaxseed Gum (FG) 

 

Flaxseed consists mainly of FG, with a small protein fraction, and its polysaccharides 

are composed of 75% w/w arabinoxylans and 25% w/w rhamnogalacturonans, 

representing the neutral and acidic fractions, respectively (Cui & Mazza, 1996; Ding et 

al., 2018; Elboutachfaiti et al., 2017). It is commonly obtained as a by-product of the flax 

oil industry (Liu et al., 2018). It is water-soluble, with the mucilaginous material (soluble 

gum) obtained from the outermost layer of the hull through water soaking (Liang et al., 

2018). Flaxseed gum boasts excellent rheological properties, including emulsification, 

thickening, and weak gelling properties, along with a high water-holding capacity. As a 

result, it finds extensive application in the food, cosmetic, and pharmaceutical industries 

as an additive (Liu, Shim, Poth, et al., 2016; Liu, Shim, Shen, et al., 2016). Flaxseed gum 

serves as an O/W emulsion stabilizer, while the flaxseed protein mainly acts as an 

emulsifier (Liu et al., 2017; Wang et al., 2010). The complex of flaxseed gum and whey 

protein isolates demonstrates improvement in the emulsion’s physical stability by 

restricting the polymer orientational mobility of β-carotene emulsion (Xu et al., 2017).  

 

2.3 Complexation between Protein and Polysaccharides 

 

2.3.1  Synergistic Effect of Protein-polysaccharides Complexes  

 

The formation of a network in protein-polysaccharide complexes is crucial in enhancing 

the stability and rheological characteristics of food products (Benichou et al., 2002). 

Extensive studies have demonstrated the synergistic effect of these complexes in 

improving emulsion stability by creating a thicker interfacial layer through electrostatic 

interactions (Berton-Carabin et al., 2014; Huck-Iriart et al., 2011; Yap et al., 2001; Wei 

& Huang, 2019). Furthermore, polysaccharides can alter the charge of the protein-

polysaccharide complexes, enhancing the electrostatic, steric, and thermal stabilization 

of the emulsion (Li et al., 2024). Another finding reported that the complexation between 

soy protein isolate and soy hull polysaccharide was mainly governed by electrostatic, 

hydrophobic, and hydrogen bonding interactions attributed to the tryptophan and 

tyrosine residues inside protein molecules (Wang et al., 2020).  

 

Typically, two methods are employed to prepare protein-polysaccharide complexes. In 

the complex model, protein-polysaccharide complexes are initially formed through 

electrostatic interaction and are subsequently employed as emulsifiers (complex model) 

to produce emulsions. In the layer-by-layer model, proteins are added first to create 

protein-emulsified O/W emulsions, followed by the addition of polysaccharides to form 

an additional outer layer around the droplets (Berton-Carabin et al., 2014). These two 

methods have a significant impact on interfacial properties, particularly thickness and 

compactness (Berton-Carabin et al., 2014;  Liu et al., 2020). 

 

Protein-polysaccharide complexes work synergistically, with proteins primarily serving 

as emulsifiers in O/W emulsions, while polysaccharides function as emulsion stabilizers 

by increasing the medium's viscosity to retard emulsion coalescence (Benichou et al., 
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2002; Cameron et al., 1991; Huang et al., 2001; Makri et al., 2005). Based on previous 

findings, FG possesses desirable viscosity, emulsifying properties, and weak gelling 

properties, making it suitable for use as a thickener, emulsifier, and stabilizer in food 

(Zhang et al., 2013). Combining FG with whey protein isolate (Liu et al., 2015) and 

soybean protein isolate (Liu, Shim, Po et al., 2016), was found to enhance emulsion 

stability.  In the case of whey protein isolate and FG complexes, increasing the FG 

concentration led to increased gel strength. However, when FG concentration exceeded 

0.5% (w/w), gel strength decreased due to thermodynamic incompatibility, resulting in 

excessive phase separation (Zhang et al., 2013).  These findings were consistent with the 

study of cold-set whey protein isolate-FG gels produced by adding calcium chloride or 

sodium chloride (NaCl) at a fixed ionic strength (150 mM). This study reported that 

increasing the amount of FG reduced both gel strength and water-holding capacity, 

leading to phase separation in whey protein isolate and FG mixtures (Kuhn et al., 2011).  

 

2.3.2  Applications of Protein-polysaccharide Complexes in Food Industry  

 

To ensure food safety and quality, the food industry often applies thermal processing 

techniques like pasteurization and sterilization to eliminate spoilage microorganisms 

(Kato et al., 1989). However, protein emulsifiers lose their emulsifying ability at high 

temperatures due to denaturation, causing their structure to unfold and deviate from their 

native state. When proteins are bound to polysaccharides through covalent bonds, 

destabilization caused by adverse environmental conditions, such as heat, acidic pH, and 

high electrolyte concentrations, is minimized because the adsorbed protein layer is 

protected (Dickinson, 2009). Another study found that the emulsifying activity of 

protein-polysaccharides complexes decreased when exposed to heat at 90 oC at a rate of 

3 °C/min and then immediately cooled to 20 °C. However, significant emulsifying 

activity was restored in such heated complexes (Kato et al., 1989).  

 

2.4 Tocotrienol-Rich Fraction (TRF) 

 

Tocotrienol, another member of vitamin E, was discovered in 1960 (Pennock, 1964; 

Whittle et al., 1966). Unlike tocopherol, tocotrienol has been found to exhibit higher 

bioactivity (Peh et al., 2016) and potent anticancer activity (Pierpaoli et al., 2010). As 

shown in Figure 2.1, both components share a chromane ring and an alkyl side chain 

(Goh et al., 2015). They are further categorized into four derivatives: alpha (α-), beta (β), 

gamma (γ-), and delta (δ-), each distinguished by the number and position of methyl 

groups attached to the chromane rings  (Aggarwal et al., 2010).  

 

Palm TRF, derived from palm oil, comprises approximately 23% a-tocopherol, 25% α-

tocotrienol, 2% β-tocotrienol, 35% γ-tocotrienol, and 15% δ-tocotrienol (Zou & Akoh, 

2015). The TRF boasts exceptional antioxidant properties and has shown promise in 

various therapeutic applications, including anti-tumor, anti-cancer, anti-inflammatory, 

anti-aging, neuroprotective, and cholesterol-lowering effects (Abu-Fayyad et al., 2018; 

Budin et al., 2009; Goh et al., 2015; Musa et al., 2017; Sen et al., 2010). Owing to these 

health benefits, TRF has been incorporated into supplements and food products (Tan et 

al., 2018a; Zou & Akoh, 2015). However, the susceptibility of polyunsaturated 
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tocotrienols to degradation when exposed to environmental stressors such as heat, light, 

or oxygen poses a challenge, leading to reduced bioactivity and the formation of 

undesirable reaction products (Liang et al., 2018). 

 

 

 
Figure 2.1. Chemical structure of tocotrienol and tocopherol (Source: Aggarwal et 

al., 2010). 

 

2.4.1  Solubility 

 

Tocotrienol, being highly hydrophobic, exhibits limited aqueous solubility and poor 

intestinal permeability when orally ingested (Fu et al., 2014; Goh et al., 2015; 

McClements & Xiao, 2012). Its lipophilic nature presents challenges when attempting to 

enrich aqueous-based foods and beverages with tocotrienols. To address these 

challenges, nanoemulsions have emerged as a promising water-soluble delivery system 

for enhancing the solubility of tocotrienols (Fu et al., 2014). 
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2.4.2  Absorption Capacity  

 

While the absorption and metabolism of Vitamin E are well-studied, an understanding 

of its absorption and bioavailability in the human system remains incomplete (Fu et al., 

2014). Previous studies have indicated that tocotrienols are not completely absorbed and 

exhibit limited bioavailability in rats (Peh et al., 2016). In rats, the bioavailability of 

alpha-tocotrienol was approximately 28%, while that of both gamma- and delta-

tocotrienols was 9%.  This study investigated the time required for alpha-, gamma-, and 

delta-tocotrienols to reach peak plasma concentration in both rats and humans. In rats, 

the time to peak plasma concentration was found to be 3.3, 3.0, and 2.8 h for α-, γ-, and 

δ-tocotrienols, respectively, with half-lives of 3 h for α-tocotrienol and 2 h for γ- and δ-

tocotrienols (Yap & Yuen, 2004). In humans, the estimated half-lives in plasma were 

2.3, 4.4, and 4.3 h for α-, γ-, and δ-tocotrienols, respectively (Yap et al., 2021), while the 

half-lives of α- and γ-tocopherols were 57 and 13 h, respectively (Leonard et al., 2005). 

Given the limited bioavailability of lipid-soluble tocotrienols in humans, the 

development of an effective delivery system is crucial. According to drug delivery 

systems technology, emulsions have been shown to enhance the absorption of fat-soluble 

compounds (Gao & Morozowich, 2006). The formation of tocotrienol emulsions has 

been found to improve absorption, leading to higher plasma concentrations of 

tocotrienols (Fu et al., 2014).  

 

2.5  Nanoemulsions  

 

Nanoemulsions, often referred to as submicron emulsions, nanoscale emulsions, mini-

emulsions, or colloidal emulsions (McClements & Rao, 2011), are defined as biphasic 

colloidal disperse systems in the submicron size range, where one liquid phase is 

intimately dispersed as fine droplets in another liquid phase. This definition encompasses 

simple O/W or W/O emulsion systems (Donsì & Velikov, 2019). The crucial emulsifying 

agents required for forming nanoemulsions typically fall into categories such as 

surfactant molecules, solid particles, or (bio)polymers. These agents create a thin film 

surrounding each emulsion droplet at the intermediate phase or interphase (Kumar & 

Kumar, 2018). 

 

In recent years, nanoemulsions have gained popularity over conventional emulsions, 

particularly after being designated as GRAS food ingredients (Peh et al., 2016). 

Nanoemulsions containing encapsulated oils often appear transparent or slightly turbid, 

with transparency largely dependent on the nanoemulsion's size. The size, often referred 

to as the mean droplet diameter, can vary based on different literature sources but 

typically falls within the range of 10 nm to 100 nm or 500 nm (Donsì & Velikov, 2019; 

Peh et al., 2016). The submicron size of nanoemulsions significantly enhances the 

dispersibility, bioaccessibility, and bioavailability of compounds by increasing the 

surface area and providing protection and controlled release for a wide array of 

substances (Donsì et al., 2013; Donsì & Velikov, 2019; Kumar & Kumar, 2018). 

Additionally, nanoemulsions offer a high capacity for loading lipophilic active 

compounds, making them suitable for various applications (Simonazzi et al., 2018). 

Nanoemulsions have proven effective in improving the solubility and intestinal 

permeability of tocotrienols (Peh et al., 2016),  α-tocopherol (Kong et al., 2011), 
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cannabidiol (Nakano et al., 2019), β-carotene (Yuan et al., 2008), and curcumin (Wang 

et al., 2008). 

 

Generally, nanoemulsion can be formed using both high-energy and low-energy 

emulsification methods. High-energy methods are commonly used to create food-grade 

nanoemulsions, as they require substantial mechanical energy to break down large 

droplets into nano-sized ones. Utilizing high-energy methods offers several advantages, 

including the ability to use lower emulsifying agent concentrations and achieve greater 

control over particle size, stability, and emulsion colour (Graves et al., 2005; Gursoy & 

Benita, 2004). The high-energy methods encompass high-pressure homogenization, 

microfluidization, rotor-stator emulsification, ultrasonication, and membrane 

emulsification. A detailed comparison of high-energy emulsification methods is 

provided in Table 2.1 (Håkansson & Rayner, 2018).   

 

In contrast, low-energy methods require lower energy, relying on the internal chemical 

energy of the system under gentle stirring conditions to form nanoemulsions. Low-

energy emulsification methods include two approaches:  

 

(1) Self-emulsification method: nanoemulsions are formed through the turbulence 

generated by surfactant molecules that rapidly diffuse from the dispersed phase to the 

continuous phase.  

(2) Phase inversion emulsification method: nanoemulsions result from the spontaneous 

curvature of surfactant leading to phase transition (Kumar et al., 2019).  

 

However,  these low-energy methods are less suitable for producing food-grade 

nanoemulsions due to their reliance on high emulsifying agent concentrations, which 

could potentially affect taste and safety (Komaiko & Mcclements, 2016).  

 

Table 2.1: Comparison of high-energy method emulsification processes.  

 

Type Source of 

energy 

Breakup 

mechanism 

Energy 

density 

(kJ/m2) 

Viscosity 

range 

(mPas) 

High-pressure 

homogenization 

Pump • Turbulent 

inertial 

• Turbulent 

viscous 

• Cavitation 

104-106 1-200 

Rotor-stator mixer Rotor • Turbulent 

inertial 

• Turbulent 

viscous 

• Laminar 

viscous 

103-105 20-500 
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Microfludization Pump • Turbulent 

inertial 

• Turbulent 

viscous 

• Cavitation 

104-106 1-200 

Ultrasonication Ultrasound • Cavitation 103-105 Low to 

medium 

Membrane 

emulsification 

Trans-

membrane 

pressure 

• Laminar 

viscous 

10-103 Low to 

medium 

[Adapted from Håkansson & Rayner, (2018)]. 

 

In this study, a high-pressure homogenization method was employed to prepare TRF-

based nanoemulsion. This method utilizes a high-pressure homogenizer to further reduce 

the coarse emulsion droplets into smaller sizes with a narrow distribution. This reduction 

is achieved by forcing the emulsion through a valve, creating a narrow gap of 10 to 100 

µm under high pressure (50 to 200 MPa) (Håkansson & Rayner, 2018). Initially, the 

emulsion fluid passes through the valve to accelerate its velocity to 100 m/s, resulting in 

an elongational flow at the valve entrance. The high velocity reduces the local pressure 

below the vapor point, forming cavitation bubbles. As these bubbles move downstream 

in the valve, they are exposed to higher local pressure and burst, generating shock waves. 

These fluids flow as laminar or transitional flow within the narrow gap. Upon entering a 

larger outlet chamber, a jet is formed (Gothsch et al., 2015), and the kinetic energy is 

converted into turbulence. Breakup of the emulsion droplets occurs in the jet generated 

downstream of the gap (Bisten & Schuchmann, 2016; Kelemen et al., 2014). High-

pressure homogenization methods enable the production of nanoemulsions with droplet 

sizes below 500 nm, ensuring stability during storage and the retention of desired 

properties (Håkansson, 2018). Numerous studies have reported enhanced delivery 

systems, bioactivity, physical properties, and stability using the high-pressure 

homogenization method for various compounds such as quercetin (Melchior et al., 2023), 

rosehip (Rosa canina L.) nectar (Saricaoglu et al., 2019), curcumin (Guan et al., 2023), 

tocopherol (Lee et al., 2020), and clove essential oil (Yin et al., 2023).  

 

2.5.1  Stability and Application of Nanoemulsions in Food  

 

Stability is a critical property of nanoemulsions, referring to their ability to resist changes 

in properties over time (Huck-Iriart et al., 2011). Nanoemulsions formed through high-

energy methods such as high-pressure homogenization, microfluidization, and phase-

inversion temperature methods are thermodynamically less stable compared to 

microemulsions (Simonazzi et al., 2018). 

 

Nanoemulsions can become unstable due to environmental factors like thermal and 

mechanical stress, biological interactions, or physical evolution processes (Leal-

Calderon et al., 2007). Common destabilization mechanisms affecting nanoemulsion 

stability include Ostwald ripening, coalescence, gravitational separation, and 

flocculation (McClements & Jafari, 2018). These mechanisms become more pronounced 

Table 2.1: Continued.  
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in nanoemulsions with droplet diameters above approximately 180 nm (McClements & 

Rao, 2011). Nanoemulsions are especially susceptible to Oswald ripening, often 

followed by creaming, flocculation, and other physical instability (Simonazzi et al., 

2018). For nanoemulsions with droplet size below 180 nm, Brownian motion becomes 

the dominant destabilization mechanism rather than gravitational forces. Macroscopic 

properties such as stability against sedimentation or creaming, rheology, reactivity, 

optical transparency, and biological activity change significantly with decreasing droplet 

size from microemulsion to nanoemulsions, even when produced using the same 

formulation (McClements, 2011; Solans & Solé, 2012). Extremely small droplet size and 

adequate use of emulsifying agents can extend the storage stability of nanoemulsions. To 

counter Ostwald ripening, ripening inhibitors can be added to the oil phase before 

forming nanoemulsions such as triglyceride (Julian McClements et al., 2012; Lim et al., 

2011; Park et al., 2020) 

 

Over the last decade, emulsions have played a crucial role in the texture, rheology, and 

sensory properties of numerous food products, including salad dressing, cream, desserts, 

mayonnaise, and beverages (Coupland & Sigfusson, 2005). As consumer demand for 

nutritious and functional foods continues to rise, the food industry is increasingly 

fortifying or enriching food products with a variety of micronutrients to enhance their 

nutritional profiles. Consequently, nanoemulsions have found expanded applications in 

food products due to their ability to efficiently deliver lipophilic compounds into aqueous 

food matrices. These compounds include bioactive substances, oil-soluble vitamins, 

aromas, colour, flavours, and essential oils (Donsì et al., 2013; Jaiswal et al., 2015; Rafiee 

& Jafari, 2018). The use of encapsulation minimizes alterations in food flavour and 

appearance, as it shields active compounds from interacting with the food matrix (Donsì 

& Velikov, 2019). Extensive research has been conducted on encapsulating various 

micronutrients in nanoemulsions, including conjugated linoleic acid (Fernandez-Avila et 

al., 2017), fish oil (Walker et al., 2015), vitamin A (Ricaurte et al., 2016), D (Ozturk et 

al., 2015), E (Ozturk et al., 2014) among others. For lipid-soluble active compounds, a 

carrier oil such as palm oil, medium-chain triglycerides (MCT), or orange oil has been 

encapsulated for preservation purposes (Katouzian & Jafari, 2016).  

 

From an industry perspective, nanoemulsions should meet several criteria: the 

ingredients must be certified as food-grade, preferably all-natural. Nanoemulsions 

should also effectively disperse payload compounds into the food system to enhance 

physicochemical stability and minimize adverse effects on food quality. Moreover, 

nanoemulsions should protect active compounds from degradation due to exposure to 

heat, light, pH, and chemical reactions with other food ingredients. Additionally, the 

formation of nanoemulsions should improve payload uptake during consumption and 

enable the controlled release of compounds in response to specific environmental stimuli 

(Donsì, 2018; Donsì, Sessa, et al., 2011; McClements et al., 2007).  
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2.6  Physicochemical Characterization of Nanoemulsions 

 

2.6.1  Zeta Potential 

 

Zeta potential represents the electrical potential at the “shear plane”. It quantifies the 

distance from the droplet surface below which the counter-ions remain strongly attached 

when the droplet moves in an electrical field (McClements et al., 2007). Practically, the 

electrical properties of an emulsion droplet are determined by measuring the adsorption 

of charged counter ions. The electrical characteristics of emulsion droplets depend 

heavily on the types of emulsifiers used. Small droplet charges are obtained when 

emulsions are stabilized by nonionic surfactants, like Tweens and Spans. Anionic 

surfactants (lecithin, fatty acids, diacetyl tartaric acid ester of mono- and diglycerides, 

citric acid esters of mono and diglycerides and polysaccharide emulsifiers (modified 

starch, gum Arabic, beet pectin) yield a negative charge, while using protein emulsifiers 

below their isoelectric point results in a positive charge, and a negative charge is obtained 

when used above the isoelectric point, for instance, whey protein, casein, and soy 

proteins (McClements et al., 2007).  

 

2.6.2  Particle Size Distribution (PSD) 

 

Particle Size Distribution (PSD) measures the proportion of particles in different size 

classes (McClements, 2004). The results are usually presented in tables or plots, 

displaying particle concentration by volume or number percentage,  with droplet size 

measured in diameter or radius. It assesses central tendency (mean, median, or mode) 

and distribution width (standard deviation). The PSD of nanoemulsions can be 

influenced by homogenization conditions such as intensity or duration of energy input. 

Moreover, changes in system composition, including the type and concentration of 

emulsifier used, can regulate the PSD of nanoemulsions (McClements et al., 2007). 

Small droplet sizes are achieved with high homogenization intensity, long duration, or a 

high emulsifier concentration (Walstra, 1993). 

 

2.6.3  Polydispersity Index  (PDI) 

 

The polydispersity index (PDI) gauges particle size distribution and formulation 

homogeneity. A PDI below 0.2 indicates a narrow droplet size distribution in 

nanoemulsions (monodispersed), while a PDI nearing 1 signifies very high particle size 

heterogeneity (polydisperse) (Sail et al., 2018). Some studies have reported that the PDI 

value of curcumin-loaded Pickering emulsion formed using PPI and dextran ranged 

between 0.2 to 0.3 (Kim et al., 2024), while emulsions loaded with olive oil produced 

from PPI-guar gum range from 0.19 to 0.54 (Kamer, 2024). The PDI serves as an 

emulsion stability indicator.  Study found that nanoemulsion of baru seed oil obtained 

low PDI (< 0.39) stable over 28 days of storage at 25 °C (Paulo et al., 2023). Another 

study also shows that nanoemulsion with low PDI (< 0.2) obtained good stability at 4 °C 

in storage conditions and at 37 °C in diluted conditions (Lefebvre et al., 2017).  
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2.6.4  pH Profile 

 

It was found that pH significantly affects emulsion stability as proteins and 

polysaccharides emulsifiers have distinct optimum solubility and isoelectric points 

(Fioramonti et al., 2015). As the pH value approaches the emulsifier’s isoelectric point, 

the net charge approximates zero, increasing the likelihood of aggregation and reducing 

protein solubility (H. Chen et al., 2014). When the pH value shifts away from the 

isoelectric point, the net charge of the protein increases, protein molecules repulse each 

other, which increases the interaction between protein and solvent and the diffusion rate 

at the interface (Zhang et al., 2023). Therefore, the emulsification properties of the 

protein are enhanced, resulting in better emulsion stability. Study shows that Pickering 

emulsion formed by PPI and octenyl succinic anhydrate corn starch exhibited 100% 

flocculation index under pH 3 to 5 while the particle size of the emulsion were consistent 

at pH 6 to 7 (Liu et al., 2024).  Another study shows that droplet size of emulsion 

stabilized by pea protein-sodium alginate complex affected by pH. A large droplet size 

was obtained at pH 6 due to protein aggregation. Small and uniform droplets formed 

attributed to the strong negative charge at pH 11, which reduces the interfacial tension 

readily due to electrostatic repulsion (Kim et al., 2022).  

 

2.6.5  Viscosity   

 

Viscosity can be measured using a viscometer equipped with a spindle. The sample is 

placed in the calibrated spindle, and measurements are taken as the spring deflects due 

to viscous drag when the spindle moves. The rotary transducer aids in measuring spring 

deflection (Sail et al., 2018). Dilute emulsions with low viscosity are characterized in 

terms of apparent shear viscosity. Emulsion shear viscosity is determined by the 

continuous phase viscosity (ηC), droplet concentration (φ), and the nature of droplet–

droplet interactions (w): η = ηC × f (φ,w) (McClements, 2004).  

 

Nanoemulsion viscosity is greatly influenced by the composition, structure of 

nanoemulsions, oil content, and the type and concentration of added emulsifiers 

(McClements et al., 2007; Sail et al., 2018). A study by Lim et al. (2024) shows that 

emulsion stabilized by the PPI-INU complex obtained higher viscosity than PPI alone 

due to an increase of droplet size. The complex of protein-polysaccharide position 

readily at the interface with hydrophilic properties contributed by the polysaccharides on 

the protein molecules. As a result, the complex forms a thick coating layer around the 

core material, causing larger droplet sizes. Furthermore, the viscosity of emulsion 

increased with oil content as it reduces turbulence during homogenization, causing a 

reduction of droplet breakage, hence, resulting in larger droplet size (Kim et al., 2022). 

Moreover, increasing droplet concentration initially raises emulsion viscosity, which 

then increases steeply as droplets become densely packed. Emulsions display solid-like 

behavior, including viscoelasticity and plasticity, at and above a critical droplet 

concentration (typically around 50% to 60% for a non-flocculated O/W emulsion) 

(McClements, 2004). A sharp increase in emulsion viscosity depends on the nature of 

droplet interactions in the system, with strong attractive or repulsive interactions leading 

to variation (McClements,2005a).  
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Flocculation often occurs during storage, the emulsion viscosity tends to rise due to 

increased effective particle concentration within the floc structure. Additionally, 

flocculation arises in shear-thinning solutions, where increasing shear stresses induce 

deformation and breakdown of the floc structure (McClements et al., 2007). Therefore, 

monitoring the viscosity of nanoemulsion systems is crucial for assessing their stability.  

 

 

2.6.6  Storage Stability  

 

The storage stability of nanoemulsions can be determined by various methods, including 

thermal stability measurement, centrifugation assay, freeze-thaw cycles, and stability to 

changes in ionic strength. These studies aim to determine how long nanoemulsion 

systems can remain stable without physical changes (such as Ostwald ripening, 

coalescence, creaming, and sedimentation) and chemical changes (like the degradation 

of active compounds). These investigations provide valuable insights for estimating the 

shelf life of nanoemulsion systems (Nankar et al., 2016).  

