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SUMMARY 

The interaction between proteins and polyphenols can produce complexes that can be used as 

emulsifiers and encapsulants for food application. Protein-polyphenol interaction can be of 

non-covalent and covalent nature; the latter produces protein-phenolic conjugates/adducts 

with improved thermal stability, antioxidant activity and emulsion stability compared to the 

native protein. However, most of the reported studies on protein-phenolic interactions are 

performed using animal proteins. The studies conducted on plant protein-phenolic interaction 

such as to explain the astringency of wine, cloudiness in beer and certain fruit juices, which 

have negative implication, and cannot necessarily explain the positive outcome of protein-

phenolic interaction in developing useful food ingredients. Given that the use of plant-based 

ingredients is becoming increasingly popular, it is of practical important to understand the 

covalent interaction between plant proteins and polyphenols, as well as the physicochemical 

and functional characteristics of the resulting conjugates for their potential use as novel food 

ingredients. Therefore, the main objective of this Thesis was to understand the mechanism of 

formation of plant protein-phenolic adducts/conjugates, determine the optimum conditions 

under which these adducts produce complex coacervates with polysaccharide gum, and use 

the knowledge to produce emulsions and microcapsules of omega-3 rich oils. The resulting 

emulsions and microcapsules will have increased stability against oxidation, and improved 

controlled/targeted release of oil in simulated gastro-intestinal environment.  

Protein, polysaccharide gum and polyphenol used in this study were extracted and purified 

from a single plant (flaxseed). Firstly, the covalent reaction between flaxseed protein isolate 

(FPI) with phenolic compounds (flaxseed polyphenol (FPP), small molecular weight phenolic 

compounds: ferulic acid (FA), and hydroxytyrosol (HT)] was investigated. The effect of 

conjugation of phenolic compounds with FPI on its physicochemical (molecular weight, 

conformational structure, and thermal stability) and functional (solubility, surface 

hydrophobicity, and antioxidant capacity) was studied. It was found that the degree and nature 

of conjugation depended on the structure of the phenolic compounds. HT was oxidised into 

hydroxytyrosol quinone and subsequently reacted with the nucleophiles in the side chain of 

FPI to form C-N and C-S linkages with its aromatic ring. The regenerated HT was re-oxidised 

and reacted with a second side chain of FPI to form a cross-link. The dimerization of two HT 

quinones, each carrying one side chain of FPI, also produced a cross-link.  FA and FPP were 

oxidised to phenolate ions and subsequently formed semiquinone intermediate radicals which 
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reacted with the amino or sulfhydryl side chain of FPI to form uncross-linked FPI-FA and 

FPI-FPP adducts. Overall, all FPI-phenolic adducts showed improved thermal stability and 

antioxidant capacity. The FPI-HT adduct appeared to have higher solubility in water than FPI-

FPP and FPI-FA. These findings suggest that the plant protein-phenolic adducts can be used 

as plant-based emulsifiers. 

Secondly, the emulsifying and interfacial (diffusion, absorption and realignment) properties 

of cross-linked (FPI-HT) and uncross-linked (FPI-FPP) adducts were examined to explore 

their potential use as emulsifiers, compared with unmodified FPI. All the FPI-phenolic 

adducts exhibited similar surface activity to the unmodified FPI; however, the emulsion 

stability of emulsions stabilised by the adducts was weaker. Importantly, the emulsions 

stabilised by FPI-FPP and FPI-HT adducts had better stability against oxidation compared to 

that of the FPI-stabilised one. Given the substantially improved oxidative stability of FPI-FPP 

and FPP-HT adducts, they can be considered as emulsifiers of polyunsaturated fatty acid 

(PUFA)-rich oils. 

Thirdly, flaxseed gum (FG) was used as the oppositely charged biopolymer to induce the 

complex coacervate with FPI-phenolic adducts. The optimum conditions for complex 

coacervation between these adduct, un-adducted FPI and FG were determined and found to 

be within a narrow pH range (4.6±0.1). The optimum protein-to-gum and adducts-to-gum 

ratio was also identical (6:1). Then the FPI/FG and (FPI-adducts)/FG complex coacervates 

were used as wall materials to encapsulate flaxseed oil (FO) at a wall:core ratio of 2:1 and the 

resulting microcapsules were spray dried into powder. Microcapsules produced using FPI/FG 

and (FPI-adducts)/FG had similar irregular shape and wrinkled surface morphology. The (FPI-

HT)/FG was found to be the most protective wall matrix to stabilise FO with the lowest surface 

oil (1%) and the highest microencapsulation efficiency (95.4%). The microcapsule produced 

using (FPI-FPP)/FG had the highest oxidative stability. 