 

2.7 Spray Drying 

 

Spray drying is an economical and effective method known for its high drying rates and 

short residence times, making it ideal for drying and encapsulating heat-sensitive 

bioactive compounds (Araujo-Díaz et al., 2017). Encapsulation enhances the stability of 

bioactive compounds during storage and transportation, thus extending the shelf life of 

the end products. Moreover, the spray drying of hydrophilic bioactive compounds can 

enhance their in vitro bioaccessibility and bioavailability (Rehman et al., 2021; 

Timilsena et al., 2017).  

 

The conventional spray-drying method for microencapsulation involves four key steps: 

emulsion preparation, homogenization, atomization, and dehydration (Shahidi & Han, 

1993). During spray drying, the liquid feed material containing bioactive compounds is 

atomized into a drying chamber. Atomization generates small droplets that facilitate 

rapid water evaporation when they come into contact with hot air. Subsequently, the 

spray-dried microcapsules are separated by a cyclone and collected at the outlet (Poozesh 

et al., 2020). Inlet temperatures typically range from 150 to 200 °C, with outlet 

temperatures between 70 to 90 °C. Despite the high drying temperatures, the contact time 

between the hot air and spray-dried microcapsules is very brief (a few seconds), allowing 

the materials to cool rapidly after spraying (Samborska et al., 2005).  This makes spray 

drying suitable for heat-labile bioactive compounds and food ingredients. However, it is 

important to note that spray drying has some limitations, including relatively low drying 

yields (typically 50% to 70%), challenges in controlling particle size and distribution, 

inability to produce nanoparticles, and the need for optimization (Jafari et al., 2021).  

 

The selection of appropriate wall materials is a crucial aspect of microencapsulation. 

These materials should possess desirable emulsification properties, a high glass 

transition temperature, good film-forming characteristics, and efficient drying properties. 

Wall materials with excellent emulsification properties enhance the stability of feed 
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emulsions containing hydrophobic ingredients. When dealing with materials high in 

sugar content, selecting wall materials with a high glass transition temperature is 

essential to minimize stickiness during spray drying. Effective film-forming properties 

are crucial for creating a protective capsule around the core material (Jafari et al., 2021). 

Additionally, wall materials with high water solubility can yield low-viscosity feed 

solutions, facilitating spraying and pumping during the spray-drying process (Teo et al., 

2021). It is also preferable to choose wall materials that have a neutral taste, are non-

hygroscopic, cost-effective, readily available, do not interact negatively with the core 

materials, and have a high atomization drying capacity (Arpagaus, 2019; Wlodarkievicz 

et al., 2022). In the context of this study, the wall materials used to create microcapsules 

based on TRF are M, OSS, and INU. 

 

2.7.1 Maltodextrin (M) 

 

Maltodextrin (M) is a product of starch hydrolysis through acid or enzyme processes. Its 

structure consists of D-glucose polymers linked by α-(1,4) and α-(1,6) linkages (Garnero 

et al., 2013).  It exhibits a dextrose value equivalent ranging from 3 to 20, signifying a 

mixture of high and low molecular-weight substances (Saavedra-Leos et al., 2015). 

Maltodextrin has applications in various industries, including food, pharmaceuticals, 

cosmetics, and agriculture (Xiao et al., 2022). It is one of the most commonly used wall 

materials for microencapsulation of bioactive compounds due to its low viscosity at high 

solid concentrations, affordability, colourlessness, neutral taste, and aroma (Da Costa et 

al., 2013; Fernandes et al., 2014). Maltodextrin also offers good oxidative stability 

(Gharsallaoui et al., 2007; Jafari et al., 2008), thermal stability, freeze stability 

(Fioramonti et al., 2017), and stability in low pH conditions (Shepherd et al., 2000). 

Maltodextrin enhances the solids concentration of emulsion systems, leading to the 

formation of a protective crust over the dried droplets, safeguarding core materials from 

oxidation (Zhu et al., 2022). Moreover, maltodextrin can enhance the hygroscopicity and 

microencapsulation efficiency (MEE) of microcapsules. The residual moisture content 

(MC) of maltodextrin-based microcapsules typically ranges from 3.3 to 3.9% (Seid 

Mahdi Jafari et al., 2021). Several studies have demonstrated enhanced encapsulation 

efficiency by combining maltodextrin with other wall materials to encapsulate 

hydrophobic core material, such as trehalose (Nguyen et al., 2022; Teo et al., 2021), gum 

Arabic (Laureanti et al., 2023), and gelatin (Kosasih et al., 2023).   

 

2.7.2 Starch Sodium Octenyl Succinate (OSS) 

 

Starch sodium octenyl succinate (OSS) is a food additive approved by regulatory 

authorities such as the Food and Drug Administration (FDA), European Food Safety 

Authority (EFSA), and China Food and Drug Administration (CFDA). It is a modified 

food starch derived from the esterification of octenyl succinic anhydride (Long et al., 

2022). During this esterification process, starch is transformed into an amphiphilic 

polymer by incorporating both hydrophilic carboxylic acid groups and long-chain 

oleophilic alkenyl groups simultaneously (Joye & McClements, 2013). It is subsequently 

neutralized with sodium hydroxide (NaOH) (Song et al., 2006). The OSS possesses both 

hydrophilic and hydrophobic properties, making it suitable as an emulsifier, thickener, 

and wall material for microencapsulating bioactive compounds (Liu et al., 2018). 
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Previous studies have used OSS to produce composite films for the encapsulation of 

functional active substances in controlled release systems (Łupina et al., 2022). Another 

study demonstrated that combining OSS with M in the encapsulation of flaxseed oil 

resulted in higher encapsulation efficiency than the combination of M and whey protein 

concentrate. Emulsions prepared using M and OSS exhibited lower viscosity compared 

to those using M and gum Arabic (Carneiro et al., 2013). Furthermore, encapsulation of 

camellia seed oil using wall material of whey protein concentrate and OSS also 

demonstrated a higher encapsulation efficiency and oxidative stability over 45 days of 

storage at 25 °C as compared to whey protein concentrate and M (Song et al., 2022). 

Therefore, OSS holds promise as a material for encapsulation in both the food and 

pharmaceutical industries.  

 

2.7.3 Inulin (INU) 

 

Inulin (INU) recognized as GRAS by the FDA, is a fructan-type oligosaccharide 

naturally occurring in over 36,000 plants, including oats, leeks garlic, and onions. 

Commercially, INU is primarily obtained from members of the Asteraceae family, such 

as chicory (Afinjuomo et al., 2019). It is a carbohydrate similar to M, consisting of long-

chain molecules with a molecular weight exceeding 52 kD (Leyva-Porras et al., 2014). 

The unique structure comprises D-fructose units linked by β-2,1 glycosidic bonds, 

allowing it to adopt various structures due to the single atom in the polymer backbone 

connected to the fructose ring (Beirão-da-Costa et al., 2013). The INU is a dietary fibre 

that remains undigested in the small intestine but can be partially or completely 

metabolized by colonic microbiota, providing potential health benefits (Tripodo & 

Mandracchia, 2019). In addition, consuming INU can enhance calcium bioavailability 

(Saénz et al., 2009), has immunomodulatory properties (Beirão-da-Costa et al., 2013), 

and anticancer effect (Korbelik & Cooper, 2007). 

 

In addition to its health-related advantages, INU serves as a wall material for 

microencapsulation. Its resistance to pH variations and indigestible nature in the stomach 

and small intestine makes it a suitable candidate for the slow release of drugs in 

gastrointestinal drug delivery systems (Barclay et al., 2010; Wang et al., 2019). The INU 

has also been employed in microbially activated drug delivery systems, delivering drugs 

specifically to the colon, where colonic microbiota metabolize and release the drug 

(López-Molina et al., 2015). The low hydrolysis capacity of INU is resistant to pH 

variations (Dima et al., 2016). The INU exhibits low hydrolysis capacity and protects 

bioactive compounds along the digestive tract until they are released and absorbed by 

the intestine (Beirão-da-Costa et al., 2013). Additionally, INU offers biodegradability, 

renewability, non-toxicity, and other favorable properties compared to other 

polysaccharides  (Afinjuomo et al., 2019). Several studies have been conducted using 

INU to encapsulate food microbes, including Lactococcus lactis (Rosolen et al., 2019) 

and  Lactobacillus acidophilus (Nunes et al., 2018). One study found that INU, when 

combined with whey cheese as wall material, effectively protects Lactococcus lactis 

(Rosolen et al., 2019). Encapsulation efficiency was enhanced by incorporation INU with 

other wall materials such as brea gum (Castel et al., 2018) and Hi-maize (Nunes et al., 

2018; Xavier et al., 2019). Another study reported achieving good powder quality by 

encapsulating corn oil using a combination of INU and brea gum as wall material (Castel 

et al., 2018). 
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2.8 Characterization of Microcapsule 

 

2.8.1 Microencapsulation Efficiency (MEE) 

 

Microencapsulation efficiency (MEE) is a pivotal parameter for assessing the 

effectiveness of encapsulating oils within spray-dried microcapsules. It quantifies the 

amount of surface oil (SO) contained within the microcapsules using a solvent extraction 

method. To determine MEE, we measure both the amount of SO and the total oil (TO). 

The SO refers to the oil located on the particle surface, while TO encompasses the TO 

content, including both the core and SO of the powders (Jafari et al., 2008). Several 

factors influence the MEE of microcapsules, such as the concentration and molecular 

weight of the wall material, the solubility of the wall material in the solvent, the ratio of 

the lipid phase to the aqueous phase, the core-to-wall ratios, and interactions between the 

core material and the wall material (Jyothi et al., 2010). The choice of the wall material 

plays a crucial role in microencapsulation, as it determines the ability to encapsulate and 

seal core materials within the microcapsule during storage and processing. This 

significantly impacts the integrity and porosity of the microcapsules (Murúa-Pagola et 

al., 2009). 

 

2.8.2 Moisture Content (MC) 

 

Moisture content (MC) refers to the water content within a food system. Its importance 

lies in its impact on food stability, as it can lead to lipid oxidation and microbial spoilage 

(Le Priol et al., 2019). In the food industry, it is generally recommended to maintain the 

MC of 3 to 4% in powders (Song et al., 2022). 

 

2.8.3 Water Activity (Aw) 

 

Water activity (aw) measures the free or unbound water present in microcapsules. It 

assesses the availability of water for biochemical reactions and plays a vital role in 

evaluating the quality, shelf-life stability, and retention of bioactive compounds in 

microcapsules. Microcapsules with an aw ranging from 0.2 to 0.3 demonstrate stability 

against oxidation (Al Mubarak et al., 2019). 

 

2.8.4 Flowability and Cohesiveness  

 

Flowability refers to the movement of particles relative to neighboring particles or along 

the container’s wall (Kalman, 2021) and is determined by the Carr Index (CI). 

Cohesiveness, on the other hand, is indicated by the Hausner ratio (HR), which is the 

ratio of tapped density to bulk density. The low cohesiveness of microcapsules indicates 

that the attractive forces between adjacent particles or molecules within the same matrix 

are weak. This is desirable to avoid issues like caking and agglomeration during storage 

of the microcapsules (Leyva-Porras et al., 2014).  
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2.8.5 Peroxide Value (PV) 

 

The oxidation of lipids in food products is an unavoidable degradation process that can 

lead to reduced levels of fat-soluble vitamins, taste issues, the generation of off-flavours, 

and even the formation of food toxins that can cause food poisoning. To address these 

problems, Peroxide Value (PV) has become a valuable indicator for assessing the extent 

of lipid oxidation in fats and oils. The PV quantifies the lipid peroxides that form in the 

early stage of lipid oxidation (Shantha & Decker, 1994). These peroxides are produced 

when unsaturated carbon-carbon double bonds break down (Pratt et al., 2011). According 

to Codex Alimentarius (2001), good oil quality is indicated by a PV below 5 mEq/kg, 

while rancid oil typically has a PV of above 10 mEq/kg. 

 

2.9 Application of Tocotrienol Microcapsule in Food Matrix  

 

Vitamin E is commonly acquired from daily food intake with the recommended dietary 

allowance (RDA) of 15 m/day for adolescents, adult men, and non-lactating women 

(Saini & Keum, 2016). However, vitamin E deficiency is commonly found in 90% of 

individuals in US who fail to consume the required amount stated by RDA (Saini & 

Keum, 2016). This is attributed to the consumption of unbalanced diets, excessive 

workouts, stressful lifestyles, pregnancy, and lactation (Wijekoon et al., 2023). 

Therefore, to increase the daily intake of vitamin E in the diet, various studies are 

conducted to fortify these bioactive compounds into food matrixes such as yogurt (Tan 

et al., 2018), orange juice (Sultana et al., 2023), fresh pork sausages (Georgantelis et al., 

2007), infant formula (Zou & Akoh, 2015) and salad dressing (Let et al., 2007). In this 

study, TRF was fortified into mayonnaise as a food matrix to study the protective effect 

of microcapsules to extend the oxidative and physicochemical stability of TRF.  

 

2.9.1 Mayonnaise 

 

Mayonnaise, an O/W emulsion, is a creamy, semi-solid dressing with a slightly sour 

taste. It is typically produced under low pH conditions, around 3.6 to 4.0 (Krishnamurthy 

& Witte, 1996). Mayonnaise consists of three key components: the dispersed phase, 

which comprises 65 to 85% vegetable oil; the continuous phase, made up of vinegar and 

water; and the interface, primarily consisting of egg yolk,  which acts as an emulsifier 

(Abdolmaleki et al., 2019; Li et al., 2014). Mayonnaise is commonly used as a dressing 

for seasoning and flavouring purposes (Ribes et al., 2019). Currently, consumers are 

increasingly seeking more nutritious mayonnaise options that offer additional nutritional 

benefits to their meals. As a result, researchers have explored fortifying mayonnaise with 

various bioactive compounds, such as natural antioxidants, antimicrobial extracts, and 

premium oils, to enhance its nutritional value (Miguel et al., 2019; Rabbani et al., 2021; 

Song & McClements, 2021; Yesiltas et al., 2021). The fortification of natural 

antioxidants in mayonnaise can provide health-promoting benefits while maintaining a 

natural appeal, expanding the product's appeal to a broader consumer base (Hermund & 

Yes, 2015). Furthermore, the addition of natural antioxidants to mayonnaise has the 

potential to improve the oxidative stability of the oil (Gorji et al., 2016).  
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2.10 Summary  

 

In this study, pea protein and flaxseed gum were selected to form a complex to stabilize 

nanoemulsion, which was based on a few criteria. Firstly, pea protein is a protein-rich 

leguminous plant that contains approximately 20 to 30% protein. The protein fraction is 

made up of a high content of globulin (65 to 80%) and 10 to 20% albumin. Both protein 

fractions demonstrate high foaming capacity and emulsifying properties which make it 

a suitable emulsifier to form nanoemulsion. However, its functionality was limited by its 

low solubility. To maximize the protein functionality, pH shifting and thermal treatment 

were applied to modify the protein into a molten conformational state. Secondly, FG acts 

as an effective emulsion stabilizer in O/W emulsion by enhancing the viscosity of the 

aqueous phase. FG stabilizing effect was due to its water-soluble nature contributed by 

the mucilaginous material (soluble gum), which was obtained from the outermost layer 

of the hull. Additionally, it enhances rheological properties, including emulsification and 

thickening, along with high water-holding capacity. Thirdly, PPI functions as an 

emulsifier while FG functions as an emulsion stabilizer. The complexation of PPI and 

FG by electrostatic interactions works synergistically in producing a more stable TRF-

based nanoemulsion. Besides, the high FG portion of the complex exhibited the highest 

emulsion activity index and emulsion stability index while reducing the creaming index 

of the nanoemulsion. This is due to a thick and compact coating layer formed around the 

TRF, thus reducing the phase separation. With the aid of wall material, the complex 

encapsulated TRF effectively, which helps to reduce thermal degradation during 

microencapsulation by spray drying. Therefore, it was proposed that the complexation 

of PPI and  FG could contribute to higher emulsion stability and protection.   
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CHAPTER 3 

 

PREPARATION OF STABLE TOCOTRIENOL-RICH NANOEMULSIONS 

USING PEA PROTEIN ISOLATE-FLAXSEED GUM COMPLEXES 

 

3.1 Introduction  

 

Emulsifiers are the key ingredients in the formation and stabilization of nanoemulsions. 

According to the current modern food trend, consumers often look for plant-based and 

clean-label food products. These lead to an upsurge in demand for plant-based 

ingredients among food industries to replace the commonly used animal-based or 

synthetic emulsifiers. Recently, plant proteins have received a lot of attention in the food 

industry and become good alternatives to animal-based proteins (Burger & Zhang, 2019). 

When the protein is adsorbed at the oil-water interfaces, the molecules can unfold to 

maximize the number of hydrophobic groups in contact with the surface (Chen et al., 

2023). This allows the hydrophilic groups to rearrange and protrude to the water phase. 

The amphiphilic properties of a protein are vital as they can reduce the interfacial tension 

and stabilize the oil-water interface (Burger & Zhang, 2019). 

 

Pea protein has gained popularity in recent years due to its nutritional properties, 

functionalities, and wide applications. It is an amphiphilic macromolecule, that consists 

of both polar and non-polar regions, which makes it a potential emulsifier (Jiang et al., 

2019). Pea contains 20 to 30% protein, with the major protein fraction consisting of 65 

to 80% of globulins and 10 to 20% of albumins (2S; 5 to 80 kDa). Globulins exhibit 

better emulsification properties. The major globulins present in pea protein are legumin 

(11S; ~40 kDa), vicilin (7S; ~175 kDa), and convicilin (7 to 8S; ~290 kDa) (Li et al., 

2024; Lam et al., 2018). In globulin fraction, vicilin promotes emulsion stability while 

legumin increases the emulsion capacity, which helps in enhancing the emulsifying 

properties of the pea protein. However, most of the native pea proteins exhibit low 

solubility and poor functionalities under neutral pH (7), which limits their applications. 

A series of pH-shifting treatments or a combination of pH-shifting with thermal 

treatments are proposed to improve the pea protein solubility in water (Jiang et al., 2014; 

Yi et al., 2020). These treatments alter the structure of protein and enhance the 

amphiphilic properties of protein polypeptides, thereby increasing its solubility (Jiang et 

al., 2014).  

 

Flaxseed gum (FG) is a water-soluble, mucilaginous material obtained from the 

outermost layer of flaxseed (Liang et al., 2018). It possesses excellent emulsification, 

thickening, and weak gelling properties as well as strong water-holding capacity. 

Therefore, it is broadly utilized as an additive in food, cosmeceutical, and pharmaceutical 

products (Liu, Shim, Shen, et al., 2016). It is reported as an emulsion stabilizer. The 

protein-polysaccharide complexes are important in interfacial network formations to 

improve the stability and rheological behaviors of the products (Sun et al., 2023). 

Numerous studies have reported the synergistic effects of protein and polysaccharide in 

enhancing emulsion stability through the formation of a thicker interfacial layer via 

electrostatic interaction (Wang et al., 2023; Berton-Carabin et al., 2014). Protein-
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polysaccharide complexes work synergistically whereby the role of protein is to emulsify 

O/W emulsions while the polysaccharides stabilized by increasing the viscosity to retard 

collision emulsion. The complexation between protein and polysaccharide at the oil 

droplet surface can enhance steric stabilization. In the presence of polysaccharides, the 

droplet size and the rate of creaming may be reduced as bridging flocculation does not 

occur. Without enzymatic or chemical modifications, the complexation of protein and 

polysaccharide can lead to improved functionalities (Liu et al., 2010). 

 

Vitamin E derived from palm oil exhibits strong antioxidant properties and beneficial 

biological activities (Pierpaoli et al., 2010; Sen et al., 2010; Wang et al., 2020) Vitamin 

E comprises two different classes, namely tocopherols, and tocotrienols. Each class of 

vitamin E consists of four derivatives which are alpha (α-), beta (β-), gamma (γ-), and 

delta (δ-) (Ghosh et al., 2020). Both tocopherols and tocotrienols play a vital role in 

reducing the risk of atherosclerosis, neurodegeneration, cancer, and aging caused by 

reactive oxygen and nitrogen species (Sen et al., 2010; Pang & Chin, 2019). Tocotrienols 

possess higher anticancer activity compared to tocopherols (Ghosh et al., 2020). Owing 

to the nutritional benefits, numerous research has been carried out to incorporate these 

bioactive compounds into food applications. However, the low aqueous solubility and 

poor intestinal permeability of both tocopherol and tocotrienol pose great challenges in 

food product development. Furthermore, the polyunsaturated phytol side chain of 

tocotrienols is prone to oxidation when exposed to various environmental stresses for 

instance heat, light, or oxygen (McClements & Xiao, 2012; Sultana et al., 2023).  

 

To overcome the limitations of tocotrienols, one of the promising solutions is fabricating 

nanoemulsions (Yang & McClements, 2013). The average oil droplet diameters of 

nanoemulsions range from 10 to 100 nm, which enhances their dispersion in an aqueous 

system. Moreover, the increased surface area of the droplets improved the 

bioaccessibility, bioavailability, and control release of the functional compounds (Donsì 

& Velikov, 2019) Nanoemulsions are easily produced and often exhibit high 

physicochemical stability.  All the advantages have led to the increased popularity of 

nanoemulsions over conventional emulsions in recent years. 

 

In this study, treated pea protein isolates (TPPI) produced through pH-shifting and 

thermal treatment were combined with FG at various ratios (3:1, 5:1,7:1, 9:1, and 11:1), 

as determined by preliminary studies. The turbidity profiles, zeta potential, and optimal 

working pH of the complexes were investigated. Subsequently, the tocotrienol-rich 

fraction (TRF)-based nanoemulsions were fabricated using the resulting complexes. The 

nanoemulsions were characterized in terms of the droplet size, PDI, zeta potential, 

viscosity, pH, emulsion activity index (EAI), and emulsion stability index (ESI). The 

optimal nanoemulsion formulation was selected based on a further evaluation under a 7-

day short-term stability study at 25 °C.  The complexation between TPPI and FG may 

provide new insight for developing stable formulations to deliver lipophilic bioactive 

compounds. 
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3.2 Materials and Methods 

 

3.2.1  Materials  

 

The emulsifiers, PPI, and FG were supplied by Emsland Group Sdn. Bhd (Wietzendorf, 

Germany) and Qingdao Dehui Halobios Science and Technology Co., Ltd (Qingdao, 

China), respectively. The palm TRF suspension is provided by ExcelVite Sdn. Bhd. 

(Chemor, Malaysia) consisted of 38.5 to 42.0% of total tocotrienols, 9.5 to 14.0% of 

tocopherol, 30.0 to 45.0% of palm olein (monoglyceride, diglyceride, and triglyceride), 

1.0 to 3.0% of plant squalene, 0.03 to 0.07% of mixed carotene complex predominantly 

β-carotene, and 2.0 to 4.0% of sterol complex predominantly β-sitosterol. The active 

ingredients predominantly of d-α-tocopherol (9.5 to 14.0%), d-γ-tocotrienol (17.5 to 23.0 

%), d-α-tocotrienol (12.0 to 16.0%), d-δ-tocotrienol (4.0 to 7.0%), and d-β-tocotrienol 

(minimum of 1.9%).  Furthermore, the Bradford reagent was purchased from Sigma-

Aldrich Pty. Ltd (Darmstadt, Germany). Deionized water was used in all sample 

preparations and analyses. 

 

3.2.2  pH-Shifting and Thermal Treatment of PPI 

 

The PPI was subjected to pH shifting and thermal treatment to maximize its solubility 

before forming a complex with FG using the method reported by Yi et al., (2021) with 

minor modifications. The PPI solution (2%, w/w) was adjusted to pH 12.0 ± 0.2 using 1 

M NaOH and magnetically stirred overnight to ensure complete hydration of the protein. 

Next, the PPI solution was thermally treated at 88 oC for 30 min in a stirring water bath 

for the protein unfolding and refolding processes. Then, the solution was immediately 

cooled down to 25 oC. The pH of the PPI solution was adjusted to pH 6.0 ± 0.2 using 

0.25 M hydrochloric acid with continuous stirring at 750 rpm for 10 min. Subsequently, 

the resulting protein solution was centrifuged at 8610 rpm for 15 min to eliminate the 

insoluble residues. The supernatant was collected and known as TPPI.  

  

3.2.2.1 Protein Solubility 

 

The protein solubility of PPI and TPPI was evaluated using the method reported by 

Tomotake et al. (2002) with some minor modifications reported by the Bradford method 

(Bradford, 1976). The soluble protein concentrations of both 1% (w/w) native PPI and 

TPPI were compared as a function of pH ranging from 7.0 to 2.0. After the pH 

adjustment, the PPI and TPPI solutions were stirred for 30 min and centrifuged at 6000 

rpm for 20 min. The supernatant which contained the soluble protein was measured using 

the Bradford method with Cary 60 UV-visible spectrophotometer (Agilent Technologies, 

California, USA) at 595 nm. Three measurements were performed on each sample as 

replicates. Bovine serum albumin (BSA) was used as the standard. The soluble protein 

concentrations in the samples were quantified using the constructed calibration curve 

with concentrations ranging from 0.05 to 1.6 mg/mL. The protein solubility of the 

samples was determined using the following equation: 
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 Solubility (%) = [
𝑃𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 ×50

𝑊𝑡𝑠𝑎𝑚𝑝𝑙𝑒 × (
𝑃𝑠𝑎𝑚𝑝𝑙𝑒

100
)
]  × 100% 

 

where Psupernatant represents the protein concentration in the supernatant (mg/mL); Wtsample 

represents the sample weight (mg); and Psample refers to the protein content in the sample 

(%); 50 is the dilution factor. 

 

3.2.3  Formation of TPPI-FG Complexes 

 

The solutions containing 2% (w/w) TPPI-FG complexes were prepared using a method 

modified from Wang et al., (2020). A preliminary study was conducted using TPPI and 

FG at a ratio of 1:1 to 13:1. However, the complex of TPPI-FG at a ratio of 1:1 was too 

viscous which restricted the flow of turbulence during the coarse homogenization 

process. Nanoemulsion formed using TPPI-FG at the ratio of 13:1 experienced phase 

separation within a few hours after high-pressure homogenization, therefore, this ratio 

was eliminated in this study. The TPPI was complexed with FG at different ratios (3:1, 

5:1,7:1, 9:1, and 11:1). The FG was dissolved in deionized water and stirred overnight 

at 500 rpm to ensure complete dissolution. Then, complexation was performed by mixing 

TPPI and FG solutions with continuous stirring at 650 rpm for 30 min. The formation of 

TPPI-FG complexes was studied by performing turbidimetric and zeta potential 

measurements. 

 

3.2.3.1 Turbidimetric Measurement 

 

The turbidimetric measurement was performed using the modified method reported by  

Wang et al. (2020). For turbidimetric measurements, the prepared solutions containing 

TPPI-FG complexes were further diluted to 0.08% (w/w) to reduce the absorbance 

values. Then, the pH of the resulting solutions was adjusted to a specific pH (range of 

pH 2 to 7). The pH-adjusted TPPI-FG complexes were stirred for 30 min before 

measurement using a UV-visible spectrophotometer (Cary 60, Agilent Technologies, 

California, USA) at 700 nm. The optical density (OD) of each solution was recorded. 

Three measurements were performed on each sample as replicates. The critical pH values 

of the formation of soluble complexes (pHc), insoluble complexes(pHϕ1), optimal 

complexation (pHopt), and the dissolution of complexes (pHϕ2) which involved in the 

phase transition of TPPI-FG complexes were determined graphically by the intersection 

points of two curved tangents. 

 

3.2.4 Preparation of TRF-based Nanoemulsions   

 

The TRF-based o/w nanoemulsions were fabricated using a method modified from Zang 

et al., (2019). The oil phase of the nanoemulsion consisted of 10% (w/w) palm TRF, 

while the aqueous phase was composed of 2% (w/w) TPPI-FG soluble complexes formed 

(Eq.3.1) 
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at pH 6 using different TPPI-FG ratios (3:1, 5:1, 7:1, 9:1 and 11:1). Before 

homogenization, the TPPI-FG complexes and TRF were heated to 40 oC. Next, both oil 

and aqueous phases were mixed using the high shear homogenizer (Silverson L4R, 

Silverson Machines Ltd., Chesham, England) at 7500 rpm for 5 min to form a coarse 

emulsion. Then, the coarse emulsion was further subjected to high-pressure 

homogenization (Panda 2K, GEA Niro-Soavi, Parma, Italy) at 800 bars for 5 cycles to 

produce fine nanoemulsions. The fresh nanoemulsions were characterized based on the 

droplet size, PDI, zeta potential, viscosity, pH, EAI, and ESI. The prepared 

nanoemulsions were further stored for 7 days at 25 oC to evaluate the changes in their 

droplet size distribution, PDI, zeta potential, and CI.  

 

3.2.4.1 Zeta Potential Measurement 

 

The zeta potential values of all solutions containing 0.08% (w/w) TPPI-FG complexes 

and TRF-based nanoemulsions prepared using different ratios were measured using 

Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK). For nanoemulsion 

samples, a 100-times dilution was performed before measurement. Three measurements 

were performed on each sample as replicates. 

 

3.2.4.2 Droplet Size Distribution and Polydispersity Index (PDI) 

 

The droplet size distribution and PDI of the nanoemulsions were measured using 

Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK). Nanoemulsions 

were diluted 100 times with deionized water before the measurement. The refractive 

index and temperature for water were set at 1.33 and 25 °C, respectively. Three 

measurements were performed on each sample as replicates. 

 

3.2.4.3 Viscosity 

 

The viscosity values of the nanoemulsions were measured using a vibrio viscometer (SV-

10, A&D Company, Tokyo, Japan) equipped with a tuning fork at 25 °C. Three 

measurements were performed on each sample as replicates. 

 

3.2.4.4 pH 

 

The pH values of the nanoemulsions were determined using a pH meter (Sartorius 

Portable pH Meter PT, Goettingen, Germany) at 25 °C. Three measurements were 

performed on each sample as replicates. 
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3.2.4.5 Emulsion Activity Index (EAI) and Emulsion Stability Index (ESI) 

 

The EAI and ESI were measured using the method adopted by Guo & Mu (2011), with 

minor modifications. Ten microliters of nanoemulsion were pipette from the bottom of 

the test tube right after homogenization. Then, the nanoemulsion was added with 5 mL 

of 0.1% sodium dodecyl sulfate solution and thoroughly vortexed. A Carry 60 UV-

visible spectrophotometer (Agilent Technologies, California, USA) was used to measure 

the absorbance of the solution at 500 nm. Three measurements were performed on each 

sample as replicates. The EAI and ESI were quantified using the following equations: 

 

EAI (m2/g) = 
2 ×2.303 × 𝐴0×dilution factor

𝑐 ×1×1 (1− Þ ×10000)
 

 

ESI (min) = (
𝐴0

𝐴0−𝐴10
) × t 

 

where c denotes the primary protein concentration in complex solution (g/mL); l denotes 

the optical path (0.01 m); Þ refers to the oil volume fraction of the emulsion; the dilution 

factor is 250; t is 10 min; and A0 and A10 refer to the absorbance values of the diluted 

emulsions at 0 and 10 min, respectively. 

 

3.2.4.6 Creaming Index (CI) 

 

The CI values represented the nanoemulsion stability (Chang et al., 2018). Ten millilitres 

of nanoemulsion were transferred into a 15 mL screw-capped test tube and stored for 7 

days at 25 °C. Three measurements were performed on each sample as replicates. The 

extent of phase separation represented by CI was determined as followed:  

 

CI (%) = (
HS

HE
)  × 100% 

 

where HS indicates the height of the separated layer (cm) and HE indicates the total 

emulsion height (cm). 

 

3.2.4.7 Short-term Storage Study 

 

The prepared nanoemulsions were further stored for 7 days at 25 °C to evaluate the 

changes in their droplet size distribution, PDI, zeta potential, and CI. 

 

(Eq.3.2) 

(Eq.3.3) 

(Eq. 3.4) 
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3.2.4.8 Transition Electron Microscopy (HR-TEM) 

 

The morphology of the nanoemulsions was investigated using transmission electron 

microscopy (JEOL-JEMP-2100F, Tokyo, Akishima, Japan). A drop of nanoemulsion 

was added onto a 400-mesh formvar carbon-coated copper grid (Agar Scientific Ltd., 

Essex, UK) and left to stand for 5 min. A Whatman filter paper was used to drawn-off 

the excess nanoemulsion. The grid was stained with a drop of 2% uranyl acetate for 2 

min, the excess stain was drawn off with a filter paper and was held for 5 min at room 

temperature for drying. The nanoemulsions were then analysed under TEM using the 

operation parameter of 20 kV acceleration voltage and magnification of 25000×.  

 

3.2.5  Statistical Analysis 

 

All measurement data were analyzed using the Minitab statistical software version 17.0 

(Minitab Inc., PA, USA). All experiments were replicated and triplicate measurements 

were performed on each sample. The one-way ANOVA with post-hoc Tukey’s test was 

adopted to determine the significant differences among mean values (p < 0.05). 

 

3.3  Results and Discussion 

 

3.3.1 Effect of pH-shifting and Thermal Treatments on PPI Solubility 

 

The protein solubility of both PPI and TPPI were significantly (p < 0.05) different at the 

pH range of 2 to 7, as depicted in Figure 3.1. Generally, the protein solubility of PPI and 

TPPI decreased by 17% and 55% from pH 7 to 4, respectively; while their solubility 

increased by 17% and 52%, respectively, as the pH decreased from 4 to 2. One of the 

main factors which influence protein solubility is the medium’s pH value. Pea protein 

mainly consists of globulins, whereby globulins exhibit minimum solubility when close 

to the isoelectric point (pI ≈ 4.3-4.9) while they show moderate to high solubility when 

the pH is far below or above the pI (Barać et al., 2015).  

 

At pH 7, native PPI exhibits low water solubility and poor functional properties which 

limits its applications. Therefore, pH-shifting and thermal treatments were applied. The 

treatments were found to be effective in enhancing the PPI’s solubility, as shown by the 

significant (p < 0.05) higher solubility of TPPI compared to the native PPI. The findings 

were similar to those reported by Yi et al. (2021), whereby the PPI was found to exhibit 

a higher solubility after both pH-shifting and thermal treatments.  

 

The pH-shifting is a chemical treatment whereby PPI is exposed to an extreme alkaline 

(pH 12). At alkaline conditions, many globular proteins experience significant 

conformational alteration as they are partially unfolded and refolded when the pH is 

readjusted back to neutral. These processes lead to a molten globule conformation with 

unique surface properties (Yi et al., 2021). The proteins’ conformational alterations lead 
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to spectroscopic changes when they are exposed to different pHs. This process is known 

as the Tanford transition (Tanford et al., 1959). When there is a slight shift in pH (around 

2 units), the ligand-binding and releasing efficiency of β-lactoglobulin are altered due to 

the changes in the protein structure. On the other hand, the surface hydrophobicity of the 

pea protein is raised by 62% when there is an extreme shift in pH (towards pH 12) (Jiang 

et al., 2014). The increased surface hydrophobicity is mainly due to the exposure of non-

polar amino acid residue side chains. As a result, the treated protein exhibited 

significantly improved emulsifying properties (Jiang et al., 2009). Jiang et al. (2009) 

reported the enhanced antioxidant activity and stability of the PPI-based O/W emulsions 

after using the pH-shifting treated PPI. Besides, this study also suggested the improved 

functionality of soy protein as the soy globulin structure was modified after the pH-

shifting treatment (Jiang et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Solubility of native ( ) and treated (  ) pea protein isolate at 

different pH. 

 

3.3.2 Characterization of TPPI-FG Complexes 

 

3.3.2.1 Turbidimetric Measurement 

 

The interactions between proteins and polysaccharides during complexation are crucial 

as they directly influence the resulting complexes’ emulsifying capacities. The 

interactions between protein and polysaccharide were greatly impacted by pH and 

different biopolymer mixing ratios. In this study, the turbidimetric profile of 0.08% 

(w/w) TPPI-FG complex solutions prepared using different biopolymer ratios of 3:1, 5:1, 

7:1, 9:1, and 11:1 from pH 7.0 to 2.0 was investigated using the pH titration method 

(Figure 3.2). The critical pH values associated with the structure-forming processes 

during the complexation of TPPI and FG are shown in Table 3.1. The pure TPPI solution 

was used as the control. Based on the bell-shaped curve obtained, starting from pH 7, the 

OD of the complexes started to increase slightly at pH 6.0, which indicated the formation 

of soluble complexes between both TPPI and FG. The soluble complex was formed 
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above the isoelectric point of PPI (pI = 4.9), whereby both TPPI and FG exhibited 

predominantly negative charges. Theoretically, the soluble complex formation could not 

form at pH 6.0 as negatively charged TPPI and FG repel each other with the repulsive 

coulombic forces. This has caused the  biopolymers to be spatially separated and retain 

as co-soluble due to the very dilute nature of the system. (Yi et al., 2021). However, it 

was hypothesized that the carboxyl groups on FG molecules were interacting 

electrostatically with the positive patches presented on TPPI-TPPI clusters that were 

associated with hydrophobic interaction.  Similar findings were also reported on both 

lentil protein isolate-carrageenan (Wang et al., 2022) and BSA-FG complexes (Liu et al., 

2015). When the complexes were further acidified, the nucleation and growth of primary 

soluble complexes were initiated to form the quasineutralised insoluble complexes at pH 

5.0 to 5.3 (pHϕ1). At this stage, the positively charged TPPI began to attract the negatively 

charged FG by electrostatic interactions. The OD of TPPI-FG complexes increased as 

they changed from transparent to cloudy. As the titration proceeded, the OD eventually 

reached the maximum point (pHopt) at pH 4.0. The formation of insoluble complexes had 

achieved the maximum at this stage and the electrical equivalences were achieved 

between both biopolymers. As acidification resumed, the insoluble complexes began to 

dissociate as protonation of anionic groups (carboxyl groups) of FG occurred. The 

complexes were largely dissociated at pH 1.7 to 2.1 (pHϕ2), and both TPPI and FG carried 

similar net charges (Turgeon et al., 2003).   

 

The TPPI and FG mixing ratio is vital to balance the charges between protein and 

polysaccharide, which influences the degree of complex formation. Generally, the OD 

of all complex solutions prepared using different biopolymers’ ratios was lower than the 

pure TPPI solution at the determined pH range. This was attributed to the presence of 

FG which generated electrostatic repulsion to suppress the formation of larger TPPI-

TPPI aggregates (Wang et al., 2022). As the TPPI-FG ratio increased from 3:1 to 11:1, 

the OD also increased. This was due to the reduction of FG in the complex which resulted 

in a lower degree of electrostatic repulsion, hence more TPPI aggregates were formed 

and contributed to the higher OD value.  Similar trends were observed in the lentil protein 

isolate-carrageenan complex solutions (Wang et al., 2022). When the TPPI-FG ratio 

decreased from 3:1 to 1:0, pHϕ1 and pHϕ2 tended to take place at higher pH. However, 

both the pHc and pHopt were not significantly (p > 0.05) affected by the mixing ratio 

(Table 3.1). A similar trend was reported by Liu et al. (2015), whereby the pHc of the 

BSA-FG complex was not significant as a function of different biopolymers' ratios. At 

pHopt, the net charges of the complexes were close to zero as TPPI and FG were having 

opposite charges which neutralized each other. Therefore, the complexes formed 

exhibited the highest insolubility. In summary, a soluble complex of TPPI-FG was found 

at pH 6 and was used to form nanoemulsion at difference TPPI-FG ratios (3:1 to 11:1). 
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Table 3.1: Critical pHs associated with the complexation of treated pea protein 

isolate-flaxseed gum at different ratios. 

 

TPPI-

FG 

Ratio 

pHc pHϕ1 pHopt pHϕ2 

1:0 6.00 ± 0.00A 5.30 ± 0.00A 4.00 ± 0.00A 2.10 ± 0.00B 

3:1 6.00 ± 0.00A 4.95 ± 0.21C 4.00 ± 0.00A 1.72 ± 0.23C 

5:1 6.00 ± 0.00A 5.08 ± 0.10BC 4.00 ± 0.00A 2.05 ± 0.05B 

7:1 6.00 ± 0.00A 5.25 ± 0.05AB 4.00 ± 0.00A 2.62 ± 0.13A 

9:1 6.00 ± 0.00A 5.30 ± 0.00A 4.00 ± 0.00A 2.80 ± 0.00A 

11:1 6.00 ± 0.00A 5.30 ± 0.00A 4.00 ± 0.00A 2.62 ± 0.24A 

Values are expressed as mean ± standard deviation (n = 6). Mean values with different 

uppercase superscript letters within the same column are significantly different (p < 

0.05). Abbreviations: Critical pHs corresponding to the formation of soluble complexes 

(pHc), insoluble complexes (pHϕ1), optimal complexation (pHopt), and the dissolution of 

complexes (pHϕ2). 

 

 
 

Figure 3.2: Turbidity of Treated Pea Protein Isolate-Flaxseed Gum Complexes with 

Different Ratios as a Function of pH.   

 

3.3.2.2 Zeta Potential  

 

The main electrostatic interaction involved in protein-polysaccharide complexation is 

contributed by the oppositely charged biopolymers (Stone & Nickerson, 2012). Due to 
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this reason, it is vital to obtain information about the electric potentials of the protein-

polysaccharide surfaces to form a stable complex. The zeta potential of the TPPI, FG, 

and TPPI-FG complexes formed using different biopolymer ratios as a function of pH is 

illustrated in Figure 3.3. When the pure TPPI solution was titrated from pH 7.0 to 2.0, 

the zeta potential of the solution changed from a negative charge (-30.0 ± 1.5 mV) to a 

positive charge (24.3 ± 1.6 mV). This phenomenon was due to the amine and carboxy 

group of TPPI which underwent protonation as they were acidified. On the contrary, the 

zeta potential of the pure FG solution remained negative (-29.3 ± 1.7 to -3.9 ± 0.3 mV) 

throughout the whole titration process from pH 7.0 to 2.0. This might be attributed to the 

low pKa value of FG molecules; hence, protonation of FG did not occur during the 

titration. The zeta potential of all the TPPI-FG complexes was lower than the pure TPPI 

solution when complexation took place at pH above the isoelectric point. The results 

confirmed that significant charge neutralization took place during complexation between 

positively charged patches of TPPI and negatively charged FG by electrostatic 

interaction. In comparison with the pure TPPI, the isoelectric point of the TPPI-FG 

complexes decreased slightly from pH 4.0 to 3.5. 

 

 

Figure 3.3: Zeta potential of treated pea protein isolate-flaxseed gum complexes 

with different ratios as a function of pH.  

  

3.3.3 Characterization of Nanoemulsions 

 

3.3.3.1 Droplet Size Distribution and Polydispersity Index (PDI) 

 

Based on a preliminary study, the soluble complexes formed at pH 6 and insoluble 

complexes formed at pH 4 were utilized to form nanoemulsions. It was found that the 

nanoemulsion stabilized by insoluble complexes underwent phase separation within a 

day of storage (results not shown) while the nanoemulsions produced by soluble 

complexes were more stable. Besides, the protein solubility of TPPI was much higher at 

pH 6 (63 ± 0.57%) as compared to pH 4 (21 ±  0.24%). Therefore, in the present study, 
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the nanoemulsions containing 10% TRF were fabricated by incorporating various soluble 

TPPI-FG complexes formed using different biopolymers’ ratios at pH 6.0. At this pH, it 

was found that the complexation process, which involved electrostatic interaction 

between the negatively charged carboxyl groups on FG molecules and positively charged 

patches presence on TPPI was able to stabilize the nanoemulsion (Wang et al., 2022). 

The full characterization of all nanoemulsion samples is shown in Table 3.2. The 

nanoemulsions demonstrated a reducing trend in terms of droplet size and PDI value as 

the proportions of FG were decreased in the formulations. It was suggested that the 

droplet size was affected by the high molecular weight of FG (1470 kDa) (Qian et al., 

2012). The FG mainly consists of arabinoxylans in the neutral fraction and exhibits 

pseudoplastic flow behavior (Qian et al., 2012). Therefore, when the FG amount 

decreased, the resulting complexes formed a thinner and less dense coating surrounding 

the oil droplets, leading to a smaller mean droplet size. Another study also reported the 

usage reduction of gum Arabic resulted in a smaller droplet size of the nanoemulsion 

stabilized using a pea protein-gum Arabic complex.  It was suggested that the increased 

polysaccharide proportions would cause an increase in the bridging flocculation of oil 

droplets due to the interaction of polysaccharides with the positively charged proteins 

(Carpentier et al., 2022). 

 

On the other hand, PDI measures the width of the droplet size distribution with values 

ranging from 0 (monodisperse) to 1 (polydisperse). A wide droplet size distribution 

generally leads to a higher PDI value (> 0.5)  (Gibis et al., 2013). With the increasing 

amount of TPPI incorporated in the TPPI-FG complex, the PDI of the fabricated 

nanoemulsions decreased significantly (p < 0.05) from 0.45 ± 0.02 to 0.31 ± 0.02.  

 

3.3.3.2 Zeta Potential  

 

Table 3.2 shows the zeta potential of TRF-based nanoemulsions produced using TPPI-

FG complex formed using different biopolymers’ ratios. No significant difference (p > 

0.05) was observed in the zeta potential values of all nanoemulsions, which ranged from 

-34.50 ± 2.01 to -37.50 ± 1.94 mV. The zeta potential showed a negative value as the 

emulsion was having pH above the PPI isoelectric point. A similar result was obtained 

for soy protein as well (Padial-Domínguez et al., 2020). The stability of the 

nanoemulsions can be influenced by the electrostatic repulsion between oil droplets 

(Cuevas-Bernardino et al., 2018). High zeta potential values (more than 30 mV or less 

than -30 mV) reflected the greater repulsions between oil droplets and reduced 

aggregations. In other words, the droplet coalescence was minimized which led to 

enhanced emulsion stability (Chang et al., 2018). 

 

3.3.3.3  Viscosity and pH 

 

The viscosity of emulsion-based food products is also another important quality 

parameter as it influences the processing steps (mixing, homogenization, and flow rate), 

textural attributes (mouthfeel), rheological properties (pourability), as well as the 

emulsion stability (Shao et al., 2019). The viscosity values of the TRF-based 

nanoemulsions ranged from 4.37 ± 0.31 to 21.40 ± 0.24 mPa.s. With the increasing 
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amount of FG in the complex, the fabricated nanoemulsions also showed significant (p 

< 0.05) higher viscosity values.  The FG is a thickening agent with high molecular weight 

and intrinsic viscosities (6.63 to 5.13 dLg−1)  which provides excellent rheological 

properties, emulsifying ability, and water-holding capacity (Liu et al., 2016). A medium 

with enhanced viscosity restricts the movement of molecules and thereby reducing the 

rate of gravitational separation. No significant (p > 0.05) difference was observed in the 

pH values of all the nanoemulsions fabricated using different TPPI-FG ratios (Table 3.2).  

 

3.3.3.4 Emulsion Activity Index (EAI) and Emulsion Stability Index (ESI) 

 

The EAI and ESI of TRF nanoemulsion stabilized by different TPPI-FG ratios are shown 

in Table 3.2. The EAI measures the ability of protein and polysaccharides that can be 

adsorbed on the oil-water interface to form an emulsion layer (Zhang & Li, 2022). Based 

on the findings of Jiang et al. (2014), the pH-shifting treatment on pea protein has 

enhanced the coating efficiency of protein on the oil droplet due to its higher emulsifying 

activity. This is attributed to the formation of a molten protein globular structure after 

treatment to improve surface activity (Jiang et al., 2009). Besides, the partially unfolded 

PPI polypeptides can adsorb readily to the oil surface of droplets via hydrophobic 

interactions to form a thicker protein membrane with multiple layered which can 

withstand coalescence as compared to pure PPI (Jiang et al., 2014).  Another study also 

reported the improved EAI and ESI of soy protein after the pH-shifting treatment (Jiang 

et al., 2009). The EAI values of TRF nanoemulsions decreased significantly (p < 0.05) 

by 70.9% with increasing TPPI-FG ratios. The highest EAI was observed in TPPI-FG 

(3:1) which indicated the highest emulsifying activity as the oil-water interface had more 

proteins adsorbed to it (Stone et al., 2015).  Meanwhile, the ESI expresses the stability 

of that adsorbed layer in a defined period (Zhang & Li, 2022). Similarly, ESI decreased 

significantly (p < 0.05) by 10.7%. from TPPI-FG ratios of 3:1 to 11:1. The reduction of 

FG reduced emulsion stability. The stability of the emulsion was enhanced after FG was 

added due to the increased viscosity of the continuous phase and the decreased interfacial 

tension. Therefore, it can effectively restrict droplet movement. TPPI-FG (3:1) consists 

of the highest FG and has obtained the highest ESI which indicates the adsorbed layer 

was more stable in a defined period (Stone et al., 2015).  Similar reducing EAI and ESI 

trends were found in the study of the coconut protein-pectin system from a ratio of 3:1 

to 1:1 (Candraningrum et al., 2022). 
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3.3.3.5 Short-term Storage Study 

 

The storage stability of the nanoemulsions stored for 7 days at 25 °C was evaluated by 

determining the changes in their mean droplet size, PDI, zeta potential, and CI (Figure 

3.4a to d). The mean droplet size of the TRF nanoemulsions fabricated using different 

TPPI-FG ratios increased significantly (p < 0.05) throughout the 7-day storage at 25 oC 

(Figure 3.4a). From day 0 to day 7, the droplet size increased at 25.5%, 37.2%, 18.1%, 

17.8%, and 12.5% in all nanoemulsions with the increasing mixed biopolymer ratios. 

The results showed that the nanoemulsions formed using the TPPI-FG complex at ratios 

of 7:1, 9:1, and 11:1 was more stable as the increments of the mean droplet size were 

below 18%. However, the trend was not in line with the ESI, CI, and phase separation 

findings. Based on the CI, it was noticeable that these ratios obtained a higher degree of 

coalescence, and phase separation started to occur on day 2. Hence, this might be the 

reason causing failure in obtaining reliable droplet size  (Chang et al., 2018).     