Finally, the powder FO microcapsules were subjected to in-vitro digestion, and breakdown of 

the microcapsule and release of the FO in oral, gastric and intestinal stages was determined. 

These microcapsules exhibited significant resistance against digestion at the oral and gastric 

environments with a low degree of proteolysis and oil release; there was also insignificant 

change in particle size and microstructure. The microcapsules were substantially digested 

(break down of shell structure, release of FO and formation of free fatty acids (FFA) formed) 

intestinal stage. The (FPI-HT)/FG/FO microcapsule had the highest degree of oil release (80 
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%) and free fatty acid formation (FFA; 38.5%) the intestinal stage. The (FPI-FPP)/FG/FO 

capsule had the lowest extent of oil (66.3%) and FFA (28.9%) release. These findings suggest 

that the (FPI-FPP)/FG coacervate can be a promising delivery vehicle for PUFA-rich oils and 

other hydrophobic compounds to gastrointestinal system. 

This thesis makes the following important contribution the body of knowledge: (1) Some 

phenolic compounds (e.g. HT) can crosslink plant protein molecules (e.g. FPI) while others 

(e.g.  FPP) can form covalent conjugate at their side chain but cannot produce crosslinks; (2) 

The interfacial and emulsifying properties of plant protein-phenolic adducts depends on the 

nature of the adducted phenolic compounds; (3) The stability against oxidation of emulsions 

stabilised by plant  protein-phenolic adducts can be substantially higher yet the such emulsions 

can be less stable compared to those produced using native (unconjugated) proteins; (4) The 

plant protein-phenolic adduct can be effectively used as wall materials for complex 

coacervate-based microencapsulation of unstable hydrophobic ingredients (e.g. omega-3 rich 

oils) as they impart promising controlled/targeted release properties. 
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1.1 Introduction 

The interaction between proteins and polyphenols involves non-covalent and covalent bonding. 

The former occurs via hydrogen, ionic and/or hydrophobic interactions (Ozdal, Capanoglu, & 

Altay, 2013).  The latter, known as covalent conjugation or adduction, involves the oxidation of 

polyphenols into highly reactive quinones and subsequent attachment of quinones to the side-chain 

nucleophiles such as lysine or thiols group of proteins (Cilliers & Singleton, 1991). The change in 

physicochemical and functional properties of proteins resulting from their interaction with 

polyphenols is dependent on the non-covalent or covalent nature of the interaction. The covalent 

conjugation is preferable due to its intrinsic strength (Curcio et al., 2012). For example, it was 

shown that the antioxidant capacity and thermal stability of covalent epigallocatechin gallate 

(EGCG)-zein complex were higher than those of non-covalent one (Liu, Ma, McClements, & Gao, 

2017). In addition, the stability of emulsion stabilised by lactoferrin-caffeic covalent conjugate 

was higher than that of native lactoferrin stabilised emulsion (Liu, Sun, Yang, Yuan, & Gao, 2015). 

Similarly, Banerjee et al. (2013) revealed that the stability of foam stabilised by Polysorbate 20 

(Tween 20)-β-lactoglobulin was improved by cross-linking β-lactoglobulin molecules with (+)-

catechin. These improved properties of protein-polyphenol covalent complexes can make them 

better emulsifiers and encapsulants.  