 

Moreover, the PDI of the TRF nanoemulsions with increasing TPPI-FG ratios increased 

significantly (p < 0.05) by 4.4%, 17.8%, 14.0%, 16.7%, and 25.8% respectively 

throughout the 7-day storage period at 25 oC (Figure 3.4b). The nanoemulsion produced 

using the TPPI-FG complex at the ratio of 3:1 exhibited the lowest increment in PDI. 

This might be attributed to the higher polysaccharide proportion, which helped to prevent 

droplet aggregation during storage.  

 

In the meanwhile, the changes in the zeta potential of the TRF-based nanoemulsions 

produced using different TPPI-FG ratios during storage were not significant (p > 0.05) 

(Figure 3.4c). The final zeta potential of all nanoemulsions was recorded in a range of -

31.47 ± 0.81 to -38.15 ± 0.96 mV. The results indicated that TRF-based nanoemulsions 

remained stable throughout the storage period. 

 

Moreover, the stability of the TRF-based nanoemulsions stored at 25 °C for 7 days was 

also determined by monitoring the CI, as depicted in Figure 3.4d. Generally, the  CI of 

the nanoemulsions increased significantly (p < 0.05) with the increasing TPPI-FG ratios. 

In the protein-polysaccharide complex system, a protein normally acts as an emulsifier 

while polysaccharide plays a role as an emulsion stabilizer. With the higher 

polysaccharide proportion in the complex, it formed a thicker and denser coating around 

the oil droplets to provide stronger physical barriers. This slowed down the emulsion 

phase separation and Ostwald ripening. On day 0, no phase separation was observed in 

all nanoemulsions. However, the CI started to increase from day 2 for the nanoemulsions 

produced using TPPI-FG ratios of 7:1 to 11:1. The creaming process occurred at a slower 

rate in nanoemulsions fabricated with TPPI-FG complex ratios of 3:1 and 5:1, which 

only started on day 3 of storage. At the end of the storage study, nanoemulsions produced 

using TPPI-FG complex (3:1) exhibited the lowest CI of 4.5 ± 0.55%, while 

nanoemulsions fabricated using TPPI-FG complex (11:1) showed the highest CI of 67.5 

± 1.64%. The result indicated that nanoemulsions produced using TPPI-FG complex 

(3:1) were the most stable nanoemulsion throughout the storage period, as justified by 

the high ESI (1544.37 ± 11.20 min) and EAI (400.03 ± 32.20 m2/g). This could be 

attributed to the highest FG proportion (0.5% w/w) in the complex, which contributed to 

the highest viscosity (21.40 ± 0.24 mPa.s) towards the medium. This restricted the 
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mobility of the oil droplets, subsequently reducing the gravitational separation (Perrechil 

& Cunha, 2010).  A study by Kim et al. (2022) also reported the better stability of the 

pea protein-sodium alginate complex stabilized emulsion with a higher percentage of 

incorporated polysaccharides, which showed only slight creaming on day 7 of storage. 

Moreover, the strength of the protein layers could also be enhanced with the addition of 

polysaccharides when protein and polysaccharides are negatively charged due to the 

thermodynamic incompatibility which led to greater protein interactions at the oil-water 

interface (Kim et al., 2022). 

 

 
 

Figure 3.4: (a) Particle size distribution; (b) polydispersity index; (c) zeta potential; 

and (d) creaming index changes of nanoemulsions produced using treated pea 

protein isolate-flaxseed gum complexes with different ratios stored for 7 days at 25 
oC. 

 

3.3.3.6 Morphology 

 

The morphological structure analysis of the TRF-based nanoemulsions produced using 

different TPPI-FG ratios was examined by HR-TEM. As shown in Figures 3.5a to e, the 

black spots represent the dispersion of nano-size oil droplets, while the white background 

represents the aqueous phase of the nanoemulsion. TPPI-FG (3:1) stabilized 

nanoemulsion shows the largest initial droplet size among the others and each of the 
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droplets is separated without coalescence (Figure 3.5a). The TPPI-FG (3:1) complex 

forms a thicker and denser coating over the oil droplets, which results in a larger initial 

droplet size. A thicker coating around the oil droplet provides a stronger physical barrier 

to delay the coalescence from happening. Besides, the absorption of the TPPI-FG (3:1) 

complex around the oil droplets generated a repulsive force to keep the droplets separated 

and prevent aggregation with other oil droplets. Additionally, the FG leads to the 

thickening of nanoemulsion and increased viscosity, this can reduce gravitational 

separation by restricting the movement of the particles in the medium (Perrechil & 

Cunha, 2010). Nanoemulsion stabilized by TPPI-FG (5:1) was found to have a small 

initial droplet size, however, some of the oil droplets started to combine to form large oil 

droplets (Figure 3.5b). For nanoemulsion produced from TPPI-FG (7:1) to TPPI-FG 

(11:1), it was observed that the initial droplet size was getting smaller (Figures 3.5c, d, 

and e). These observations were due to the reduction of FG that decreased the thickness 

of the coating layer around oil droplets. Meanwhile, the mobility of the oil droplets also 

increased with the reduction of viscosity. Subsequently, the droplets were getting closer 

to each other, which led to the formation of large oil droplets and the fastening of the 

coalescence process. As a result, it caused phase separation to happen over some time. 
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Figure 3.5: TEM micrographs of TRF-based nanoemulsions prepared with 

different treated pea protein isolate-flaxseed gum complexes ratios (a) 3:1; (b) 5:1; 

(c) 7:1; (d) 9:1 and (e) 11:1. The scale bar represents 100 nm.  
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3.4 Conclusion  

 

The poor solubility of PPI at its native state was significantly (p < 0.05) improved after 

the pH-shifting and thermal treatments. Besides, the soluble TPPI-FG complexes were 

formed through electrostatic interactions at pH 6.0. The TRF-based nanoemulsions 

(10%, w/w) were successfully fabricated using the assembled TPPI-FG complexes. 

Among all nanoemulsion samples, TRF-based nanoemulsion stabilized with TPPI-FG 

(3:1) complex yielded the highest viscosity (21.40 ± 0.24 mPa.s), EAI (400.03 ± 32.20 

m2/g), and ESI (1544.37 ± 11.20 min). Besides, the nanoemulsion also exhibited 

excellent stability as it demonstrated the smallest changes in CI (4.50 ± 0.55%) and PDI 

(4.4%) after seven days of storage at 25 °C. Besides, coalescence was not observed in 

the morphology study of the nanoemulsion produced by the TPPI-FG (3:1) complex. 

Therefore, nanoemulsion formed using TPPI-FG complex (3:1) was selected in this study 

due to the highest viscosity, EAI, ESI, while low changes in CI and PDI after storage. 

The findings evidenced the potential emulsifying activity of the TPPI-FG complex (3:1), 

thereby enhancing the hydrophobic bioactive compounds’ applications, especially in 

aqueous systems.  
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CHAPTER 4 

 

OPTIMIZATION AND CHARACTERIZATION OF TOCOTRIENOL-RICH 

FRACTION-BASED MICROCAPSULES PRODUCE BY SPRAY DRYING 

USING DIFFERENT CORE-TO-WALL RATIOS, WALL MATERIAL 

COMPOSITIONS AND MIXING RATIOS 

 

4.1 Introduction 

 

Tocopherols and tocotrienols, lipid-soluble phenolic compounds, are found in four 

homologs: alpha, beta, gamma, and delta (α-, β-, γ-, and δ-). These compounds naturally 

occur in palm oil, oilseeds, nuts, and other edible oils (Kornsteiner et al., 2006). 

Numerous studies have highlighted the health benefits of tocotrienols, including anti-

cancer, anti-inflammatory, immune regulation, neuroprotective, and lipid-lowering 

properties (Meganathan & Fu, 2016). Due to their health benefits, tocotrienols have 

gained prominence for human consumption. However, their lipophilic nature leads to 

challenges like low water solubility, limited absorption, and oral bioavailability (Goh et 

al., 2015).  

 

In response to these challenges, nanoemulsion has emerged as a promising water-soluble 

delivery system to enhance the solubility of tocotrienols (Fu et al., 2014). Despite its 

effectiveness, concerns about the shelf-life of lipid nanoemulsions have arisen due to 

their susceptibility to microbial spoilage upon storage. Additionally, the handling, bulk 

transport, and application of liquid nanoemulsions in dry food systems are hindered (Teo 

et al., 2021). Thus, the conversion of liquid nanoemulsion into dry form through 

microencapsulation has become essential to address these limitations.  

 

The most common method of encapsulation is spray drying, known for its economical, 

cost-effective, and versatile production of high-quality microcapsules. Spray drying is 

suitable for encapsulating bioactive compounds such as vitamins, minerals, phenolics, 

carotenoids, proteins, and essential fatty acids (Jafari et al., 2021). This method 

effectively transforms nanoemulsion into microcapsules,  utilizing intense moisture 

evaporation from the droplet surface to maintain droplet integrity until achieving a dry 

state (Fang & Bhandari, 2012). Microencapsulation augments the stability of bioactive 

compounds during processing, handling, and storage (Teo et al., 2021). 

 

Microencapsulation involves entrapping small particles or droplets with polymer 

materials to produce microcapsules (Corrêa-Filho et al., 2019). These microcapsules 

comprise a shell and a core, with the shell serving as a protective barrier against oxygen, 

light, and water. The wall materials safeguard the bioactive compounds, enhancing their 

stability under various environmental stresses (Paulo & Santos, 2017).  

 

Maltodextrin (M) is a hydrolyzed starch, commonly used to encapsulate bioactive 

compounds. Its benefits include high solubility, high solids content with low viscosity, 
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affordability, minimal taste, and aroma alternation.  During spray drying, M forms a crust 

over dried droplets, providing the necessary solid content to the wall materials (Zhu et 

al., 2022). In addition, M exhibits stability under high temperatures and low pH 

conditions (Shepherd et al., 2000). However, its limited emulsifying ability remains a 

challenge (Xiao et al., 2022), necessitating its combination with other wall materials like 

OSS and INU to enhance the MEE via spray drying.  

 

Starch sodium octenyl succinate (OSS), derived from tapioca, is a modified starch 

approved by the FDA and CFDA (Long et al., 2022). Esterification results in amphiphilic 

molecules with hydrophobic alkenyl groups (Long et al., 2022), making OSS suitable for 

encapsulating flavours, clouds, vitamins, and spices in the food and pharmaceutical 

industries. It is a reliable emulsifier and thickener with excellent film-forming properties 

and low viscosity (Yang et al., 2023).  

 

Inulin (INU), a natural fructan group of carbohydrates, consists of fructose unit chains 

connected by β-(2-1) glycosidic bonds. Its indigestible nature in the stomach and small 

intestine positions.  The INU acts as a potential transporter for gastrointestinal drug 

delivery (Wang et al., 2019). The INU also offers health benefits such as improved 

mineral absorption and reduced colon cancer risk. FDA’s GRAS status confirms its 

safety (Afinjuomo et al., 2019). 

 

Presently, no information exists on the microencapsulation of tocotrienols with a 

complex of PPI and FG. Furthermore, limited research has explored the impact of core-

to-wall ratios, wall material compositions, and mixing ratios on tocotrienol 

microencapsulation. Therefore, this study’s objective is to microcapsules based on TRF 

using spray drying with various core-to-wall ratios, alongside a combination of M with 

OSS and INU wall materials at different mixing ratios. The study assesses the physical 

properties and stability of these TRF-based microcapsules.  

 

4.2  Materials and Methods 

 

4.2.1  Materials  

 

Palm TRF oil was provided by ExcelVite Sdn. Bhd (Chermo, Malaysia). This ingredient 

consisted of 38.5 to 42.0% total tocotrienols, 9.5 to 14.0% tocopherol, 30.0 to 45.0% 

palm olein (monoglyceride, diglyceride and triglyceride), 1.0 to 3.0% of plant squalene, 

0.03 to 0.07% of mixed carotene complex predominantly β-carotene, and 2.0 to 4.0% of 

sterol complex predominantly β-sitosterol. The active ingredients predominantly of d-α-

tocopherol (9.5 to 14.0%), d-γ-tocotrienol (17.5 to 23.0 %), d-α-tocotrienol (12.0 to 

16.0%), d-δ-tocotrienol (4.0 to 7.0%), and d-β-tocotrienol (minimum of 1.9%). The 

plant-based emulsifiers, PPI, and FG were sourced from EMSland Group Sdn. Bhd 

(Wietzendorf, Germany) and Qingdao Dehui Halobios Science and Technology Co., Ltd 

(Qingdao, China), respectively. Wall materials of INU were purchased from V.I.S. 

Foodtech Ingredient Supplies Sdn. Bhd. (Kepong, Malaysia), while M and OSS were 

purchased from Ingredion Incorporated (Westchester, United States). High-performance 
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liquid chromatography (HPLC) grade standards of tocopherols and tocotrienols mixtures 

(α-, β-, γ-, and δ-) were acquired from ChromaDex (Los Angeles, United States). The 

HPLC-grade hexane and 1,4-dioxane were obtained from Fisher Scientific (Pittsburgh, 

United States). Deionized water was utilized in all sample preparation and analyses. 

 

4.2.2 Preparation of TPPI-FG Complex 

 

Based on the previous chapter, TPPI-FG at a ratio of 3:1 has obtained better 

emulsification properties, which will be further studied in this chapter. The TPPI was 

prepared using a pH-shifting and thermal treatment method, adapted from Yi et al. 

(2021). The PPI solution containing 1.5% w/w PPI was adjusted to pH 12.0 ± 0.2 using 

1 M NaOH and stirred overnight to ensure complete protein hydration. The solution was 

thermally treated at 88 oC for 30 min in a water bath for protein unfolding and refolding. 

After cooling to 25 oC, the pH was adjusted to pH 6.0 ± 0.2 using 0.25 M hydrochloric 

acid with continuous stirring at 750 rpm for 10 min. The resulting solution was 

centrifuged to eliminate the insoluble residues using a Centrifuge machine X1 (Thermo 

Scientific, Waltham, USA) at 8610 rpm for 15 min. The supernatant was collected and 

known as TPPI. A 0.5% w/w of FG was dissolved in deionized water and stirred 

overnight at 500 rpm to ensure full dissolution. A TPPI-FG complex (2% w/w) was 

formed by stirring TPPI and FG at a ratio of 3:1 at 650 rpm for 30 min. 

 

4.2.3 Preparation of TRF-based Microcapsules 

 

TRF-based microcapsules were produced by homogenizing the lipid with the aqueous 

phase at a ratio of 1:9. The lipid phase consisted of 10% palm TRF-oil, while the aqueous 

phase comprised 2% w/w of TPPI-FG (3:1) complex and wall materials. A preliminary 

study was conducted using a core-to-wall ratio from 1:1 to 1:4, it was found that a ratio 

of 1:1 obtained very low MEE, which indicates insufficient wall material to encapsulate 

the core material. Therefore, core-to-wall ratios of 1:2, 1:3, and 1:4 were used in this 

study.  The wall materials were initially prepared with M at different core-to-wall 

material ratios to assess MEE. The 1:4 core-to-wall ratio, which achieved the highest 

MEE, was selected to combine M with OSS and INU at varying mixing ratios (M:OSS 

and M:INU in ratios of 9:1 and 8:2 respectively). The microcapsules are shown in Table 

4.1. The TPPI-FG complexes and TRF were heated to 40 oC before homogenization. A 

high-shear homogenizer (Silverson L4R, Silverson Machines Ltd., Chesham, England) 

operated at 7500 rpm for 5 min was used to create a coarse emulsion. Subsequently, a 

high-pressure homogenizer (Panda 2K, GEA Niro-Soavi, Parma, Italy) was employed to 

form nanoemulsions at 80 MPa homogenization pressure and 5 cycles. 
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Table 4.1: Formulations of TRF-based microcapsules produced by spray-drying 

using different core-to-wall ratios, wall material compositions, and mixing ratios. 

 

Formulations Core-to-wall 

ratios 

 Wall material  

mixing ratios 

Wall materials (%) 

 M OSS INU 

1:2 M 1:2 1:0 18.0 - - 

1:3 M 1:3 1:0 28.0 - - 

1:4 M 1:4 1:0 38.0 - - 

1:4 M:OSS (9:1) 1:4 9:1 34.2 3.8 - 

1:4 M:OSS (8:2) 1:4 8:2 30.4 7.6 - 

1:4 M:INU (9:1) 1:4 9:1 34.2 - 3.8 

1:4 M:INU (8:2) 1:4 8:2 30.4 - 7.6 

Abbreviations: M: Maltodextrin; OSS: Starch sodium octenyl succinate; INU: Inulin. 

 

4.2.4 Spray-drying  

 

A pilot-scale spray dryer (GEA Niro A/S, Mobile Minor 2000, Denmark) was utilized to 

spray dry the homogenized nanoemulsions, with inlet and outlet temperatures of 170 oC 

and 90 oC, respectively, to produce microcapsules.  The pump rate ranged from 10 to 12 

mL/min, and the aspiration rate remained at 100%. The resulting powders were sealed 

in an air-tight amber glass bottle and stored at room temperature for subsequent analysis. 

 

4.2.4.1 Microencapsulation Efficiency (MEE) 

 

The MEE of TRF-based microcapsule was determined using a method adapted from Bae 

& Lee (2008). To ascertain the TO,  1 g of powder was dispersed in 6 mL of boiling 

water and vortexed for 60 s in a centrifuge tube. The mixture was then cooled to room 

temperature (25 oC). Subsequently, 1 mL of 25% ammonia solution and 7.5 mL of 

methanol were added, followed by vortexing for 2 min. Next, 17 mL of diethyl ether and 

17 mL of petroleum ether were introduced. The resulting mixture was manually agitated 

before centrifuging at 10000 rpm for 10 min. The upper layer of the supernatant was 

pipetted out and evaporated using a rotary evaporator (EyeLa, NY, USA).  

 

For the quantification of SO, 1 g of microcapsule was dispersed in 15 mL of hexane in a 

centrifuge tube. After vortexing for 2 min at room temperature (25 oC) to release the free 

oil, the mixture was filtered using Whatman filter paper number 1. The microcapsules 

collected on the filter were rinsed three times with 20 mL of hexane. The solvent was 
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removed using a rotary evaporator (EyeLa, NY, USA) at 60 °C, followed by drying at 

105 °C for 1 hr. SO refers to the oil located on the particle surface, calculating by 

subtracting the mass of an empty flask from the flask containing the extracted oil (Jafari 

et al., 2008). TO represents the total oil content, encompassing the core and SO content 

of the powders. Three measurements were performed on each sample as replicates. The 

calculation for MEE was as follows: 

 

MEE (%) = (
TO − SO

TO
)  × 100 

 

where TO is the total oil content (g) and SO is the surface oil content (g). 

 

4.2.4.2 Moisture Content (MC) 

 

Moisture content (MC) of the microcapsules, calculated on a dry basis, was assessed 

using a method adapted from Ishwarya & Anandharamakrishnan (2015). A quantity of 

one gram of TRF-based microcapsules was introduced into a hot air oven (MMM-Group, 

Semmelweisstra, Germany) set at 105 °C. The sample weight was monitored until 

consistent measurements were obtained across three replicates. The MC was determined 

through the following equation:  

 

MC (%) =  
Wm

Wd

 × 100 

 

where Wm is the mass of water in the sample (g), and Wd mass of dry solids (g). 

 

4.2.4.3 Water Activity (Aw) 

 

The aw of 1 g microcapsule was determined by an Aqua Lab CX-2 (Aqua Lab, Pullman 

WA. U.S.A.). The aw of the microcapsules was performed in triplicate. 

 

4.2.4.4 Flowability and Cohesiveness  

 

Bulk density represents  the volume of 2 g microcapsule measured in a 25 mL graduated 

cylinder without tapping. Subsequently, the graduated cylinder containing the 

microcapsule was tapped 10 times on thick fabric with a height of 15 cm to determine 

the tapped density.  The final volume was recorded (Asokapandian et al., 2016). Bulk 

and tapped densities were calculated as follows:  

 

(Eq.4.1) 

(Eq.4.2) 
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Bulk density (g/cm3) =
Mp

Vp
 

 

Tap Density (g/𝑐𝑚3) =  
𝑀𝑝

𝑉𝑇

 

 

where Mp is the mass of powder (g), Vp is the volume of powder (cm3) and VT is the final 

tapped volume (cm3). Three measurements were performed on each sample as replicates. 

 

The flowability of the TRF-based microcapsule was determined using the CI and the HR, 

following a method derived from Caparino et al. (2012). The calculated values were the. 

classified according to Table 4.2.  

 

CI (%) =
ρT −  ρB

ρT

× 100 

 

HR =
ρT

ρB

 

 

where ρB is bulk density (g/cm3) and ρT is tapped density (g/cm3). 

 

Table 4.2: Classification of microcapsules flowability based on the Carr Index 

(1965) and Hausner ratio (1967). 

 

Flowability Carr Index (%) Cohesiveness Hausner 

ratio 

Very good 0-14 Low 0-1.2 

Good 15-20 Intermediate 1.2–1.4 

Fair 20-35 High >1.4 

Bad 35-45   

Very bad >45   

 

4.2.4.5 Water Solubility Index (WSI) and Water Absorption Index (WAI) 

 

The water solubility index (WSI) and water absorption index (WAI) of the TRF-based 

microcapsules were measured using a method adapted from Caparino et al. (2012) with 

slight modifications. Around 2.5 g of microcapsule was dissolved in 30 mL of distilled 

water at 40 °C. The mixture was stirred for 30 min at room temperature (25 oC) and then 

centrifuged for 10 min at 10,000 rpm. The supernatant was carefully transferred to an 

evaporating dish and dried overnight at 105 °C in a hot air oven. WSI represents the 

(Eq.4.3) 

(Eq.4.4) 

(Eq.4.6) 

(Eq.4.5) 
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weight of dried solids after centrifugation over the weight of the initial dry sample, while 

WAI indicates the weight of remaining wet solids after centrifugation over the dry weight 

of the initial sample (dimensionless). The WSI and WAI were determined as follows: 

 

WSI (%) = (
𝑊𝑑

𝑊𝑖

) × 100 

 

WAI =  
𝑊𝑤

𝑊𝑖

 

 

where Wd is the weight of dry solids after centrifugation (g), Wi is the weight of the 

initial dry sample (g) and Ww is the weight of wet solids remaining after centrifugation 

(g). 

 

4.2.4.6 Colour 

 

The colour of the spray-dried microcapsules was directly measured using a Chroma 

meter CR-410 (Konica Minolta, Osaka, Japan). All the measurements were conducted in 

triplicate. 

 

4.2.4.7 Tocopherol and Tocotrienol Content Analysis 

 

The method for TRF extraction and analysis was adapted from Tan et al., (2000) with 

slight modifications. Two grams of spray-dried TRF-based microcapsules were 

continuously stirred in 5 mL deionized water for 30 min.  The mixture was then 

combined with 2 mL isopropanol and vortexed for 1 min. Subsequently, 10 mL of hexane 

was vigorously vortex-mixed for another 2 min. Centrifugation was conducted at 10,000 

rpm for 10 min to collect the supernatant layer in a scintillation vial. The extraction steps 

were repeated with isopropanol and hexane, followed by centrifugation. The collected 

supernatant was purged using nitrogen gas. About 1.5 mg of TRF extracts were 

reconstituted with 7.5 mL of hexane and vortex-mixed for 1 min. The resulting solution 

was filtered using a 0.45 µm polytetrafluoroethylene syringe filter, and the filtrate was 

collected in an autosampler vial for analysis.  

 

The method of tocopherol and tocotrienol content analysis was slightly modified from 

Tan et al. (2000). Tocopherol and tocotrienol peaks were evaluated using the HPLC 

system from Shimadzu, connected to a fluorescence detector (Shimadzu, Prominence 

LC-20AD), and a C18 column (250 × 4.6 mm, 5 μm, Phenomenex, Torrance, CA, USA). 

An isocratic mobile phase consisting of n-hexane: dioxane: isopropanol (97.5%:2%: 0.5 

v/v/v) was employed with a flow rate of 1 mL/min, and the analysis lasted for 30 min. 

An injection volume of 15 μL was used, and the column temperature was set at 30 °C. 

The fluorescence detector was adjusted to 295 nm.  

(Eq.4.7) 

(Eq.4.8) 
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The α-tocopherol, α-, β-, γ-, and δ-tocotrienols in the TRF-based microcapsules were 

quantified using external calibration curves (R2 ≥ 0.99) established for the mixture 

isomers using the reference standard mixture. Standard solutions were prepared at 

concentrations of 0.3 to 50 ppm with n-hexane through serial dilution. These solutions 

were injected in triplicates to determine tocopherol and tocotrienol content by referring 

to the calibration curves. The retention of tocopherol and tocotrienol was calculated as 

follows: 

 

Percentage of retention (%) = (
𝑇𝑚

𝑇𝑜
)  × 100    

   

where 𝑇𝑚 is the tocopherol and tocotrienol in the microcapsule, 𝑇𝑜 is the tocopherol and 

tocotrienol in the TRF bulk-oil. 