Although a large number of studies on the covalent conjugation between proteins and polyphenols 

have been reported, most of them were performed on animal-derived proteins including myoglobin 

(Kroll, Rawel, & Seidelmann, 2000), gelatin (Strauss & Gibson, 2004) and whey protein (Rawel, 

Kroll, & Hohl, 2001). The interactions between plant proteins and phenolic compounds have been 

studied to stabilise the protein foam (Sarker, Wilde, & Clark, 1995), prevention of haze formation 

in beer (Lopez & Edens, 2005). However, none of these studies cover the effect of these 

interactions or the products of the interactions on the interfacial, emulsifying and encapsulating 

properties. There is limited knowledge on the nature of the interaction between plant protein and 

phenolic compounds extracted from oilseeds and phenolic alcohol such as hydroxytyrosol and the 

physicochemical and functional properties of resulting covalent protein-phenolic adducts (Jiang et 

al., 2019; Kroll, Rawel, Rohn, & Czajka, 2001). 

There is an increasing trend of using plant-based proteins as food ingredients (Sui et al., 2018; Tao 

et al., 2018) due to their healthy perception and less cost for their production compared to animal 

proteins (Nesterenko, Alric, Silvestre, & Durrieu, 2013). Use of plant proteisn as ingredients is 

also increasing due to increasing vegetarian and vegan dietary practices (Karaca, Low, & 

Nickerson, 2015). However, it is still a paucity of information on the nature of interaction between 
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plant protein and plant phenolic compounds extracted from oilseeds and phenolic alcohol such as 

hydroxytyrosol. The study on the physicochemical and functional properties of resulting plant 

protein-phenolic adducts also hasn’t received its due attention.   

Regarding the encapsulation of unstable hydrophobic compounds such as omega-3 rich oils, the 

encapsulating shell material has to be stable against mechanical force and/or elevated temperature 

to ensure the stability of the microcapsules. Otherwise, the hydrophobic compound (e.g. oil) can 

be easily released from the microcapsules, compromising the quality of the microcapsules. Hence, 

synthetic crosslinkers (e.g. glutaraldehyde) have been used to consolidate the crosslinking of 

protein component in the shell material. However, glutaraldehyde is not suitable for food 

application due to its toxic nature. Hence, transglutaminase is commonly used to enhance the 

mechanical crosslinking of protein component in microcapsule shells. However, it comes with a 

high cost and, also it does not have antioxidative property. For this reason, polyphenols, as natural 

crossing-linking agents, can be better alternatives. Furthermore, it has been demonstrated that the 

stability of emulsified fish oil against oxidation was enhanced by -lactoglobulin-green tea 

polyphenol complexes (von Staszewski, Pizones Ruiz-Henestrosa, & Pilosof, 2014). However, 

there is a very little information on the use of plant protein-phenolic conjugates as shell materials 

to produce powdered oil microcapsules.  

Complex coacervation is one of the most effective methods for encapsulation of omega-3 fatty 

acids-rich oils (Barrow, Nolan, & Jin, 2007). Complex coacervate-based microencapsulation 

system was found to provide better mechanical and oxidative stability of encapsulated omega-3 

oils (Kaushik, Dowling, McKnight, Barrow, & Adhikari, 2016; Timilsena, Adhikari, Barrow, & 

Adhikari, 2016). However, the knowledge on complex coacervation between proteins that are 

covalently conjugated (with polyphenols) and polysaccharides is limited. The efficacies of the 

resulting complex coacervates to encapsulate omega-3 rich oils and other unstable hydrophobic 

compounds has received little attention. Typically, oil emulsification is the essential step of 

complex coacervation-based oil microencapsulation process (Wang, Adhikari, & Barrow, 2014). 

Therefore, a fundamental understanding of emulsifying and interfacial behaviour of protein-

polyphenol adducts to be used as emulsifiers or encapsulating shell materials enables the 

optimisation of the emulsification and encapsulation process. The understanding of the nature and 

mechanism of formation of protein-polyphenol adducts provides ‘science-based’ (as opposed to 

‘trial and error’) method for selecting these adducts as emulsifiers and encapsulants.  Protein-gum 

complexes are found to have improved surface activity than the uncomplexed protein (Ducel, 

Richard, Popineau, & Boury, 2005). There are no studies that either confirm or disprove this in the 

case of protein-polyphenol adducts. Although there is some evidence that the inclusion of phenolic 



4 
 

compounds in the encapsulating wall materials can improve the physicochemical stability of 

encapsulated oil (Muhoza, Xia, & Zhang, 2019; Yekdane & Goli, 2019), there is no study on the 

use protein-polyphenol adducts to produce complex coacervate-based oil microcapsules. Also, 

there is no study that is carried out to understand the digestion of oil encapsulated in phenolic 

compound adducted protein/gum complex coacervates, even in simulated (in vitro) environment. 

In this research, flaxseed has been chosen as the single major source of protein, polyphenols, oil, 

and gum. Flaxseed protein isolate (FPI) is shown to be a promising encapsulating material for oil 

encapsulation (Kaushik et al., 2016).  FPI is nutritionally comparable to soy protein isolate in terms 

of amino acid profile (Madhusudhan & Singh, 1985) and possesses promising emulsifying 

property and good thermal stability. In addition, flaxseed is also rich in polyphenols (5.42 g per 

100 g of seed). It is reported that ferulic acid is the major phenolic acid in flaxseed together with 

p-coumaric, and caffeic acid (Dabrowski & Sosulski, 1984). These phenolic acids and their 

derivatives are known as the source of antioxidant properties in flaxseed (Waszkowiak, 

Gliszczyńska-Świgło, Barthet, & Skręty, 2015). Due to the high level of unsaturated fatty acids 

(>75%), flaxseed oil is highly susceptible to oxidation during processing, handling and storage. 

Thus, a number of shell materials such as legume protein/maltodextrin (Can Karaca, Low, & 

Nickerson, 2013), gelatin/flaxseed mucilage (Mohseni & Goli, 2019), and whey proteins/alginate 

(Fioramonti, Stepanic, Tibaldo, Pavón, & Santiago, 2019) are used to produce solid or powder 

microcapsules of flaxseed oil.  Flaxseed gum (FG) has also been found to be effective in protecting 

unsaturated fatty acid rich oil against oxidation when used as an encapsulating shell material 

(Hadad & Goli, 2019; Mohseni & Goli, 2019; Nikbakht Nasrabadi et al., 2019). This is because 

FG, a heteropolysaccharide comprising of neutral and acidic portions, can offer high emulsifying 

activity (Kaushik, Dowling, Adhikari, Barrow, & Adhikari, 2017). Native or non-conjugated 

FPI/FG complex coacervate has been used to encapsulate flaxseed oil (Kaushik et al., 2016). 

Hydroxytyrosol (HT) is a phenolic alcohol found abundantly in olive oil. It has been reported that 

HT possesses a strong antioxidative activity and offers many health benefits including reducing 

systolic blood pressure (Covas, de la Torre, & Fitó, 2015), enhancing endothelial function (Valls 

et al., 2015), and alleviating inflammation (Lopez et al., 2017). However, very little information is 

available on the effects of covalent conjugation of proteins with HT on their emulsifying and 

encapsulating properties.  

The knowledge gaps mentioned above underline the need for investigating the interaction, 

particularly the covalent conjugation, between FPI and phenolic compounds (i.e. flaxseed 

polyphenol (FPP) and HT). A greater understanding of the mechanism of the interaction and the 
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changes of physicochemical, interfacial, and emulsifying properties of covalently conjugated FPI 

(with phenolic compounds) would enable tailor the characteristics of FPI-phenolic adducts. This 

will broaden their application as emulsifiers and encapsulating shell materials of unstable, yet 

valuable, hydrophobic compounds. The mechanism of interaction and structure-function of the 

resulting adducts will provide basis for developing encapsulation systems and microcapsules 

almost entirely from the plant source. 

1.2 Research hypotheses and research questions 

The general hypothesis of this study is that protein-phenolic adduct can be good emulsifiers and 

encapsulants, provide high stability to oil-in-water emulsions, the resulting emulsions and 

microcapsule powders will have high stability against oxidation. The microcapsules will also have 

better control/targeted release property upon digestion. 

Based on the above hypothesis, this Thesis addresses the following research questions. 

1. What is the nature and extent of covalent conjugation (adduction) and crosslinking between plant 

protein and phenolic compounds? 

 2. How does the formation of adducts between plant protein and phenolic compounds affect the 

interfacial behaviour of protein at the oil/water interface. How does this interfacial behaviour is 

linked with emulsifying properties? 

3. When used as encapsulants, can the protein-phenolic adducts provide higher encapsulation 

efficiency and oxidative stability to polyunsaturated fatty acids (PUFAs) rich oil than the protein? 