 

4.2.4.8 Scanning Electron Microscopy (SEM) 

 

The microstructure of the TRF-based microcapsules was observed under a field scanning 

electron microscope (SEM), JOEL JSM-IT100 (Tokyo, Japan), at 5 kV. The 

microcapsules were first fixed on metallic stubs and then coated with a layer of platinum. 

The observation was conducted at a magnification of 1000×. 

 

4.2.5 Statistical Analysis 

 

Minitab statistical software version 17.0 (Minitab Inc., PA, USA) was used to analyse 

all the measurement data. All experiments were replicated, and triplicate measurements 

were taken for each sample.  The one-way ANOVA with post-hoc Tukey’s test was 

applied to determine significant differences among mean values (p < 0.05). 

 

4.3 Results and Discussion 

 

4.3.1 Microencapsulation Efficiency (MEE) 

 

Microencapsulation efficiency (MEE) stands as a pivotal parameter in evaluating the 

encapsulation efficacy of oils within spray-dried microcapsules. It quantified the amount 

of SO contained within microcapsules using a solvent extraction method. The evaluation 

of SO was performed indirectly, gauging the quantity of encapsulated oil present within 

the microcapsule matrix (Jafari et al., 2008). Initially, MEE was determined for TRF-

based microcapsules fabricated with M at core-to-wall ratios of 1:2, 1:3, and 1:4. 

Notably, as the core-to-wall ratios increased the MEE exhibited a significant rise (p < 

0.05), escalating from 19.05 ± 0.66 to 93.40 ± 0.51% (Table 4.3).  

At the core-to-wall ratio of 1:4, microcapsules manifested a significant MEE  

augmentation (p < 0.05) compared to M (93.40 ± 0.51%), with M:INU (93.68 ± 0.01 to 

(Eq.4.9) 
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95.54 ± 1.04%) and M:OSS (95.53 ± 0.53 to 97.28 ± 0.16%). A previous study noted 

that M has modest emulsification capability. This shortcoming was addressed by 

integrating alternative wall materials (Xiao et al., 2022). Results indicated that M:OSS 

microcapsules exhibited superior MEE in comparison to M:INU, possibly owing to 

OSS’s amphiphilic attributes, which enhanced emulsification (Long et al., 2022). 

Previous study also highlighted  that succinylated starches exhibited better retention and 

emulsion stability (Jafari et al., 2008).  

 

Furthermore, microcapsules produced with 8:2 mixing ratio displayed significantly 

higher MEE (p < 0.05) than the 9:1 ratio. This enhancement could be attributed to the 

elevated OSS content, contributing to a more robust emulsion due to OSS’s thickening 

and film-forming properties (Yang et al., 2023). A more stable emulsion corresponded 

to a higher MEE.  Moreover, augmenting OSS content was associated with increased 

film thickness, as documented elsewhere (Long et al., 2022). The additional OSS 

contributed to heightened viscosity in the wall materials, creating a denser coating 

around the core material. This robust barrier limited solvent penetration into the 

microcapsule core, reducing extracted oil content.  

 

4.3.2 Moisture Content (MC) 

 

Moisture content (MC) refers to the water constituent within a food system. Its 

significance lies in its influence on food stability, as it can prompt lipid oxidation and 

microbial spoilage. In the food industry, powder is typically recommended to maintain 

an MC of 3 to 4% (Song et al., 2022). Table 4.3 illustrates MC within the range of 3.15 

± 0.13 to 3.93 ± 0.79% for all microcapsules, aligning with industry specifications. 

Notably, the MC remained unaffected (p > 0.05) by the variations in wall material 

compositions. 

 

4.3.3 Water Activity (Aw) 

 

The aw gauges the availability of free water engaged in biochemical reactions. It plays an 

important role in the evaluation of microcapsule quality, shelf-life stability, and retention 

of bioactive compounds. Microcapsules boasting an aw range of 0.2 to 0.3 demonstrate 

stability against oxidation (Al Mubarak et al., 2019). As shown in Table 4.3, all TRF-

based microcapsules exhibited low aw values, spanning from 0.26 ± 0.03 to 0.32 ± 0.05. 

Core-to-wall material mixing ratios. Ratios did not significantly alter aw (p > 0.05).  

 

4.3.4 Flowability and Cohesiveness  

 

Desirable microcapsule attributes include the capacity to flow freely, facilitating 

homogeneous bottling and decanting (Rautenberg & Lamprecht, 2022). The flowability 

and cohesiveness of the TRF-based microcapsules are shown in Table 4.3. Flowability, 

denoted by CI values, refers to the movement of particles relative to neighboring particles 

or along the container’s wall (Kalman, 2021). Cohesiveness, determined by HR values, 
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arises from inter-particle forces like van der Waal force and mechanical interlocking 

(Geldart et al., 2009). With rising core-to-wall ratios, microcapsule flowability 

significantly improved (p < 0.05), shifting from fair to good CI values (26.14 ± 1.31 to 

18.8 ± 0.00%). Concurrently, microcapsules displayed intermediate cohesiveness, with 

a significant decrease (p < 0.05) in HR values (1.36 ± 0.02 to 1.22 ± 0.00).   

 

Flowability and cohesiveness were affected by MEE results. Elevated ratios increased, 

correlated with greater solid content in microcapsules, inducing thicker coating layers 

that limited SO leakage. Consequently, microcapsules exhibited favourable flowability, 

minimal agglomeration, and low cohesiveness. Contrastingly, a low core-to-wall ratio 

resulted in diminished bulk density, prompting agglomeration and poor flowability. Low 

density also indicates a higher amount of air trapped in the spaces between particles, 

which can promote lipid oxidation (Carneiro et al., 2013).  

 

At a 1:4 core-to-wall ratio, microcapsules displayed significantly distinct CI and HR 

values (p < 0.05) among various wall material compositions. Remarkably, M:OSS 

microcapsules exhibited very good flowability (CI = 12.5 ± 0.00%), while M and M:INU 

microcapsules demonstrated good flowability (CI = 14.29 ± 0.00 to 18.18 ± 0.00%). 

Flowability hinged on particle morphology, size, and surface roughness, along with bulk 

density (Beakawi Al-Hashemi & Baghabra Al-Amoudi, 2018).  

 

Microcapsules’ morphology (Figure 4.1a and b) indicated M:OSS’s higher sphericity, 

smoother surface, and lower bulk density, resulting in improved flowability. Wall 

material composition also influenced flowability. INU microcapsules were noted for 

poor flowability due to surface plasticization, arising from  INU’s hydrophilic nature, 

impeding water transfer during spray drying (Beirão-da-Costa et al., 2013). However, in 

this study, combining INU with M enhanced flowability. Cohesiveness remained low 

across microcapsules (HR = 1.14 ± 0.00 to 1.20 ± 0.00). Furthermore, mixing ratios 

significantly impacted (p < 0.05) CI and HR values for M:INU microcapsules, with 

higher INU content at 8:2 mixing ratio promoting poorer flowability and greater 

agglomeration. In contrast, M:OSS microcapsules displayed no significant (p > 0.05) CI 

and HR effects. 

 

4.3.5 Water solubility index (WSI) and water absorption index (WAI) 

 

The WSI and WAI of the TRF-based microcapsules are shown in Table 4.3. WSI reflects 

microcapsule's wettability and dispersibility in aqueous solutions. Significantly 

heightened WSI values (p < 0.05) accompanying increasing core-to-wall ratios, 

attributed to increased M content. M is widely favoured for spray drying due to its 

exceptional water solubility (Zhu et al., 2022). Conversely, WAI measured by the 

volume expansion of microcapsules upon immersion in excess water (Yousf et al., 2017), 

demonstrated that the 1:2 M microcapsule yielded significantly higher WAI (p < 0.05) 

compared to 1:3 M and 1:4 M.  

 



© C
OPYRIG

HT U
PM

51 

 

In general, at the 1:4 core-to-wall ratio, wall material compositions do not significantly 

affect the WSI (p > 0.05), except for M:OSS (8:2) microcapsules (78.45 ± 0.80%) and 

M:INU (8:2) microcapsules (83.12 ± 3.04%). Overall, WSI values range from 74.75 ± 

2.25 to 83.12 ± 3.04%, indicating sufficient water solubility of the microcapsules. At 8:2 

mixing ratios, the proportion of OSS and INU is higher. OSS, a modified starch 

undergoing esterification of starch hydroxyl groups and octenyl succinic anhydride in a 

1:1 ratio under alkaline conditions (Borrmann et al., 2013), mainly consists of 

amylopectin, rendering it highly soluble. Furthermore, INU, a hydrophilic carbohydrate 

(Beirão-da-Costa et al., 2013), contributes to increased WSI when used as wall material 

due to its high-solubility nature. Of all wall material compositions and mixing ratios, 

microcapsules of M:INU (9:1) achieve the highest WAI (p < 0.05). INU's high 

hygroscopicity, stemming from its branched structure facilitating hydrogen bonding 

(Akalin & Erişir, 2008), results in enhanced water retention during reconstitution, 

thereby leading to increased WAI. 

 

4.3.6 Colour 

 

Colour assessment for TRF-based microcapsules is detailed in Table 4.3. The L* value, 

on the CIE scale, signifies microcapsule brightness, ranging from 0 (black) to 100 

(white). The a* and b* values indicate greenness (-a*) and redness (+a*), as well as 

blueness (-b*) and yellowness (+b*), respectively. No significant differences (p > 0.05) 

were observed in L* (ranging from 77.28 ± 2.23 to 79.82 ± 0.77), a* (ranging from 8.67 

± 0.92 to 10.30 ± 1.35), and b* values (ranging from 69.98 ± 1.18 to 72.10 ± 0.07) among 

microcapsules produced at various core-to-wall ratios, wall material compositions, and 

mixing ratios. Positive a* and b* values indicated red and yellow hues in all 

microcapsules. A study also reported that carrier type insignificantly impacts spray-dried 

powder colour (Bednarska & Janiszewska-Turak, 2020). 
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4.3.7 Tocopherol and Tocotrienol Content Retention 

 

Comparative analysis of tocopherol and tocotrienol content in TRF-based microcapsules 

and TRF oil is illustrated in Table 4.4. Retention percentages ranged from 79.77 ± 0.32 

to 99.72 ± 0.26%. No significant differences (p > 0.05) were found to be observed among 

the four tocopherol and four tocotrienol isomers (α-, β-, γ-, and δ-). Enhanced core-to-

wall ratios yielded higher retention percentages (p < 0.05). Elevated wall material 

density, facilitated by solid content, promoted efficient core material encapsulation, 

reducing diffusion and migration to the wall and resulting in superior embedding (Yu et 

al., 2022). Consequently, higher core-to-wall ratio, correlated with augmented MEE 

(93.40 ± 0.51%) and tocopherol/tocotrienols retention (84.01 ± 0.36 to 87.70 ± 0.84%).  

 

Overall, the percentage of tocopherol and tocotrienol retention significantly increased (p 

< 0.05) in the following order: microcapsules of M > M:INU > M:OSS. The combination 

of M and INU contributed to higher retention percentages compared to M alone. A 

previous study suggested that INU has the ability to entrap δ-tocotrienol within the 

encapsulating matrix (Silva et al., 2016), providing protection against degradation during 

spray drying. Moreover, the M:OSS microcapsules exhibited the highest retention 

percentages, indicating that M:OSS formed the most effective barrier to safeguard the 

core material. These results align with the MEE outcomes mentioned earlier. 

Additionally, the morphology of M:OSS microcapsules displayed a smooth and spherical 

external structure, signifying extensive coverage of the core by the wall materials. This 

coverage is crucial for ensuring core material protection and retention (Carneiro et al., 

2013).  

 

Another study elucidated that a higher M portion could lead to incomplete emulsification 

of components in the emulsion, resulting in an unstable emulsion and less dense film 

formation on the microcapsule surface (Yu et al., 2022). This situation permits the 

infiltration of oxygen and moisture into the core materials, accelerating lipid oxidation 

and causing lower retention of bioactive compounds. In contrast, a lower M portion 

(mixing ratio of 8:2) yielded significantly higher (p < 0.05) percentages of tocopherol 

and tocotrienol retention. Furthermore, microcapsules at the 8:2 mixing ratio exhibited 

denser external structures, as evident in Figure 4.1b. This denser structure hinders the 

ingress of oxygen and moisture, effectively delaying the degradation of tocopherol and 

tocotrienol during high-temperature spray drying. 
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4.3.8 Scanning Electron Microscopy (SEM) 

 

The external structure of the TRF-based microcapsules produced using the same core-

to-wall ratios of 1:4 was observed under SEM at × 1000 magnification (Figure 4.1). 

Overall, microcapsules comprised of varying wall material compositions and mixing 

ratios displayed similar rounded shapes, albeit with slightly distinct external 

morphologies. The composition of the feed material stands as one of the important 

factors influencing microcapsule morphology (Seid Mahdi Jafari et al., 2021).  

 

Among the various wall material compositions, the microcapsules of M:OSS (Figures 

4.1a and b) exhibited the highest sphericity with a smooth surface, although some areas 

displayed minor roughness. The acquisition of the lowest CI value and excellent 

flowability underscored the presence of smooth spherical particles of the M:OSS 

microcapsules. Such a smooth microcapsule surface is particularly desirable in food 

applications, as it contributes to optimal flow properties. Furthermore, the smooth and 

spherical structure indicates substantial coverage of the core by the wall materials, a 

critical factor ensuring the protection and retention of core materials (Carneiro et al., 

2013). Notably, no crack was found on the surface of these M:OSS microcapsules, 

affirming their higher MEE compared to other wall materials, as previously mentioned. 

An ideal wall material is required to have the ability to hold and seal the core materials 

within the microcapsule when it is stored and processed. This can be determined by the 

degree of integrity and porosity of the microcapsules (Murúa-Pagola et al., 2009). When 

comparing mixing ratios, the M:OSS (8:2) microcapsule exhibited greater compactness 

and reduced porous than the M:OSS (9:1) microcapsule. This outcome can be attributed 

to a higher proportion of OSS, which possesses rapid film-forming properties (Łupina et 

al., 2022). During spray drying, a film rapidly forms around the droplet surface, 

preventing deflation and shrinkage of the microcapsules, thereby resulting in  smooth 

surfaces with minimal superficial imperfections (Seid Mahdi Jafari et al., 2008).  

 

Conversely, microcapsules of M:INU (Figures 4.1c and d) displayed an uneven and 

slightly rough external surface with some visible cracks. The formation of uneven and 

rough surfaces is undesirable, contributing to higher CI values and reduced flowability. 

The presence of cracks on the microcapsule’s external surface has resulted to lower 

MEE. These cracks facilitate the increased penetration of the extraction solvent into the 

microcapsules, leading to greater oil extraction and subsequently lower MEE (Teo et al., 

2021). In cases of higher mixing ratios, the M:INU (8:2) microcapsule exhibited a more 

compact, spherical and smoother external surface. The use of a higher proportion of INU 

led to an enhanced microstructure. Similarly, microcapsule M (Figure 4.1e) exhibited an 

uneven and rough external surface, accompanied by some cracks. Therefore, as evident 

from the results, M microcapsules exhibited the lowest MEE, highest CI value and 

poorest flowability when compared to M:INU and M:OSS at the same core-to-wall ratios 

(1:4).  
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Figure 4.1: SEM micrographs of TRF-based microcapsules prepared at 1:4 core-

to-wall ratio with different wall material compositions and mixing ratios (a) M:OSS 

(9:1); (b) M:OSS (8:2); (c) M:INU (9:1); (d) M:INU (8:2) and (e) M. Scale bar 

represent 10 µm.  

 

4.4 Conclusions 

 

The present study has unveiled the effects of core-to-wall ratios, wall material 

compositions, and mixing ratios on the physical properties and stability of tocopherol 

and tocotrienol in TRF-based microcapsules. Initially, microcapsules were synthesized 

using M across various core-to-wall ratios (1:2, 1:3, 1:4). Among these ratios, 

microcapsules produced with a core-to-wall ratio of 1:4 exhibited superior 

characteristics, including higher MEE (93.40 ± 0.51%), enhanced WSI (74.75 ± 2.25%), 

increased retention of tocopherol and tocotrienol (83.01 ± 1.28 to 87.70 ± 0.84%), good 

flowability (CI = 18.18 ± 0.00%), and intermediate cohesiveness (HR = 1.22 ± 0.00). 

A B 

C D 

E 
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Consequently, the investigation focused on the effect of wall material compositions and 

mixing ratios, employing the core-to-wall ratio of 1:4. 

 

Based on the results, it became evident that microcapsules consisting of M:OSS, with a 

mixing ratio of 8:2, showcased the highest MEE (97.28 ± 0.16%), excellent flowability 

(CI = 12.50 ± 0.00%), and low cohesiveness (HR = 1.14 ± 0.00). Furthermore, M:OSS 

(8:2) microcapsules demonstrated the highest retention levels for α-tocopherol (97.69 ± 

1.93%), α-tocotrienol (99.72 ± 0.26%), β-tocotrienol (98.07 ± 1.16%), γ-tocotrienol 

(98.10 ± 0.03%), and δ-tocotrienol (98.28 ± 0.34%). Notably, these microcapsules 

exhibited optimal sphericity, a smooth and dense external surface, and an absence of 

cracks. These findings underscore the potential encapsulating capacity of the combined 

M and OSS wall material, particularly in a mixing ratio of 8:2, in bolstering the viability 

and stability of applications involving bioactive compounds, particularly within 

microcapsule formulations. 
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CHAPTER 5 

 

DETERMINATION OF THE STORAGE STABILITY, RELEASE 

CHARACTERISTICS, AND BIOACCESSIBILITY OF THE TOCOTRIENOL-

RICH FRACTION ENCAPSULATED IN MALTODEXTRIN-STARCH 

SODIUM OCTENYL SUCCINATE MICROCAPSULES 

 

5.1 Introduction 

 

Tocotrienols have gained widespread attention in recent years due to their exceptional 

antioxidant properties and bioactivity. Palm oil, known as a tocotrienol-rich fraction 

(TRF), is abundant in these compounds. Extensive research has been conducted on the 

health benefits of tocotrienols, particularly their anticancer, anti-inflammatory, and 

neuroprotective properties (Sun et al., 2022; Wong et al., 2017). Given these health 

advantages, there has been a growing interest in incorporating tocotrienols into food 

products (Tan et al., 2018). However, the hydrophobic nature of tocotrienols poses 

challenges as they exhibit low aqueous solubility and limited intestinal permeability 

when ingested orally. Additionally, during storage, polyunsaturated tocotrienol is prone 

to degradation due to lipid oxidation triggered by environmental stressors such as 

oxygen, heat, or light (Goh et al., 2015). 

 

Microencapsulation has emerged as a promising approach to improve the delivery and 

stability of tocotrienol. This process involves enclosing an active ingredient within 

micro-sized carrier matrices to shield the core material from the external environment 

(Gibbs et al., 1999). The resulting microencapsulated active compound is transformed 

into a powder through spray drying, further enhancing its stability during storage. Spray 

drying is a highly effective and widely employed method for producing microparticulate 

powders used in active compound delivery systems. Research has shown that the oral 

bioavailability of hydrophobic active compounds can be significantly improved through 

the process of spray drying (Hu et al., 2018).  

 

The selection of appropriate wall materials is critical for the production of spray-dried 

microcapsules to safeguard tocotrienols from adverse external environmental conditions. 

These wall materials must possess the capability to create a protective shell around the 

microcapsule, serving as a physical barrier against light, oxygen, and water. In this study, 

the wall material for the TRF-based microcapsule consisted of a blend of M and OSS. M 

is a polysaccharide composed of D-glucose monomers linked by α (1,4) and α (1,6)-

glycosidic bonds. It is characterized by a slight sweetness, odourlessness, colourlessness, 

high water solubility, and low viscosity at high solid content. Furthermore, M is stable 

under thermal and acidic conditions. However, it is worth noting that M has limited 

emulsifying ability (Saavedra-Leos et al., 2022), necessitating its combination with OSS 

to create a more robust wall material. OSS, on the other hand, is a modified food starch 

resulting from the esterification of octenyl succinic anhydride (Long et al., 2022). OSS 

exhibits both hydrophilic and hydrophobic properties and is commonly applied as an 

emulsifier, thickener, and wall material in the microencapsulation of bioactive 

compounds (Liu et al., 2018).  
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Over time, tocotrienols undergo lipid oxidation, which is influenced by factors such as 

elevated MC, aw, storage temperature, and exposure to light and oxygen (de Camargo et 

al., 2019). Consequently, it is imperative to investigate the storage stability of 

microencapsulated tocotrienols. Moreover, preserving the bioactivity of tocotrienols as 

they traverse the gastrointestinal tract, from consumption to metabolism, is crucial (Altin 

et al., 2018). This ensures that a substantial amount of tocotrienol remains accessible for 

absorption following digestion. This can be assessed by measuring the bioaccessibility 

and release of tocotrienols after undergoing in vitro digestion. Bioaccessibility refers to 

the portion of ingested nutraceuticals that is available for absorption through the 

intestinal epithelial membrane (Jafari & McClements, 2017). Consequently, the study 

examined the bioaccessibility of encapsulated tocotrienols to discern their impact on 

adsorption and metabolization. 

 

In summary, the study aimed to investigate the impact of storage on the physical and 

oxidative stability of microencapsulated TRF using the M:OSS wall material. The release 

characteristics of the TRF-based microcapsule were assessed under different ionic 

strengths and pH conditions. Additionally, bioaccessibility and release of TRF from the 

bulk oil and microcapsule following in vitro digestion were determined.  

 

5.2  Materials and Methods 

 

5.2.1  Materials  

 

Palm TRF was generously provided by ExcelVite Sdn. Bhd (Chermo, Malaysia). It 

comprised 38.5 to 42.0% of total tocotrienols, 9.5 to 14.0% of tocopherol, 30.0 to 45.0% 

of palm olein (monoglyceride, diglyceride and triglyceride), 1.0 to 3.0% of plant 

squalene, 0.03 to 0.07% of mixed carotene complex predominantly β-carotene, and 2.0 

to 4.0% of sterol complex predominantly β-sitosterol. The active ingredients 

predominantly of d-α-tocopherol (9.5 to 14.0%), d-γ-tocotrienol (17.5 to 23.0 %), d-α-

tocotrienol (12.0 to 16.0%), d-δ-tocotrienol (4.0 to 7.0%), and d-β-tocotrienol (minimum 

of 1.9%). The PPI and FG were sourced from Emsland Group Sdn. Bhd (Wietzendorf, 

Germany) and Qingdao Dehui Halobios Science and Technology Co., Ltd (Qingdao, 

China),  respectively. The wall materials, M, and OSS were purchased from Ingredion 

Incorporated (Westchester, United States). The HPLC-grade standards of tocotrienol (d-

α-, β-, γ- and δ-) and tocopherol (d-α-, β-, γ- and δ-)  mixture were purchased from 

ChromaDex (Los Angeles, United States). HPLC-grade n-hexane and 1,4-dioxane were 

purchased from Fisher Scientific (Pittsburgh, United States). For the in vitro digestion 

model, α-amylase (20000 units/mL) was obtained from Sigma-Aldrich (St Louis, United 

States), pepsin (3000 - 3500 units/g), and pancreatin (> 4000 units/g) from Beijing 

Solarbio Science & Technology Co., Ltd. (Beijing, China), and bile salt from R & M 

Chemicals (Semeyih, Malaysia). All reagents and solvents used were of analytical grade, 

and deionized water was employed for all sample preparation and analyses. 
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5.2.2 Preparation of TPPI-FG Complex 

 

Based on the previous chapter, TPPI-FG at a ratio of 3:1 has obtained excellent 

emulsification properties. Thus, the emulsifier of the TPPI-FG (3:1) complex was 

prepared as described in Section 4.2.2.  

 

5.2.3 Preparation of TRF-based Microcapsule 

 

According to previous findings, the wall material of M:OSS (8:2) has exhibited the 

highest encapsulation efficiency. Therefore, it will be further studied in this chapter. The 

TRF-based microcapsule was prepared using the method described in Section 4.2.3. 

 

5.2.4 Spray Drying  

 

Refer to Section 4.2.4.  

 

5.2.5 Storage Stability  

 

The TRF-based microcapsule was vacuum-packed and stored in a 40 °C incubator for 13 

weeks. The storage stability of the microcapsule was assessed by measuring MEE, MC, 

aw, flowability and cohesiveness, colour, reconstitution properties, PV, as well as 

tocopherol and tocotrienol content analysis. Analysis was conducted in weeks 0, 1, 2, 3,4 

and 13. Three measurements were performed on each sample as replicates. 

 

5.2.5.1 Microencapsulation Efficiency (MEE) 

 

Refer to Section 4.2.4.1. 

 

5.2.5.2 Moisture Content (MC) 

 

Refer to Section 4.2.4.2. 

 

5.2.5.3 Water Activity (Aw) 

 

Refer to Section 4.2.4.3. 
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5.2.5.4 Flowability and Cohesiveness 

 

 

Refer to Section 4.2.4.4. 

 

5.2.5.5 Colour 

 

The colour of the TRF-based microcapsule was measured as described in Section 4.2.4.6. 

Three measurements were performed on each sample as replicates. The total colour 

difference (∆E ) was calculated using the following formula: 

 

∆E =  √(Lo
∗ − Lt

∗)2 +  (ao
∗ − at

∗)2 + (bo
∗ −  bt

∗)2  

 

Chroma (C) was determined as the following equation:  

 

C = √a∗2 + b∗2 

 

Where L* is the brightness, ranging from white to black (100 to 0), a* is the green (-a*) 

and red (+a*), and b* is the blue (-b*) and yellow (+b*) colour. 

 

5.2.5.6 Reconstitution Properties 

 

The TRF-based microcapsules were reconstituted with deionized water, and their 

reconstitution properties were evaluated (Chang et al., 2018). A 0.5 g of microcapsules 

were dissolved in 150 mL of deionized water at room temperature (25 °C) under 

continuous stirring at 400 rpm for 30 mins. The refractive index of TRF was 1.45. The 

mean droplet size and span index of the reconstituted dispersions were measured at 25 

°C using a Mastersizer MS 2000 (Malvern, Worcestershire, UK). Three measurements 

were performed on each sample as replicates. 

 

5.2.5.7 Peroxide Value (PV) 

 

The extraction of oil for PV was performed following the method adapted from Chang 

et al. (2018). 0.5 g of the microcapsule was suspended with 2.5 mL of deionized water 

and stirred at 300 rpm for 30 min to ensure dissolution. Then, 300 μL of the suspension 

was added to 1.5 mL of an iso-octane/isopropanol (2:1) mixture and vortexed for 10 s, 

repeated three times to extract the oil. The resultant solution was centrifuged at 1000 g 

for 4 min. The extraction was repeated three times. The PV of extracted oil was measured 

spectrophotometrically based on IDF standard 74A:1991. The resultant solution (400 μL) 

was combined with 9.6 mL of chloroform/methanol (7:3) mixture. To induce colour 

(Eq.5.1) 

(Eq.5.2) 
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formation, 50 μL of iron (II) chloride solution was added and vortexed for 5 seconds. 

Subsequently, 50 μL of ammonium thiocyanate solution was added and vortexed for 

another 5 seconds. The resultant solution was allowed to react for 5 min in the dark, and 

then the absorbance was measured using a UV-VIS spectrophotometer (Agilent 

Technologies, CARY 60 UV-VIS, California, USA)  at 500 nm in triplicates in subdued 

light within 10 min. Three measurements were performed on each sample as replicates. 

PV was calculated using the Fe (III) calibration curve with the following equation: 

 

PV (mEq /kg oil)  =  
(𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠𝑏𝑙𝑎𝑛𝑘)

(S × 55.84 × 2 × W) 
  

 

Where Abs is the absorbance of the solution, S is the slope of the Fe (III) standard curve, 

55.84 is the atomic weight of Fe (III), 2 is the unit conversion factor, and W is the sample 

weight. 

 

5.2.5.8 Tocopherol and Tocotrienol Content Analysis 

 

The extraction and HPLC analysis methods were carried out as described in Section 

4.2.4.7. The degradation of tocopherol and tocotrienol during storage (3 months) was 

calculated as follows: 

 

Degradation (%) =  
(𝑇0 − 𝑇𝑛)

𝑇0
 × 100   

 

Where 𝑇0 is the tocopherol and tocotrienol content in the microcapsule in week 0, 𝑇𝑛 is 

the tocopherol and tocotrienol content in the microcapsule in subsequent weeks.  

 

5.2.6 Release Characteristics 

 

5.2.6.1 Effect of Ionic Strength 

 

To examine the release behaviour of TRF in response to changes in ionic strength, a 

method was adapted from Chang et al. (2018). TRF-based microcapsules weighing 0.5 

grams were dispersed in 5 mL of NaCl solution at various concentrations (0, 50, 100, 

150, and 200 mM). The mixture was stirred for 1 hr. Subsequently, 40 mL of hexane was 

added followed by gentle hand-shaking for 2 min to extract the released TRF from the 

emulsion. The mixture was then centrifuged at 10000 rpm for 10 min. The hexane layer 

containing TRF was collected in a round-bottom flask and evaporated using a rotary 

evaporator in a 60 °C water bath. The flask, now containing the released oil, was further 

dried in a 105 °C hot air oven for 1 h. Three measurements were performed on each 

sample as replicates. TRF release was calculated using the formula: 

 

(Eq.5.3) 

(Eq.5.4) 
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TRF release (%) =  
(𝑊𝑓−𝑊𝑖)

𝑊𝑝
 × 100  

 

Where 𝑊𝑓 is the mass of round bottom flask containing TRF (g), 𝑊𝑖 is the mass of empty 

round bottom flask (g), and 𝑊𝑝 is the mass of powder (g). 

 

5.2.6.2 Effect of pH 

 

The release behavior of TRF as a function of pH was determined using a method adapted 

from Chang et al. (2018). In this procedure, 0.5 g of TRF-based microcapsules were 

dispersed into 5 mL of deionized water at different pH conditions (3, 5, 7, and 9) and 

stirred for 1 h. Afterward, approximately 40 mL of hexane was added, and gentle hand-

shaking for 2 min was performed to extract the released TRF from the emulsion. The 

mixture was then centrifuged at 10,000 rpm for 10 min. The hexane layer containing 

TRF was collected in a round-bottom flask and evaporated using a rotary evaporator in 

a 60 °C water bath. The flask, now containing the released TRF, was further dried in a 

105 °C hot air oven for 1 hr. Three measurements were performed on each sample as 

replicates. TRF release was calculated using the same formula as mentioned above.  

 

5.2.7 In Vitro Digestion  

 

The INFOGEST in vitro digestion model by Brodkorb et al. (2019) was employed in this 

study. Enzyme concentrations were determined to mimic the conditions of the mouth, 

stomach, and small intestine, simulated saliva fluids (SSF), simulated gastric fluids 

(SGF), and simulated intestinal fluids (SIF) according to the INFOGEST method. To 

achieve this, 0.5 grams of TRF-based microcapsules were reconstituted with 50 mL of 

deionized water at room temperature, with continuous stirring at 500 rpm for 30 min. 

 

For the mouth phase, reconstituted microcapsules (5 g) were mixed with 4 mL of SSF 

(pH 7), 0.5 mL of amylase, 25 µL of 0.3 M calcium chloride, and topped up to 5 mL with 

deionized water. The mixture was then incubated at 37 °C for 2 min.  

 

For the stomach phase, the sample from the mouth phase (10 mL) was added with 8.6 

mL of SGF and adjusted to pH 3 using a hydrochloric acid solution. Subsequently, 1 mL 

of pepsin solution and 0.4 mL of deionized water were added to reach a total volume of 

20 mL. The pepsin solution was stored in an ice box before use. The mixture was placed 

in a shaking incubator at 37 °C for 2 hr at 100 rpm. 

 

For the small intestine phase, the sample from the stomach phase (20 mL) was combined 

with 8 mL of SIF and adjusted to pH 7 using NaOH solution. Approximately 3 mL of 

bile salt solution (10 mM), 40 μL of calcium chloride solution (0.3 M), 5 mL of 

pancreatin/lipase solution (2000 U/mL), and 4 mL of deionized water were added to 

(Eq.5.5) 
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reach a total volume of 40 mL. SIF was used to dissolve enzymes and bile salts before 

being added.  

 

5.2.7.1 Bio-Accessibility and Percentage of Release 

 

Tocotrienol bioaccessibility and the percentage of release were determined using a 

method adapted from Tan et al. (2018). After 2 h of digestion, digesta was collected from 

the small intestine phase solution. The digesta (15 mL) underwent centrifugation at 

18,000 rpm, 4 °C for 50 min to obtain the micelle phase (middle clear phase). 

Subsequently, tocotrienol in 0.5 mL of digesta or micelle phase was extracted using 1.2 

mL of organic solvent (hexane/isopropanol: v/v = 2/3). The resultant solution was 

centrifuged at 6,000 rpm for 2 min, and the upper clear layer was collected and analyzed 

using a UV-VIS Spectrophotometer (Agilent Technologies, CARY 60 UV-VIS, 

California, USA) at 450 nm. Three measurements were performed on each sample as 

replicates. 

 

𝑅𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  
(𝐶𝑚𝑖𝑐𝑒𝑙𝑙𝑒+ 𝐶𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 )

𝐶𝑑𝑖𝑔𝑒𝑠𝑡𝑎 
 × 100  

 

𝐵𝑖𝑜𝑎𝑐𝑐𝑒𝑠𝑠𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝐶𝑚𝑖𝑐𝑒𝑙𝑙𝑒

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 
× 100  

 

Where 𝐶𝑚𝑖𝑐𝑒𝑙𝑙𝑒  is tocotrienol concentration in micelle phase, 𝐶𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡  is tocotrienol 

concentration in the sediment phase, 𝐶𝑑𝑖𝑔𝑒𝑠𝑡𝑎  is tocotrienol concentration in digesta 

phase, 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is tocotrienol concentration in the initial phase. 

 

5.2.8 Statistical Analysis 

 

All analyses were conducted in triplicates on duplicate samples. The results underwent 

statistical analysis using Minitab statistical software version 17.0 (Minitab Inc., PA, 

USA). The one-way ANOVA with post-hoc Tukey’s test was employed to identify 

significant differences among mean values (p < 0.05). 

 

5.3 Results and Discussion 

 

5.3.1 Storage Stability 

 

The TRF-based microcapsule was stored at 40 °C for 13 weeks. To assess its stability, 

various physical and oxidative parameters were examined, including MEE, MC, aw, 

flowability and cohesiveness, colour, and reconstitute properties whereas the oxidative 

stability was determined by the PV, tocopherol and tocotrienol content analysis. 

(Eq.5.11) 

(Eq.5.12) 
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5.3.1.1 Microencapsulation Efficiency (MEE) 

 

Table 5.1 presents the MEE values of TRF-based microcapsules, ranging from 91.49 ± 

0.81 to 94.63 ± 2.56%. These high MEE values suggest successful TRF encapsulation 

with minimal SO on the particles, indicating effective core material retention. 

Importantly, MEE values remained stable (p > 0.05), decreasing insignificantly by 3.32% 

over the storage period. This stability can be attributed to the protective layer formed by 

the TPPI-FG (3:1) complex during emulsification and the barrier provided by the M:OSS 

(8:2) wall material against the extraction solvent during MEE analysis. 

 

5.3.1.2 Moisture Content (MC) 

 

Moisture content (MC) measures the total amount of water present within particles and 

serves as an indicator of food powder stability (Priol et al., 2019). The MC of the TRF-

based microcapsule significantly increased (p < 0.05) by 36.13% during storage (Table 

5.1). The MC ranged from 3.93 ± 0.19 to 5.35 ± 0.19%, slightly surpassing the targeted 

MC for food powder (3 to 4%) (Song et al., 2022). The increase may be due to moisture 

absorption from the surrounding environment, potentially affecting TRF's oxidative 

stability. However, this concern can be addressed by incorporating moisture absorbers, 

such as silica gel, in sachet form. 

 

5.3.1.3 Water Activity (Aw) 

 

The aw measures free or non-chemically bonded water in microcapsules. Over the storage 

period, aw increased (p < 0.05) from 0.32 ± 0.02 to 0.46 ± 0.00, representing a 43.75% 

increase (Table 5.1). These results showed a positive correlation with MC, as the 

microcapsule absorbed moisture from its environment during storage. While elevated aw 

can favour microbial growth and contribute to degradation through enzymatic and non-

enzymatic reactions, it's worth noting that the overall aw of the microcapsule remained 

below 0.6, a level considered microbiologically stable (Quek et al., 2007).  

 

5.3.1.4 Flowability and Cohesiveness 

 

Table 5.1 provides data on the flowability and cohesiveness of the TRF-based 

microcapsule over the 13-week storage period at 40 °C. Flowability, denoted by the CI, 

characterizes particle movement relative to neighbouring particles or container walls 

(Kalman, 2021). At the end of the storage period, CI exhibited a significant increase (p 

< 0.05) of 40.58%, indicating reduced flowability. This decrease in flowability is 

correlated with the rise in MC, as the thicker liquid layer on particle surfaces increased 

the strength of liquid bridges between particles (Kalman, 2021). Meanwhile, 

cohesiveness, indicated by the HR, also exhibited a significant increase (p < 0.05) from 

1.12 ± 0.00 to 1.18 ± 0.00 at week 13. Despite this increase, the microcapsule still 

maintained low cohesiveness, signifying minimal attractive forces between adjacent 

particles or molecules of the same matrix. This property is desirable, as it can help 
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mitigate issues related to caking and agglomeration during storage (Leyva-Porras et al., 

2014).  

 

5.3.1.5 Colour 

 

Table 5.1 shows the colour changes (L*, a*, b*, ΔE, and C) of TRF-based microcapsules 

throughout the storage period. It was observed that the L* value of the microcapsule 

increased slightly (p < 0.05) by 4.04%, indicating a lightening of colour during storage. 

Notably, at week 13, both the positive a* value (indicating redness) and the positive b* 

value (indicating yellowness) decreased significantly (p < 0.05) by 48.58% and 19.62%, 

respectively, along with the C value, which decreased by 18.6%. A similar trend was 

reported in another study on the microencapsulation of red palm oil by spray drying, 

where L* values increased, while a*, b*, and C values decreased with increased storage 

time and temperature (Lee et al., 2020). The final ΔE value for the microcapsule was 

recorded as 13.63 ± 0.23, signifying a significant colour change, as it exceeded the 

threshold of 6 (Wibowo et al., 2015). This slight degradation in colour could be related 

to TRF degradation triggered by the MC and storage temperature. 

 

5.3.1.6 Reconstitution Properties 

 

Reconstitution properties were evaluated by measuring the particle size and span value 

of the dispersed microcapsule. Particle size is an important parameter as it affects water 

solubility, hygroscopicity, and wettability (Lacerda et al., 2016). Throughout storage, the 

particle size of the microcapsule increased significantly (p < 0.05) by 25.9% rising from 

3.32 ± 0.27 to 4.18 ± 0.10 µm (Table 5.1). Simultaneously, the span value of the 

microcapsule exhibited a rising trend, increasing significantly (p < 0.05)  by 48.68% 

from 1.89 ± 0.18 to 2.81 ± 0.09. These increases in particle size and span value were 

attributed to MC, which caused slight agglomeration between microcapsules during 

storage. Another study explained that the droplets experienced mechanical damage 

during spray drying, which caused agglomeration in emulsion, thus the small droplets 

merged to form large droplets (Guo et al., 2023).   
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5.3.1.7 Peroxide Value (PV) 

 

PV serves as an indicator of TRF's oxidative stability, measuring the formation of 

hydroperoxide during the early stages of lipid oxidation, a process initiated by the 

breakdown of unsaturated carbon-carbon double bonds (Pratt et al., 2011). PV 

measurements were taken for the TRF-based microcapsule during different storage 

weeks at 40 °C (Table 5.2). The results revealed a slight increase (p < 0.05) in PV from 

1.05 ± 0.06 to 5.40 ± 0.00 mEq/kg during storage. According to Codex Alimentarius 

(2001), good-quality oil should have a PV below 5 mEq/kg, while rancid oil typically 

exhibits a PV above 10 mEq/kg. Although the PV of the encapsulated TRF exceeded the 

requirement for good-quality oil, the increase was minimal, suggesting that the TRF 

remained relatively stable against oxidation during storage. 

 

The slight increase in the PV of the microcapsule may be attributed to MC and the storage 

temperature of 40 °C, which promoted the formation of various lipid oxidation products. 

The specific mechanism of lipid oxidation in the presence of water is not entirely clear, 

but water tends to interact with more hydrophilic lipid oxidation products and mobilize 

pro-oxidative reactants, as suggested by (Labuza & Dugan, 1971). These interactions 

collectively contribute to lipid oxidation.  

 

However, it's noteworthy that the PV increment was relatively low, indicating that the 

TRF remains relatively stable against oxidative degradation during storage. The stability 

of the core material against oxidation is primarily influenced by the thickness of the 

interfacial layer, as discussed by Berton-Carabin et al. (2013). In the present study, the 

TPPI-FG (3:1) complex acted as an emulsifier, forming a dense interfacial layer around 

the oil droplet due to the high molecular weight of FG (1470 kDa). Additionally, the 

inclusion of M:OSS (8:2) further augmented the thickness of the interfacial layer by 

increasing the viscosity and solid content of the wall material. During the spray drying 

process, this resulted in the formation of a compact and thick microcapsule, which serves 

as a robust barrier against pro-oxidants, thus minimizing oxidative degradation of the 

TRF. 

 

5.3.1.8 Tocopherol and Tocotrienol Content Analysis 

 

The TRF-based microcapsule was vacuum-sealed in a nylon bag and stored in darkness 

at 40 °C for 13 weeks. Subsequently, the degradation of tocopherol and tocotrienol in 

the microcapsule was assessed (Table 5.2). At the end of the storage, there was a slight 

degradation (p < 0.05) in α-tocopherol, α-, β-, γ-, and δ-tocotrienols, with degradation 

percentages of 17.33 ± 0.99%, 16.45 ± 1.79%, 20.89 ± 1.20%, and 18.12 ± 1.63%, 

respectively. The degradation of vitamin E compounds occurred during both processing 

and storage, consistent with previous reports indicating that vitamin E can degrade even 

at temperatures as low as 40 °C (Sabliov et al., 2009). This degradation is typically 

attributed to oxidation, which primarily affects the polyunsaturated phytyl side chain in 

tocotrienol isomers (Chaiyasit et al., 2007). Notably, these results align with the earlier 

PV findings, which showed that TRF in the microcapsule experienced slight oxidation. 

However, the degradation of these isomers was minimized due to the effective barrier 
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created over the TRF by the TPPI-FG complex and the M:OSS (8:2) wall material, as 

explained previously. Another study also reported that encapsulated tocotrienol and 

tocopherol experienced minimal degradation when stored in the dark at 40 °C without 

exposure to ambient air (Surjit et al., 2022).  

 

Upon closer examination of the tocopherol and tocotrienol isomers, it was evident that 

β-tocotrienol exhibited the highest degradation throughout the storage period, indicating 

its sensitivity to degradation. This observation aligns with the results of Surjit et al. 

(2022).   Besides, the findings of  Tan et al. (2018) reported that β-tocotrienol in the 

microcapsule were more prone to oxidation upon storage, due to high initial loss which 

summed up to 94.9 ± 0.1% at the final storage stage. Additionally, β-tocotrienol is highly 

susceptible to degradation, it could be explained by a lower initial amount of β-

tocotrienol (~1.9%) in the TRF feedstock compared to other isomers. Another study also 

reported that β-tocotrienol was not found in deep-fat fried French fries due to very low 

initial concentration of β-tocotrienol in the crude palm oil (Mba et al., 2018). In general, 

the degradation order of tocopherol and tocotrienol isomers in the microcapsule was as 

follows: β-tocotrienol > δ-tocotrienol > α-tocotrienol > α-tocopherol > γ-tocotrienol 

(Table 5.2). 
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5.3.2 Release Characteristics  

 

The TRF-based microcapsule may encounter diverse environmental conditions when 

applied to various food or pharmaceutical systems. Therefore, the influence of 

environmental factors, such as pH and ionic strength, on the release characteristic of the 

microcapsule were investigated.   

 

5.3.2.1 Effect of Ionic Strength 

 

The release characteristic of the freshly spray-dried microcapsules was evaluated under 

various ionic strengths, as presented in Table 5.3. As the ionic strength increased, there 

was a slight increase (p < 0.05) in TRF release, ranging from 2.67 ± 0.34 to 5.97 ± 0.12%. 

This increase can be attributed to the presence of electrostatic screening and ion-binding 

effects. Counter-ions such as Na+ and Cl- accumulated around the droplet's surface, 

diminishing electrostatic repulsion between droplets and causing droplet aggregation, 

consistent with prior research by Ozturk et al. (2014). It's noteworthy, however, that the 

overall percentage of TRF released remained relatively low (ranging from 2.67% to 

5.97%) compared to the release percentages of fish oil (ranging from 2.27% to 21.74%) 

observed under similar NaCl concentrations in a separate study (Chang et al., 2018). 

These results indicate that the TPPI-FG (3:1) complex effectively stabilizes the emulsion 

by strengthening electrostatic interactions between droplets, thus reducing aggregation 

as NaCl concentrations rise. The interaction between TPPI and FG results in a robust and 

thicker complex enveloping the droplets, preventing nanoemulsion destabilization with 

increasing ionic strength. Additionally, the droplets gain further stability from the 

M:OSS (8:2) wall material, which forms an additional protective layer around them. This 

protective layer prevents direct contact between the complex and counterions, thereby 

reducing the electrostatic free energy of the complex, as elucidated by Chang et al. 

(2018). Consequently, the protein solubility of TPPI is only minimally affected, resulting 

in a low percentage of TRF release across the range of NaCl concentrations. 

 

5.3.2.2 Effect of pH 

 

The freshly prepared TRF-based microcapsules were exposed to different pH 

environments (3, 5, 7 and 9) to assess their release characteristic (Table 5.3). The 

percentage of TRF released was found to be statistically insignificant (p > 0.05) across 

the pH range, except at pH 7, where the highest TRF release was observed (4.35 ± 

0.19%). Overall, the TRF release remained relatively low, ranging from 3.37 ± 0.28% to 

4.35 ± 0.19%. It is worth noting that the performance of protein emulsifiers is often 

influenced by pH, with biopolymers losing their surface-active properties near their 

isoelectric point (Jafari et al., 2008). Consequently, nanoemulsions become unstable, 

resulting in high oil released.  

 

However, it is noteworthy that the TRF released remained low at pH 3, which is close to 

the isoelectric point of TPPI-FG complex (pI = 3.5). This suggests that the TPPI-FG (3:1) 

complex maintains effective emulsion stabilization even at its isoelectric point. 
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Furthermore, the high MEE of 97.28% achieved by the microcapsules demonstrates the 

effectiveness of the M:OSS (8:2) wall material in TRF encapsulation. The thick and 

compact wall material also shields the tocotrienols by binding the compounds within the 

hydrocolloid network (Tan et al., 2018), to avoid direct exposure to varying pH 

environments that could disrupt the system. A study reported that succinylated starches 

used as wall materials exhibited high retention and emulsion stability (Jafari et al., 2008). 

In summary, these results confirm the stability of TRF-based microcapsules when 

exposed to diverse pH conditions.  

 

Table 5.3: Release characteristic of spray-dried TRF-based microcapsule as a 

function of ionic strength and pH. 

 

Concentration of sodium 

chloride (mM) 

Percentage of 

TRF release (%) 

pH Percentage of 

TRF release (%) 

0 2.67 ± 0.34C 3 3.37 ± 0.28B 

50 3.97 ± 0.20B 5 3.59 ± 0.37B 

100 4.61 ± 0.25B 7 4.35 ± 0.19A 

150 5.56 ± 0.60A 9 3.73 ± 0.34AB 

200 5.97 ± 0.12A   

Values are expressed as mean ± standard deviation (n = 6). Mean values with different 

superscript letters within the same column are significantly different (p < 0.05). 

Abbreviations: TRF: Tocotrienol-rich fraction. 

 

5.3.3 Percentage of TRF Release and Bioaccessibility after In Vitro Digestion 

 

Understanding the digestion behaviour of TRF-based microcapsules is crucial for their 

application in food. To investigate the potential oral delivery of TRF in both bulk oil and 

microcapsules, the INFOGEST in vitro digestion method was employed. Both bulk oil 

and microcapsules underwent SSF, SGF, and SIF conditions to mimic the mouth, 

stomach, and small intestine environments. Subsequently, we compared the percentage 

of TRF released and its bioaccessibility. 

 

The percentage of TRF released was determined by analysing the presence of TRF in the 

micelle and sediment phases relative to the digesta phase. The microcapsules released 

85.77 ± 1.43% of TRF, while bulk oil released only 34.57 ± 0.02% (Figure 5.1). Notably, 

TRF release from the microcapsules was significantly higher (p < 0.05) than from bulk 

oil, with a difference of 51.20%. A similar trend was obtained by in vitro digestion of 

walnut oil encapsulated using soy protein isolate and konjac glucomannan (Hu et al., 

2024). A high percentage of TRF released is desirable as it indicates more TRF will be 

released in the gastrointestinal tract after digestion. The results also show that the wall 

materials did not impair the in vitro digestibility of TRF. This is attributed to the presence 
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of the M:OSS (8:2) wall material, which effectively minimized TRF degradation under 

the harsh conditions of the digestion process. Moreover, minimal TRF release was 

observed when the microcapsules were subjected to varying pH conditions, further 

substantiating the protective role of the wall material.  

 

During the digestion, the hydrolytic enzymes broke down the interaction between 

M:OSS (8:2) and the TPPI-FG (3:1) complex, leading to the formation of large pores in 

the wall matrix and subsequent TRF release (Karaca et al., 2013). In contrast, bulk oil 

was more susceptible to degradation as it lacked a protective layer and was directly 

exposed to acidic gastric conditions during digestion, resulting in low TRF release by the 

end of the process. Similar findings were reported by Tan et al. (2018), indicating that 

acidic conditions lead to the immediate oxidation of non-encapsulated tocotrienol.  