4. How does the digestion of PUFA-rich oil encapsulated in phenolic compound adducted 

protein/gum complex coacervates differ from that of PUFA-rich oil encapsulated in unadducted 

protein/gum complex coacervates? 

1.3 Research objectives 

Based on the research questions listed above, the specific objectives of this Thesis are as follows. 

1. To determine the nature and extent of covalent conjugation and crosslinking between FPI and 

phenolic compounds, including flaxseed polyphenols, ferulic acid, and HT. 

2. To measure and interpret the interfacial behaviour (dynamic interfacial tension, protein 

adsorption interface and dilatational rheology) of FPI, FPI-phenolic adducts at the oil/water 

interface and their emulsifying properties. 
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3. To produce spray-dried flaxseed oil microcapsules using FPI, FPI-phenolic adducts/flaxseed 

gum complex coacervates and characterise their encapsulation efficiency, surface oil content and 

oxidative stability. 

4. To measure and explain the digestion and release behaviour of flaxseed oil encapsulated in 

phenolic adducted and unadducted FPI-flaxseed gum complex coacervates. 

 1.4 Expected outcomes of Thesis  

This Thesis is expected to provide substantially detailed understanding of how plant proteins and 

polyphenols interact (mechanism) and how the resulting protein-phenolic adducts can be used as 

emulsifiers and encapsulating shell materials. It is also expected to quantify with which the 

phenolic-protein adduction can improve stability of emulsions against oxidation. The finding of 

this research is expected to underscore the role of crosslinking of protein molecules by phenolic 

moieties to strengthening the structure of shell materials used for encapsulation. This study will 

provide underpinning science in developing entirely plant-based emulsifiers and encapsulating 

shell material for food applications.  

1.5 Outline of Thesis 

This Thesis is compiled into seven chapters. The research findings documented in Chapters 3 to 6 

are in the format of accepted journal manuscript. The contents of Chapters 3, 4 and 5 are published. 

The content of the Chapter 6 is accepted for publication. The brief outline of each chapter is 

presented below. 

Chapter 1 provides background information and highlights the current state of science and gaps 

in the knowledge in the discipline relevant to this study. The hypothesis, research questions, 

research objectives, outcomes from this thesis and the structure (outline) outlines of this Thesis are 

documented in this chapter.   

Chapter 2 presents a critical review of the literature relevant to this Thesis. It provides relevant 

information such as composition and characteristics of flaxseed and its protein, polyphenols, gum, 

and oil. It reviews the available information on the interaction between proteins and phenolic 

compounds including mechanism and characteristics of resulting adducts and complexes. The 

literature on the interfacial behaviour of proteins and the relationship between their interfacial 

behaviour and emulsifying properties is also reviewed in condensed form. Pertinent literature on 

the formation of complex coacervates and their application in encapsulating omega-3 rich oils, the 
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have also been reviewed. The literature on the methods used and characterisation of the digestion 

and release of encapsulated oil (from microcapsules) has also been reviewed. 

Chapter 3 documents the process of producing FPI-phenolic adducts and the effects of covalent 

adduction of FPI with phenolic compounds (FPP, FA and HT) on the physicochemical and 

functional properties of FPI. The assessed properties included amount of free amino, thiol and 

tryptophan content, molecular weight profile, conformational structure, thermal stability, and 

hydrophobicity. The improvement in antioxidative capacity has also been assessed and reported. 

The content of this chapter is published in Food Chemistry (Pham, Wang, Zisu, & Adhikari, 2019a)  

Chapter 4 documents the effects of covalent conjugation of FPI with phenolic compounds, 

listed above, on its interfacial and emulsifying properties. The interfacial properties at the 

oil/water interface of the phenolic-FPI adducts (dynamic interfacial tension, adsorption 

kinetics, and dilatational rheology) are characterised. The emulsifying properties, stability 

against oxidation and surface charge (zeta potential), and droplet size of emulsions stabilised by 

FPI and FPI-phenolic adducts are characterised and elucidated. The content of this chapter is 

published in Food Hydrocolloids (Pham, Wang, Zisu, & Adhikari, 2019b)  

Chapter 5 documents the process of producing FPI/FG and polyphenol-adducted FPI/FG complex 

coacervates and application of these complex coacervates to produce powder microcapsules of FO.  