 

It is worth noting that TRF release from the microcapsules was not complete (unable to 

release 100% of TRF) at the final stage of in vitro digestion. This suggests that a small 

amount of TRF remained binding within the matrix (Tan et al., 2018), possibly due to 

the thick and compact coating layers of the wall material. The protective effect of the 

M:OSS (8:2) wall material can be attributed to the 97.28% MEE obtained, as explained 

in previous findings. This wall material restricts enzyme access during digestion, as 

observed in another study where chitosan wall material limited enzyme access, resulting 

in incomplete fish oil release (Chang et al., 2018). Additionally, hydrophobic TRF may 

have deposited within the core of the emulsion droplets (Alayoubi et al., 2013). 

Nonetheless, this limitation is minimal. In summary, the wall material has proven highly 

effective in stabilizing and protecting TRF. 

 

Bioaccessibility refers to the amount of active compounds released into the 

gastrointestinal tract and available for absorption (Xu et al., 2018). Bioaccessibility of 

TRF was significantly higher (p < 0.05) in the microcapsules (40.81 ± 0.68%) compared 

to bulk oil (19.49 ± 0.01%), as shown in Figure 5.1. TRF is known to have poor 

digestibility and bioaccessibility when ingested orally due to its lipophilic properties 

(Goh et al., 2015). However, the results of this study demonstrate that 

microencapsulation enhances the bioaccessibility of TRF. 
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Figure 5.1: Bioaccessibility and release of tocotrienol-rich fraction (TRF) from bulk 

oil and microcapsule after in vitro digestion. 

 

5.4 Conclusions 

 

This study has shed light on the physical and oxidative stability of TRF-based 

microcapsules following 13 weeks of storage at 40 °C. At the end of the storage period, 

the microcapsule exhibited a slight increase in cohesiveness (5.36%) and L* value 

(4.04%), alongside a minor decrease in MEE (3.32%), b* (19.62%) and C values 

(18.56%). Conversely, the stored microcapsules displayed a notable increase in MC by 

36.13%, aw by 43.75%, and flowability by 50%, but experienced a significant decrease 

in a* value by 48.85%. The particle size and span value of the reconstituted 

microcapsules at week 13 measured 4.18 µm and 2.81, respectively. By the end of the 

storage period, the microcapsules showed a low PV value of 5.40 mEq/kg, slightly 

surpassing the threshold for good quality oil (PV < 5 mEq/kg). In the analysis of 

tocopherol and tocotrienol content, it was observed that α-tocopherol (17.33%), α-

tocotrienols (17.84%), β-tocotrienols (16.45%), γ-tocotrienols (20.89%), and δ-

tocotrienols (18.12%) experienced increased degradation throughout the storage period. 

Additionally, we investigated the influence of ionic strength and pH on the release of 

TRF from microcapsules. The highest TRF release was achieved at an ionic strength of 

200 mM and pH 7, with percentages of 5.97% and 4.35%, respectively. Following in 

vitro digestion, TRF microcapsules exhibited significantly higher bioaccessibility 

(40.81%) and TRF release (85.77%) compared to bulk oil. These findings underscore the 

physical and oxidative stability of microencapsulated TRF during storage, as well as 

provide insights into release characteristics, bioaccessibility, and TRF release following 

in vitro digestion. 
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CHAPTER 6 

 

THE EFFECT OF STORAGE  STABILITY OF TOCOTRIENOL-RICH 

FRACTION (TRF) ENCAPSULATED IN MALTODEXTRIN-STARCH 

SODIUM OCTENYL SUCCINATE MICROCAPSULES ON MAYONNAISE 

MATRIX 

 

6.1 Introduction 

 

Mayonnaise is a widely consumed dressing known for its creamy white appearance and 

slightly tangy flavour. It is traditionally prepared as an O/W emulsion, containing a 

significant oil content (typically 65% to 85%), and is crafted under acidic conditions with 

a pH ranging from 3.7 to 4.2 (Akhtar & Masoodi, 2022). The essential ingredients of 

mayonnaise encompass vegetable oil, water egg yolk, mustard, vinegar or lemon juice, 

salt, and seasoning ingredients (Abdolmaleki et al., 2019). Within the structure of 

mayonnaise, these components exist in three phases: vegetable oil as the dispersed phase, 

vinegar, and water as the continuous phase, and egg yolk serving as the emulsifier at the 

interface (Li et al., 2014).  

 

Over time, traditional mayonnaise has faced challenges aligning with the preferences of 

nutrition-demanding consumers. Consequently, several studies have explored enriching 

mayonnaise with natural antioxidants such as resveratrol, tocopherol, rosemary essential 

oil, and Ferulago angulata extract (Abdolmaleki et al., 2019; Rabbani et al., 2021). The 

addition of natural antioxidants has the potential to improve the oxidative stability of the 

oil (Gorji et al., 2016), and confer health benefits, appealing to a broader consumer base 

(Hermund & Yes, 2015).  

 

Recently, tocotrienols have gained prominence due to their exceptional antioxidative 

properties, comparable to tocopherol. Both components of Vitamin E have been widely 

recognized for their role in preventing various diseases associated with oxidative stress, 

such as atherosclerosis, neurodegeneration, cancer, and aging (Park et al., 2010; Sen et 

al., 2010). It is concerning that over 90% of individuals in the United States fail to meet 

the recommended dietary allowances (RDAs) for vitamin E intake, which is 15 mg (22.5 

IU) per day for adolescents, adult men, and non-lactating women (Saini & Keum, 2016). 

Consequently, fortifying tocotrienol-rich fraction (TRF) into food products like 

mayonnaise is encouraged to boost vitamin E consumption. 

 

A significant challenge in fortifying food products with pure polyunsaturated 

tocotrienols is their susceptibility to lipid oxidation, especially when exposed to 

environmental stressors such as heat, light, oxygen, moisture, and extreme pH levels. 

Furthermore, interactions between bioactive compounds and other food matrix 

ingredients can lead to the degradation of these bioactive compounds (Dima et al., 2020). 

This can result in reduced tocotrienol bioactivity and the formation of undesirable 

reaction products (Ko et al., 2010). Moreover, hydrophobic tocotrienols have low water 

solubility and intestinal permeability when ingested orally, making it challenging to 
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incorporate pure tocotrienol into food products (Alayoubi et al., 2013). Additionally, the 

incorporation of tocotrienols can adversely affect the sensory properties of food products 

due to their highly perishable nature, unfavourable aroma, and unpleasant taste 

(Maqsoudlou et al., 2020).   

 

To address these challenges, microencapsulation has emerged as a solution to enhance 

the stability of tocotrienols, preventing their degradation during storage or exposure to 

environmental stressors (Tan et al., 2018). In this study, a TPPI was created through pH-

shifting and thermal treatments to form a complex with FG, resulting in a TPPI:FG (3:1) 

complex. This complex acts as an emulsifier, stabilizing TRF in the form of Pickering 

nanoemulsion. This approach is suitable for producing natural and vegan food products 

as it relies on a fully plant-based emulsifier, eliminating the need for synthetic or animal-

based emulsifiers. The TRF-based microcapsule was produced using M:OSS (8:2). M, 

chosen for its low viscosity, high water solubility, and stability under thermal and acidic 

conditions, forms a robust, compact, and thick protective layer around the TRF, 

safeguarding it against lipid oxidation (Liu et al., 2018a; Saavedra-Leos et al., 2022).  

 

In light of these considerations, this study involved fortifying mayonnaise with TRF in 

the form of microcapsules and bulk oil, respectively, and assessed the physicochemical 

properties and oxidative stability of TRF-fortified mayonnaise during one month of 

storage at 4°C. Additionally, sensory properties, including colour, aroma, taste, 

creaminess, sourness, and overall acceptability, were evaluated using a 9-point hedonic 

scale. 

 

6.2  Materials and Methods 

 

6.2.1  Materials  

 

The raw materials necessary for mayonnaise preparation, including soybean oil, egg 

yolk, vinegar, cheese powder, mustards, and salt were purchased from a local 

supermarket in Ampang, Selangor, Malaysia. Palm TRF was kindly provided by 

ExcelVite Sdn. Bhd (Chermo, Malaysia). This material comprised 38.5 to 42.0% of total 

tocotrienols, 9.5 to 14.0% of tocopherol, 30.0 to 45.0% of palm olein (monoglyceride, 

diglyceride, and triglyceride), 1.0 to 3.0% of plant squalene, 0.03 to 0.07% of mixed 

carotene complex predominantly β-carotene, and 2.0 to 4.0% of sterol complex 

predominantly β-sitosterol. The active ingredients predominantly of d-α-tocopherol (9.5 

to 14.0%), d-γ-tocotrienol (17.5 to 23.0 %), d-α-tocotrienol (12.0 to 16.0%), d-δ-

tocotrienol (4.0 to 7.0%), and d-β-tocotrienol (minimum of 1.9%). The PPI and FG were 

obtained from Emsland Group Sdn. Bhd (Wietzendorf, Germany) and Qingdao Dehui 

Halobios Science and Technology Co., Ltd (Qingdao, China), respectively. The wall 

materials M and OSS were purchased from Ingredion Incorporated (Westchester, United 

States). HPLC-grade standards for (d-α-, β-, γ- and δ-) tocopherol and (d-α-, β-, γ- and 

δ-) tocotrienol mixtures were purchased from ChromaDex (Los Angeles, United States). 

HPLC grade n-hexane and 1,4-dioxane were purchased from Fisher Scientific 

(Pittsburgh, United States).  
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6.2.2 Preparation of TRF-based microcapsule 

 

Spray-dried TRF-based microcapsule was prepared as described in sections 5.2.2, 5.2.4, 

and 5.2.5.  

 

6.2.3 Preparation of TRF-fortified Mayonnaise  

 

The mayonnaise samples were prepared using a method modified by Ribes et al. (2019). 

The formulations for control (C-mayo), and TRF-fortified mayonnaise from 

microcapsule (M-mayo) and bulk oil (O-mayo) are detailed in Table 6.1. In 100 g of 

TRF-fortified mayonnaises, the quantity of pure TRF was fixed at 30 mg, equivalent to 

approximately 12.15 mg of tocotrienol isomers, for both M-mayo and O-mayo. Initially, 

a small amount of water was used to create the mustard paste. The egg yolk was added 

into the mixing bowl and blended at medium speed for 30 s. The mustard paste was 

introduced into the mixing bowl and blended at medium speed for 2 min using a wire 

whip. During the next 15 min, soybean oil was slowly added at high speed, with 

approximately 10% of the soybean oil and TRF bulk oil (for O-mayo only) added during 

the first 5 min. This involved gradually adding a small amount of soybean oil, followed 

by a 30-second interval between each addition. In the subsequent 5 min, approximately 

50% of the soybean oil was added, and during the final 5 min, the remaining soybean oil 

was incorporated into the mixing bowl. Subsequently, the dissolved salt, cheese powder, 

TRF-based microcapsule (for M-mayo only), vinegar, and the remaining water were 

stirred until fully dissolved. The mixture was blended at medium speed for 2 min, 

followed by an additional 1 min at low speed. The resulting mayonnaise was stored at 4 

°C for further analysis. 

 

Table 6.1: Formulations of TRF-fortified mayonnaises. 

 

Ingredients 

Percentage (%) 

C-mayo O-mayo M-mayo 

Soybean oil 75.0 74.4 72.0 

Egg yolk 8.0 8.0 8.0 

Vinegar 6.0 6.0 6.0 

Water 5.0 5.0 5.0 

Cheese powder 4.5 4.5 4.5 

Mustard 1.0 1.0 1.0 

Salt 0.5 0.5 0.5 

TRF-based 

microcapsule - - 3.0 

TRF bulk oil - 0.60 - 

Abbreviations: TRF: Tocotrienol-rich fraction; C-mayo: Control mayonnaise; O-mayo: 

Mayonnaise containing TRF bulk oil; M-mayo: Mayonnaise containing TRF-based 

microcapsule.  
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6.2.4 Storage Stability  

 

The mayonnaise samples (C-mayo, M-mayo, and O-mayo) were stored at 4°C for 1 

month with weekly sampling intervals. The physico-chemical properties of the 

mayonnaise samples were evaluated based on colour, pH, viscosity, and texture, while 

the oxidative stability was determined by PV and the tocopherol and tocotrienol content. 

 

6.2.4.1 Colour  

 

Refer to section 4.2.4.6. 

 

6.2.4.2 pH  

 

Refer to section  3.2.4.4. 

 

6.2.4.3 Viscosity 

 

The viscosity of the mayonnaise samples was determined using a rheometer 

(RheolabQC, Anton Paar GmbH, Graz, Austria) equipped with a concentric cylinder 

measuring system. The cylindrical cup was filled with cheese-flavoured mayonnaise up 

to the filling level mark. Viscosity was measured at a temperature of 4 ± 2 °C, employing 

a shear rate of 100s1. Three measurements were performed on each sample as replicates. 

 

6.2.4.4 Texture  

 

The texture of the mayonnaise samples was measured using a TA-XT2i texture analyzer 

(Stable Micro System, Massachusetts, USA) equipped with an SMSP/0.5 probe. The 

texture profile analyzer operated at a test speed of 2 mm/s and a test distance of 10 mm. 

The mayonnaises were characterized based on firmness, consistency, and cohesiveness. 

Three measurements were performed on each sample as replicates. 

 

6.2.4.5 Peroxide Value (PV) 

 

Refer to Section 5.3.1.7.  
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6.2.4.6 Tocopherol and Tocotrienol Content Analysis 

 

The TRF extraction method was adapted from Tan et al., (2000) with slight 

modifications. Two grams of M-mayo and O-mayo were vortexed mixed with 5 mL of 

methanol for 2 min. The mixture was held at room temperature for 2 min. Then, the 

mixture was added with 10 mL of n-hexane and vortexed for 1 min. Next, 5 mL of 

deionized water was added to the mixture and vortexed for 1 min. The resultant mixture 

was centrifuged at 10,000 rpm for 5 min. The supernatant layer was collected in a 

scintillation vial and purged with nitrogen gas. About 24 mg of TRF extract was 

reconstituted with 1 mL of n-hexane and vortex-mixed for 1 min. The resultant solution 

was filtered using a 0.45 µm polytetrafluoroethylene syringe filter. The filtrate was 

collected in an autosampler HPLC vial for analysis. The HPLC analysis method was 

carried out as described in Section 4.2.4.7. The mayonnaise samples (C-mayo, M-mayo, 

and O-mayo) were stored at 4°C for 1 month with weekly sampling intervals calculated 

as follows: 

 

Degradation (%) =  
(𝑇0 − 𝑇𝑛)

𝑇0
 × 100   

 

Where 𝑇0 is the tocotrienol content in the mayonnaise in week 0, 𝑇𝑛 is the tocotrienol 

content in the mayonnaise in the subsequent weeks.  

 

6.2.5 Sensory Evaluation 

 

A sensory evaluation (Approved NO. JKEUPM-2023-814) of the TRF-fortified 

mayonnaise samples was conducted with the participation of 60 panelists. These 

panelists were selected according to the general guidelines of UNE-ISO 8586 (2012). 

Various preparatory sessions were held to familiarize the panelists with the sensory 

analysis process, enabling them to recognize and score the quality attributes associated 

with each sample. The assessments were carried out using a structured 9-point hedonic 

scale (ranging from 1: "dislike extremely" to 9: "like extremely"), as outlined in UNE-

ISO 4121 (2003). This scale was employed to evaluate the colour, aroma, taste, 

creaminess, sourness, and overall acceptability of the mayonnaise.  

 

The panelists were presented with three distinct mayonnaise samples for assessment: i) 

C-mayo (control); ii) O-mayo (mayonnaise containing TRF bulk oil); iii) M-mayo 

(mayonnaise containing TRF-based microcapsule). The sensory analysis took place 

within 1 h of sample preparation, with the samples stored at 4 °C in sealed glass jars 

during this time. Each sample was served to the panelists in transparent plastic glass, 

labelled with three arbitrary digits. To prevent aftertaste, the panellists were instructed 

to consume an unsalted cracker and drink water between samples, following the protocol 

outlined by Ribes et al. (2017).   

 

(Eq.6.1) 
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6.2.6 Statistical Analysis 

 

All analyses were performed in triplicates on duplicate samples. The results were 

analyzed using Minitab statistical software version 17.0 (Minitab Inc., PA, USA). To 

determine significant differences among mean values (p < 0.05), a one-way ANOVA 

with post-hoc Tukey’s test was employed. 

 

6.3 Results and Discussion 

 

6.3.1 Storage Stability  

 

6.3.1.1 Colour  

 

Measurement of the colour of TRF-fortified mayonnaises is essential, as it significantly 

influences consumer preference. As indicated in Table 6.2, all fresh mayonnaise samples 

exhibited a light colour with a tendency towards red (positive a* value) and yellow 

(positive b* value). The yellowness of the mayonnaise samples primarily stemmed from 

the addition of cheese powder and TRF. Notably, fresh M-mayo displayed significantly 

lower L* values and higher a* and b* values compared to fresh O-mayo and C-mayo. 

As depicted in Figure 6.1, M-mayo had the deepest yellow colour, primarily influenced 

by the TRF-based microcapsule's wall material, which altered the light-scattering 

properties within the mayonnaise. 

 

 

Over the storage period, the L*, a*, and b* values of all mayonnaise samples increased 

significantly (p < 0.05). However, the changes in L*, a*, and b* values for M-mayo 

(1.19%, 7.50%, and 9.11%) were lower than those for O-mayo (2.65%, 27.18%, and 

21.24%). This suggests that the encapsulated TRF was more stable during storage. The 

TRF was effectively protected within the TPPI-FG (3:1) complex and maintained stable 

within the M:OSS (8:2) wall materials, minimizing deterioration under acidic conditions. 

In contrast, TRF in O-mayo was unprotected, making it more susceptible to lipid 

oxidation, resulting in more pronounced colour changes. These results demonstrate that 

encapsulated TRF better preserves the colour of mayonnaise during prolonged storage. 
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Figure 6.1: Fresh mayonnaise samples prepared from different formulations: (a) 

Control mayonnaise (C-mayo); (b) Mayonnaise containing TRF-based 

microcapsule (M-mayo); (c) Mayonnaise containing TRF bulk oil (O-mayo). 

 

6.3.1.2 pH 

 

Table 6.2 presents the pH values of the mayonnaise samples after storage. The pH 

remained similar across all types of mayonnaise, indicating that the addition of TRF had 

no significant impact on the pH of the mayonnaise. However, the pH of all mayonnaise 

samples exhibited a slight increase during storage. This pH increase can be attributed to 

the addition of oil and mustard, which contributed to higher pH levels in the 

mayonnaises. The final pH values ranged between 4.25 and 4.28, falling within the 

microbiological safety pH range (pH 3.6 to 4.2) for mayonnaise (Hill et al., 2020).  

 

 

 

 

 

 

(b) (a) (c) 



© C
OPYRIG

HT U
PM

82 

 

Table 6.2: The effect of storage on the pH and colour of different mayonnaise 

samples. 

 

Properties Samples Week 0 Week 1 Week 2 Week 3 Week 4 

pH C-mayo 4.18 ± 

0.08bA 

4.25 ± 

0.02abA 

4.24 ± 

0.01abA 

4.25 ± 

0.02abA 

4.28 ± 

0.01aA 

O-mayo 4.18 ± 

0.02cA 

4.26 ± 

0.01bA 

4.25 ± 

0.01bA 

4.25 ± 

0.01abA 

4.25 ± 

0.01aA 

M-mayo 4.17 ± 

0.04bA 

4.25 ± 

0.01aA 

4.25 ± 

0.01aA 

4.25 ± 

0.02aA 

4.28 ± 

0.01aA 

Colour 

L* 

C-mayo 77.61 ± 

0.29cA 

77.80 ± 

0.12cA 

78.29 ± 

0.20bcA 

79.34 ± 

0.33bA 

81.90 ± 

1.04aA 

O-mayo 75.23 ± 

0.49dB 

76.53 ± 

0.36dB 

75.65 ± 

0.11cB 

76.21 ± 

0.21bC 

77.22 ± 

0.17aC 

M-mayo 74.81 ± 

0.18cB 

74.34 ± 

0.18cC 

75.33 ± 

0.34cB 

75.66 ± 

0.28abB 

75.70 ± 

0.17aB 

a* C-mayo 8.61 ± 

0.12cC 

9.28 ± 

0.37bB 

9.60 ± 

0.17bB 

10.28 ± 

0.09aA 

10.58 ± 

0.07aA 

O-mayo 9.31 ± 

0.04dB 

9.64 ± 

0.25cB 

9.95 ± 

0.67bA 

9.93 ± 

0.03bA 

11.84 ± 

0.06aA 

M-mayo 10.80 ± 

0.08bA 

10.54 ± 

0.37abA 

10.05 ± 

0.07abA 

11.00 ± 

1.19abA 

11.61 ± 

0.13aB 

b* C-mayo 37.76 ± 

0.53bC 

39.41 ± 

0.53aB 

39.44 ± 

0.47aB 

39.85 ± 

0.73aB 

40.30 ± 

0.67aC 

O-mayo 43.27 ± 

0.60cB 

47.59 ± 

0.50bA 

47.58 ± 

0.25bA 

48.15 ± 

2.12bA 

52.46 ± 

0.15aA 

M-mayo 46.12 ± 

0.54eA 

47.35 ± 

0.13dA 

48.31 ± 

0.47cA 

49.44 ± 

0.23bA 

50.32 ± 

0.35aB 

Values are expressed as mean ± standard deviation (n = 6). Mean values with different 

uppercase superscript letters within the same column are significantly different (p < 

0.05). Mean values with different lowercase superscript letters within the same row are 

significantly different (p < 0.05). Abbreviations: C-mayo: Control mayonnaise; O-mayo: 

Mayonnaise containing TRF bulk oil; M-mayo: Mayonnaise containing TRF-based 

microcapsule; L*: Lightness; a*: (+) red/(−) green; b*: (+) yellow/(−) blue.  



© C
OPYRIG

HT U
PM

83 

 

6.3.1.3 Viscosity 

 

The viscosity of the mayonnaise samples is summarized in Table 6.3. According to the 

findings, M-mayo exhibited the highest viscosity, followed by C-mayo and O-mayo. 

This higher viscosity in M-mayo resulted from the addition of TRF-based microcapsules 

produced from TPPI-FG (3:1) complex and M:OSS (8:2) wall materials. The FG 

contributed thickening properties, while both M and OSS possessed hydrophobic 

properties, collectively increasing the viscosity of M-mayo by thickening the 

mayonnaise network. This thickening effect is desirable as it limits oil release by 

restricting the movement of droplets within limited thermodynamic entropy (Akhtar & 

Masoodi, 2022). Conversely, O-mayo, which directly incorporated TRF from bulk oil, 

exhibited lower viscosity. After 1 month of storage, the viscosity of M-mayo increased 

by a smaller margin (21.29%) compared to O-mayo (33.27%). Viscosity was correlated 

with the diameter of oil droplets (Katsaros et al., 2020), with smaller droplet diameter 

resulting in less pronounced viscosity increase. Therefore, it can be concluded that the 

oil droplets in M-mayo remained more stable due to the thickening effect following the 

addition of the microcapsule. 

 

6.3.1.4 Texture  

 

In this section, the textural properties (firmness, consistency, and cohesiveness) of the 

mayonnaises were evaluated, which were affected by TRF incorporation and storage 

duration. Generally, O-mayo exhibited textural properties more similar to C-mayo. 

Firmness measures the force required to reach the maximum depth, while cohesiveness 

gauges the degree of deformation before fracture, representing the force needed to pull 

the probe from the sample (Gutiérrez et al., 2016). According to Table 6.3, M-mayo 

displayed the highest firmness, consistency, and cohesiveness among O-mayo and C-

mayo. As previously explained, the ingredients of the TRF-based microcapsule induced 

a thickening effect on the mayonnaise, resulting in a more viscous and firmer texture for 

M-mayo. Additionally, the higher firmness in M-mayo was attributed to the formation 

of a complex between TPPI and FG, increasing the stiffness of the gel matrix. 

Consequently, M-mayo exhibited greater mechanical stability against rupture. Moreover, 

mayonnaises are water-in-oil emulsions that are predominantly composed of oil. The 

inclusion of microcapsules increased the solid content of the mayonnaises, resulting in 

enhanced consistency and cohesiveness. As the storage time increased, all textural values 

for the mayonnaise samples increased significantly (p < 0.05), likely due to water loss 

from the mayonnaise matrix during storage. 
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Table 6.3: The effect of storage on the texture and viscosity of different mayonnaise 

samples. 

 

Properties Samples Week 0 Week 1 Week 2 Week 3 Week 4 

Firmness 

(g) 

C-mayo 16.94 ± 

0.28dB 

27.50 ± 

2.38cB 

28.73 ± 

0.20bcB 

31.08 ± 

0.64abB 

33.49 ± 

1.08aB 

O-mayo 18.38 ± 

0.31dB 

27.07 ± 

0.91cB 

28.87 ± 

1.45bcB 

29.45 ± 

0.57abB 

31.27 ± 

1.02aB 

M-mayo 31.75 ± 

2.21bA 

33.30 ± 

2.18bA 

34.74 ± 

1.03bA 

43.45 ± 

1.3abA 

45.98 ± 

2.25aA 

Consistency 

(g.s) 

C-mayo 29.09 ± 

0.99cC 

96.21 ± 

1.73bC 

98.52 ± 

2.26bB 

103.33 ± 

1.98aB 

103.72 ± 

1.71aB 

O-mayo 32.75 ± 

1.38dB 

78.06 ± 

1.20cB 

97.47 ± 

1.54bB 

103.14 ± 

0.50aB 

105.61 ± 

3.79aB 

M-mayo 46.51 ± 

1.61dA 

126.58 ± 

3.05cA 

142.80 ± 

1.98bA 

146.26 ± 

4.12abA 

151.89 ± 

1.67aA 

Cohesiveness 

(g) 

C-mayo -9.49 ± 

0.15cA 

-15.64 ± 

0.54cA 

-15.80 ± 

0.71bA 

-17.54 ± 

0.36bA 

-17.67 ± 

0.71aA 

O-mayo -10.86 ± 

0.59dB 

-14.47 ± 

0.35cB 

-16.58 ± 

0.35cA 

-17.13 ± 

0.37bA 

-18.19 ± 

0.42aA 

M-mayo -15.69 ± 

0.60dC 

-22.33 ± 

0.39dC 

-24.18 ± 

0.40cB 

-25.61 ± 

0.26bB 

-25.61 ± 

0.22aB 

Viscosity 

(mPa.s) 

C-mayo 1856.30  

± 23.80cB 

1861.40 

± 21.40cB 

1875.36 ± 

15.99bcB 

1921.4 ± 

45.40bB 

2021.13 

± 7.89aB 

O-mayo 1439.79 

± 13.28cC 

1779.90 

± 91.20bB 

1812.80 ± 

2.31abC 

1914.70 

± 61.30aB 

1920.20 

± 35.70aC 

M-mayo 2510.30 

± 55.70dA 

2799.30 

± 58.90cA 

2807.55 ± 

10.10cA 

2899.60 

± 22.90bA 

3044.75 

± 6.87aA 

Values are expressed as mean ± standard deviation (n = 6). Mean values with different 

uppercase superscript letters within the same column are significantly different (p < 

0.05). Mean values with different lowercase superscript letters within the same row are 

significantly different (p < 0.05). Abbreviations: C-mayo: Control mayonnaise; O-mayo: 

Mayonnaise containing TRF bulk oil; M-mayo: Mayonnaise containing TRF-based 

microcapsule. 
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6.3.1.5 Peroxide Value (PV) 

 

The evaluation of primary oxidation product formation involved measuring the PV of  

TRF-fortified mayonnaises (O-mayo and M-mayo) over a 1-month storage period (Table 

6.4). M-mayo consistently displayed lower PV values (p < 0.05) compared to O-mayo 

from week 0 to week 4, indicating superior oxidative stability due to encapsulated TRF. 

This aligns with previous research (Tan et al., 2018), which demonstrated that 

microencapsulated tocotrienol exhibited better stability against lipid oxidation compared 

to unencapsulated tocotrienol when incorporated into yogurt.  

 

However, it's worth noting that the PV of M-mayo gradually increased during storage. 

This indicates that the TRF in M-mayo still underwent oxidation, albeit at a slower rate, 

despite being encapsulated within the wall materials. This phenomenon might be 

attributed to alterations in the properties of the wall material due to prolonged storage in 

mayonnaise. Over time, the oil tends to diffuse from the core to the surface of the 

microcapsule through molecular diffusion (Ferreira et al., 2016). Consequently, the SO 

becomes exposed to pro-oxidants, making it susceptible to oxidation (Kha et al., 2015), 

leading to a gradual increase in the PV. In contrast, the TRF in O-mayo was highly 

susceptible to lipid oxidation as it was directly exposed to harsh environmental 

conditions, resulting in a higher increment in PV. According to the Codex Alimentarius 

(2001), oil with a PV below 5 mEq/kg is classified as good quality oil, while a PV 

exceeding 10 mEq/kg is categorized as rancid oil. In this study, the final PVs for both 

M-mayo and O-mayo were 2.66 ± 0.00 and 8.62 ± 0.00 mEq/kg, respectively. The former 

can be considered good quality oil, whereas the latter is close to being categorized as 

rancid.  

 

6.3.1.6 Degradation of Tocopherol and Tocotrieno 

  

HPLC analysis detected one tocopherol and four tocotrienol isomers in the TRF-fortified 

mayonnaise (O-mayo and M-mayo). The degradation of these compounds over a four-

week storage period is summarized in Table 6.4. As expected, the degradation of all the 

isomers was significantly less distinct (p < 0.05) in M-mayo (ranging from 11.86 ± 0.48 

to 30.76 ± 0.64%) compared to O-mayo (ranging from 29.23 ± 0.07 to 34.15 ± 3.62%). 

These results are consistent with the finding of Tan et al. (2018), who reported that the 

degradation of tocotrienol isomers was lower when microencapsulated TRF was fortified 

into yogurt compared to bulk oil. The protective effect of the M:OSS (8:2) wall material, 

which encapsulated the TRF, limits the contact between the isomers and pro-oxidants in 

the mayonnaise. Additionally, the lower PV value observed in M-mayo further supports 

the idea that the degradation of the isomers was reduced compared to O-mayo. The 

degradation order of tocopherol and tocotrienol isomers in both mayonnaise samples was 

as follows: β-tocotrienol > δ-tocotrienol > α-tocotrienol > α-tocopherol > γ-tocotrienol. 

This order aligns with other studies that also reported β-tocotrienol as the most 

susceptible to degradation compared to other isomers (Surjit Singh et al., 2022; Tan et 

al., 2018). This susceptibility is due to the lower initial concentration of β-tocotrienol in 

the TRF feedstock (~1.9%) as compared to other isomers.  
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Table 6.4: The effect of storage on the peroxide value and degradation of tocopherol 

and tocotrienol on different mayonnaise samples. 

 

Properties Samples Week 0 Week 1 Week 2 Week 3 Week 4 

Peroxide 

value 

(mEq/kg) 

O-mayo 0.70 ± 

0.01eA 

3.97 ± 

0.01dA 

4.33 ± 

0.01cA 

7.27 ± 

0.01bA 

8.62 ± 

0.00aA 

M-mayo 0.36 ± 

0.01dB 

0.42 ± 

0.00dB 

1.34 ± 

0.09cB 

1.84 ± 

0.02bB 

2.66 ± 

0.00aB 

α-

tocopherol 

(%) 

O-mayo 0.00 ± 

0.00dA 

20.52 ± 

0.00cA 

23.30 ± 

1.92bcA 

26.28 ± 

0.63abA 

27.98 ± 

0.30aA 

M-mayo 0.00 ± 

0.00eA 

5.17 ± 

0.00dB 

9.33 ± 

0.00cB 

13.89 ± 

0.37bB 

18.74 ± 

0.05aB 

α-

tocotrienol 

(%) 

O-mayo 0.00 ± 

0.00cA 

22.60 ± 

0.00bA 

24.45 ± 

2.31abA 

27.35 ± 

0.90aA 

28.77 ± 

0.47aA 

 M-mayo 0.00 ± 

0.00dA 

7.99 ± 

0.00cB 

8.85 ± 

0.33cB 

14.62 ± 

2.07bB 

19.39 ± 

1.09aB 

β-

tocotrienol 

(%) 

O-mayo 0.00 ± 

0.00cA 

25.10 ± 

0.00bA 

28.78 ± 

0.00abA 

29.89 ± 

1.49abA 

34.15 ± 

3.62aA 

M-mayo 0.00 ± 

0.00dA 

17.99 ± 

2.35cA 

24.52 ± 

1.83bA 

27.33 ± 

0.34abA 

30.76 ± 

0.64aA 

γ-

tocotrienol 

(%) 

O-mayo 0.00 ± 

0.00cA 

14.00 ± 

1.72bA 

17.38 ± 

2.05abA 

20.81 ± 

0.57aA 

22.23 ± 

0.21aA 

M-mayo 0.00 ± 

0.00dA 

3.92 ± 

0.00cB 

4.37 ± 

0.05cB 

7.36 ± 

0.26bB 

11.86 ± 

0.48aB 

δ-

tocotrienol 

(%) 

O-mayo 0.00 ± 

0.00eA 

17.65 ± 

0.14dA 

20.40 ± 

0.00cA 

21.76 ± 

0.00bA 

29.23 ± 

0.07aA 

M-mayo 0.00 ± 

0.00dA 

6.35 ± 

0.00cB 

12.50 ± 

0.61bB 

13.29 ± 

0.46bB 

19.38 ± 

1g.13aB 

Values are expressed as mean ± standard deviation (n = 6). Mean values with different 

uppercase superscript letters within the same column are significantly different (p < 

0.05). Mean values with different lowercase superscript letters within the same row are 

significantly different (p < 0.05). Abbreviations: O-mayo: Mayonnaise containing TRF 

bulk oil; M-mayo: Mayonnaise containing TRF-based microcapsule. 
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6.3.2 Sensory Evaluation 

 

Sixty panellists participated in sensory evaluations of three different mayonnaise samples 

(C-mayo, O-mayo, and M-mayo) based on various sensory attributes, including colour, 

aroma, taste, creaminess, sourness, and overall acceptability (Table 6.5). The average 

score for colour was highest for M-mayo (7.60 ± 1.34), followed by O-mayo (7.52 ± 

1.37) and C-mayo (6.98 ± 1.47). This indicates that most panellists preferred the 

mayonnaise with a darker yellow colour, finding it more attractive and flavourful. 

Aroma, taste, creaminess, and sourness showed no significant differences (p > 0.05) 

among the three samples. This suggests that panellists had similar preferences for these 

sensory attributes across all mayonnaise samples. The average scores for these attributes 

fell within the range of 6.45 to 7.29, indicating that most panellists liked them 

moderately. The addition of cheese powder as a flavouring agent likely contributed to 

the pleasant cheesy and creamy taste of the mayonnaise, effectively masking the TRF's 

unpleasant aroma and taste. As a result, panellists could not distinguish between the 

fortified and unfortified mayonnaises, leading to similar average ratings for all the 

samples.  

 

In terms of overall acceptability, M-mayo received the highest rating (7.29 ± 1.31), 

followed by C-mayo (7.27 ± 1.26) and O-mayo (7.27 ± 1.31), with no significant 

difference (p > 0.05) between them. This suggests that M-mayo was preferred by 

panellists in terms of colour, sourness, and overall acceptability. The study indicates that 

TRF-fortified mayonnaises were well-received by the panellists, even though the TRF's 

unpleasant aroma and taste did not significantly impact consumer preference.  

   

Table 6.5: Sensory attributes of TRF-fortified mayonnaise samples based on 

hedonic ratings (n = 60)*. 

 

Samples Colour Aroma Taste Creaminess Sourness Overall 

acceptability 

C-mayo 6.98 ± 

1.47B 

6.97 ± 

1.43A 

7.07 ± 

1.45A 

7.10 ± 

1.30A 

6.77 ± 

1.53A 

7.27 ± 

1.26A 

O-mayo 7.52 ± 

1.37AB 

7.02 ± 

1.31A 

7.17 ± 

1.46A 

7.28 ± 

1.20A 

6.45 ± 

2.14A 

7.27 ± 

1.31A 

M-mayo 7.60 ± 

1.34A 

6.98 ± 

1.46A 

7.08 ± 

1.36A 

6.93 ± 

1.49A 

6.83 ± 

1.62A 

7.29 ± 

1.31A 

Values are expressed as mean ± standard deviation (n = 6). Mean values with different 

uppercase superscript letters within the same column are significantly different (p < 

0.05). Abbreviations: C-mayo: Control mayonnaise; O-mayo: Mayonnaise containing 

TRF bulk oil; M-mayo: Mayonnaise containing TRF-based microcapsule. 
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6.4 Conclusions 

 

The addition of TRF-base microcapsules had significant effects on the colour, texture, 

and viscosity of fresh mayonnaise. The overall results indicate that fortifying mayonnaise 

with encapsulated TRF was more stable than using bulk oil when stored at 4°C for four 

weeks. Based on the findings, M-mayo showed smaller increases in lightness (1.19%), 

redness (7.50%), yellowness (9.11%), firmness (44.82%), consistency (63.22%), and 

viscosity (21.29%) compared to the other samples. Additionally, the M:OSS (8:2) 

microcapsules offered distinct protection to TRF against oxidation for two weeks of 

storage. This was evident in M-mayo, which had a significantly lower PV value (2.66 

mEq/kg) and lower degradation of tocopherol and tocotrienol isomers (ranging from 

11.86% to 30.76%). Among all tocopherols and tocotrienol isomers, β-tocotrienol was 

found to be the most unstable compound, with the highest percentage of degradation 

(ranging from 30.76 ± 0.64 to 34.15 ± 3.62%) in both mayonnaise samples during 

storage. Regarding sensory evaluation, M-mayo received the highest sensory rating for 

colour, while other sensory attributes received similar levels of preference. This suggests 

that panellists had a comparable liking for these sensory attributes across all mayonnaise 

samples. This study shows the impact of storage and the mayonnaise matrix on the 

stability of TRF encapsulated in M:OSS microcapsules. However, it was observed that 

the degradation of encapsulated TRF could not be eliminated, completely as oxidation 

persisted during extended mayonnaise storage. Therefore, further research can explore 

methods to enhance the stability of active compounds by adjusting the preparation and 

processing parameters of the microcapsules.  
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CHAPTER 7 

 

SUMMARY, CONCLUSIONS AND FUTURE RECOMMENDATIONS 

 

In this study, TRF-based nanoemulsions were successfully developed, utilizing fully 

plant-based emulsifiers in combination with TPPI-FG complexes. Tocotrienol, a member 

of the vitamin E family known for its potent antioxidant properties and various health 

benefits, was the central focus. In this study, the TPPI solubility was enhanced through 

pH-shifting and thermal treatments. The resulting soluble complexes, formed at varying 

TPPI to FG ratios (3:1, 5:1, 7:1, 9:1, and 11:1), were employed as emulsifiers for TRF-

based O/W nanoemulsions. The study revealed that the TPPI-FG (3:1) stabilized 

nanoemulsion exhibited the highest viscosity, EAI, and ESI. Over a 7-day storage period, 

this nanoemulsion maintained remarkable stability, with minimal changes in droplet size, 

PDI, and creaming index, and no observed coalescence. Then, TRF-based microcapsules 

were optimized using spray-drying with various core-to-wall ratios, wall material 

compositions, and mixing ratios. The core-to-wall ratio of 1:4 was identified as optimal, 

resulting in microcapsules with superior characteristics, including high MEE, improved 

Water Solubility Index (WSI), enhanced retention of tocopherol and tocotrienol, good 

flowability, and moderate cohesiveness. Subsequently, the research explored wall 

material compositions and mixing ratios, revealing that a combination of M:OSS (8:2) 

offered the highest MEE, low cohesiveness, and excellent retention of tocotrienol and 

tocopherol. These microcapsules exhibited optimal sphericity, smooth surfaces, and no 

cracks. Subsequently, the storage stability, release behavior, and bioaccessibility of 

tocotrienol within the optimized TRF-based microcapsules were evaluated. Over a 13-

week storage period at 40 °C, the microcapsules showed slight increases in cohesiveness 

and lightness, alongside minimal reductions in MEE, yellowness, and chroma. The 

reconstituted microcapsules maintained consistent particle size and span value. 

Additionally, the microcapsules demonstrated oxidative stability and low release under 

varying ionic strengths and pH conditions. After in vitro digestion, the microcapsules 

exhibited higher bioaccessibility compared to bulk oil. Lastly, the optimized TRF-based 

microcapsules were fortified into mayonnaises (M-mayo), which were then stored at 4 

°C for one month. The M-mayo showed stability during storage, as evidenced by minor 

changes in attributes like lightness, redness, yellowness, firmness, consistency, and 

viscosity. Moreover, the oxidative stability of M-mayo was maintained, with only slight 

changes observed in the PV, tocotrienol and tocopherol isomers. Sensory evaluation 

revealed that M-mayo received the highest rating for colour, with similar ratings for other 

attributes like aroma, taste, creaminess, sourness, and overall acceptability compared to 

the original mayonnaise. This indicated that the fortification of TRF-based 

microcapsules did not negatively impact panelists' preferences, maintaining a similar 

degree of liking as the original mayonnaise. 

 

In this study, a TRF-based nanoemulsion stabilized by fully plant-based emulsifiers, 

utilizing the TPPI-FG (3:1) complex, was successfully developed. Furthermore, 

successful encapsulation of TRF within wall materials comprising M:OSS (8:2) was 

achieved, demonstrating excellent stability during storage and high in vitro 

bioaccessibility. The TRF-fortified mayonnaise also exhibited remarkable stability and 

received a high degree of liking from sensory evaluation. 
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Future research approaches may involve exploring the potential of complexing TPPI 

with other types of polysaccharides, such as guar gum, to investigate their emulsifying 

properties. Additionally, comparing the encapsulation efficiency of TRF-based 

microcapsules produced using alternative drying techniques like the supercritical drying 

method and employing different types of wall materials, such as proteins or gums, could 

be pursued. As the oxidative stability of TRF can vary in different food matrices, 

especially those with high moisture content, fortifying TRF into these food matrices to 

study its release behavior and stability is important. Moreover, conducting in vivo studies 

in animal models could provide valuable insights into the delivery of TRF. 
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APPENDICES 

 

Appendix A1 

 

Production of TRF-based Nanoemulsion 
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Appendix A2 

 

TRF-based Nanoemulsion 
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Appendix A3 

 

TRF-based Microcapsule 
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Appendix A4 

 

Wall Materials of Maltodextrin, Starch Sodium Octenyl Succinate, and Inulin 
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Appendix A5 

 

Control Mayonnaise, Mayonnaise Containing TRF-based Microcapsule, and 

Mayonnaise Containing TRF bulk oil 
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Appendix B1 

 

Hedonic Sensory Questionnaire (UPM Students) 

 

SENSORY EVALUATION OF TOCOTRIENOL-FORTIFIED MAYONNAISE 

 

Instructions: 

a) Each sample has been coded with three-digit numbers. 

b) Please evaluate all sensory attributes of each sample by giving a 

score ranging from 1 (dislike extremely) to 9 (like extremely) as 

listed in TABLE 1. 

c) Please rinse your mouth before tasting each sample. 

d) Please rate the sensory attributes for each sample from left to 

right as listed in TABLE 2. 

 

TABLE 1 

Sensory score Description 

1 Dislike extremely 

2 Dislike very much 

3 Dislike moderately 

4 Dislike slightly 

5 Neither like or dislike 

6 Like slightly 

7 Like moderately 

8 Like very much 

9 Like extremely 

 

TABLE 2 

Sensory attributes    

Colour     

Aroma    

Taste    

Creaminess     

Sourness    

Overall 

acceptability 

   

 

 

THANK YOU FOR YOUR TIME AND KIND COOPERATION 
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Appendix C1 

 

Formulations of TRF-based Nanoemulsion (Total 300g) 

 

Oil phase Aqueous phase  

Total  

TRF-oil TPPI-FG 

Ratio 

TPPI FG Distilled 

Water 

Sodium 

azide 

10% 

30 g 

3:1 

2.0%  

6.0 g 

1.5% 

4.50 g  

0.5%  

1.50 g  

88% 

264 g   

0.01% 

0.03 g 

100% 

300 g 

10% 

30 g 

5:1 

2.0%  

6.0 g 

1.67% 

5.01 g  

0.33%  

0.99 g  

88% 

264 g   

0.01% 

0.03 g 

100% 

300 g 

10% 

30 g 

7:1 

2.0%  

6.0 g 

1.75% 

5.25 g  

0.25%  

0.75 g  

88% 

264 g   

0.01% 

0.03 g 

100% 

300 g 

10% 

30 g 

9:1 

2.0%  

6.0 g 

1.8% 

5.40 g  

0.2%  

0.60 g  

88% 

264 g   

0.01% 

0.03 g 

100% 

300 g 

10% 

30 g 

11:1 

2.0%  

6.0 g 

1.83% 

5.49 g  

0.167%  

0.50 g  

88% 

264 g   

0.01% 

0.03 g 

100% 

300 g 

Abbreviations: TRF: Tocotrienol-rich fraction; TPPI: Treated pea protein isolate; FG: 

Flaxseed gum.  
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Example of calculation: 

 

To prepare a total 300g of nanoemulsion using TPPI-FG at ratio 3:1, 

1) Total oil phase (10% TRF-oil)  

= 300 g × 10%  

= 30g  

 

2) Total TPPI-FG complex (2%) 

= 300 g × 2% 

= 6 g 

 

3) TPPI-FG ratio 3:1 

a) TPPI  

= 2% × (3/4)  

= 1.5 % 

= 4.5 g 

 

b) FG 

= 2% × (1/4)  

= 0.5% 

= 1.5 g 

 

4) Sodium azide (0.01%) 

= 300 g × 0.01%  

= 0.003 g 

 

5) Distilled water (88%) 

= 300 g × 88% 

= 264 g 
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Appendix C2 

 

Formulations of TRF-based Microcapsule (Total 300g) 

 

 

Formulas Core-to-

wall 

ratios 

TRF-

oil 

Mixing 

ratio 

Wall materials TPPI-

FG 

complex 

(3:1) 

Distilled 

water 

Total 

M OSS INU 

1:2 M 1:2 

30g:60g 

 

 

10% 

30 g 

1:0 18.0% 

54.0 g 

 

- - 2.0% 

6.0 g 

70% 

210 g 

100% 

300 g 

1:3 M 1:3 

30g:90g 

 

10% 

30 g 

1:0 28.0% 

2 

84.0 g 

 

- - 2.0% 

6.0 g 

60% 

180 g 

 

100% 

300 g 

1:4 M 1:4 

30g:120g 

 

10% 

30 g 

1:0 38.0% 

114.0 g 

 

- - 2.0% 

6.0 g 

50% 

150 g 

 

100% 

300 g 

1:4 

M:OSS 

(9:1) 

1:4 

30g:120g 

 

10% 

30 g 

9:1 34.2% 

102.6 g 

 

3.8% 

11.4 g 

- 2.0% 

6.0 g 

50% 

150 g 

 

100% 

300 g 

1:4 

M:OSS 

(8:2) 

1:4 

30g:120g 

 

10% 

30 g 

8:2 30.4% 

91.2 g 

7.6% 

22.8 g 

- 2.0% 

6.0 g 

50% 

150 g 

 

100% 

300 g 

1:4 

M:INU 

(9:1) 

1:4 

30g:120g 

 

10% 

30 g 

9:1 34.2% 

102.6 g 

 

- 3.8% 

11.4 g 

2.0% 

6.0 g 

50% 

150 g 

 

100% 

300 g 

1:4 

M:INU 

(8:2) 

1:4 

30g:120g 

 

10% 

30 g 

8:2 30.4% 

91.2 g 

- 7.6% 

22.8 g 

2.0% 

6.0 g 

50% 

150 g 

 

100% 

300 g 

Abbreviations: TRF: Tocotrienol-rich fraction; TPPI: Treated pea protein isolate; FG: 

Flaxseed gum; M: Maltodextrin; OSS: Starch sodium octenyl succinate; INU: Inulin. 
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Example of calculation: 

 

To prepare a total 300g of solution using TPPI-FG at ratio 3:1, core-to-wall ratio of 1:2 

using maltodextrin.  

1) Core-to-wall ratio is 1:2 = 30 g : 60 g 

a) Core material consists of 10% TRF-oil  

= 300 g × 10%  

= 30 g  

b) Wall material consists of 20% dry solid (18% of M and OSS and 2% TPPI-FG 

complex)  

= 300 g × 20%  

= 60 g  

 

2) Mixing ratio of wall materials, M is 1:0 

Maltodextrin  

= 300 g × 18%  

= 54 g  

 

3) TPPI-FG complex (2%)  

= 300 g × 2% 

= 6 g  

 

4) Distilled water  

= 100% – 10% – 18% – 2%  

= 70 % 

= 210 g  
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Example of calculation: 

 

To prepare a total 300g of solution using TPPI-FG at ratio 3:1, core-to-wall ratio of 1:4, 

using M: OSS at mixing ratio of 1:9.  

1) Core-to-wall ratio is 1:4 = 30 g : 120 g 

a) Core material consists of 10% TRF-oil  

= 300 g × 10%  

= 30 g  

b) Wall material consists of 40% dry solid (38% of M and OSS and 2% TPPI-FG 

complex)  

= 300 g × 40%  

= 120 g  

 

2) Mixing ratio of wall material, M: OSS is 1:9  

a) Maltodextrin  

= 38% × (9/10)  

= 34.2%  

= 102.6 g  

b) OSS  

= 38% × (1/10)  

= 3.8%  

= 11.4 g  

 

3) TPPI-FG complex (2%)  

= 300 g × 2% 

= 6 g  

 

4) Distilled water  

= 100% – 10% – 38% – 2%  

= 50% 

= 150 g  
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