The optimum conditions (pH and protein/gum ratio) for producing these were determined. Spray 

drying was used to produce the powder FO microcapsules. The most important physical properties 

of the microcapsules including water activity (aw), glass transition temperature (Tg), particle size, 

surface oil content, microencapsulation efficiency and oxidative stability were determined. The 

surface elemental composition and morphology of the sprayed dried microcapsules were 

determined and is elucidated. The content of this chapter is published in Food Hydrocolloids 

(Pham, Wang, Zisu, Truong, & Adhikari, 2020). 

Chapter 6 reports the results of in-vitro digestion of FO encapsulated in FPI and phenolic-

adducted FPI/FG complex coacervate.  The particle size, zeta potential and microstructure of 

digested microcapsules was measured at the end of oral, gastric, and intestinal stages. The digestion 

(hydrolysis) of the FPI and phenolic-adducted FPI, used as shell material, was determined in the 

gastric and intestinal phases. The release of oil from microcapsules at the end of each digestion 

stage and the release of free fatty acids at intestinal stage were measured and explained. The 

content of this chapter is accepted for publication in Food Hydrocolloids. 
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Chapter 7 presents the key findings and conclusions of experimental chapters in integral manner. 

It also lists the main contributions made by this study to the body of knowledge relevant to the 

field. Recommendations for future works, based on the experience gained during this study, are 

also presented in this chapter.  
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Complexation between protein and phenolic compounds and the application of the adducts 

and complex coacervates as emulsifiers and encapsulants 

 

Abstract 

The science of covalent conjugation between plant protein and phenolic compounds has received 

increasing interest due to the potential of adducts as emulsifiers and encapsulants. A sound 

understanding of science of complex coacervation between phenolic-adducted protein with 

polysaccharide gum is also important as they also have great potential as emulsifiers and 

encapsulating shell materials of unstable, yet nutritionally important polyunsaturated fatty acids 

(PUFAs).The complexing interaction between polyphenol, protein and gum and the 

physicochemical and functional properties of resulting adducts and complex coacervates are 

expected to depend on the characteristics of the interacting proteins, phenolic compounds and 

gums. Thus, this chapter reviews the recent advance in science of complexation (primarily covalent 

one) between plant proteins and phenolic compounds under alkaline condition including the 

mechanism involved and the effect of conjugation on the physicochemical and functional 

properties of protein-phenolic adducts. The nature of complex coacervation between the 

phenolic-adducted protein and plant gums and the efficacy of the resulting complex coacervates 

on emulsification and encapsulation of PUFA-rich oils have also been reviewed.  This chapter also 

reviews the literature on the release and digestion of PUFA-rich oils encapsulated in protein-

phenolic adducts and their complex coacervates. Oil seed, particularly flaxseed, is chosen as the 

model plant source for protein, polyphenols, oil, and gum. Hydroxytyrosol is chosen as a typical 

plant-based phenolic alcohol, and their relevant physicochemical properties are also reviewed.  

 

 

 

 

Keywords: Flaxseed protein, phenolic compounds, gum, covalent conjugation, complex 

coacervation, hydroxytyrosol   
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2.1 Introduction 

Covalent interaction between proteins and phenolic compounds has attracted increasing research 

as the resulting complexes or adducts can be used in food industry as emulsifiers and 

microencapsulating shell materials of sensitive compounds such as omega-3 rich oils. The covalent 

conjugation or adduction between protein and phenolic compounds has shown  to significantly 

improve emulsifying and foaming properties (Sui et al., 2018), cream stability (Tao et al., 2018), 

antioxidative capacity (Liu, Sun, Yang, Yuan, & Gao, 2015), and thermal stability (Liu, Ma, 

McClements, & Gao, 2017) of various food products. For these reasons, the interaction between 

various phenolic compounds including phenolics (phenolic acids, flavonoids) (Sęczyk, Świeca, 

Kapusta, & Gawlik-Dziki, 2019) and polyphenols extracted from plants (Rawel, Czajka, Rohn, & 

Kroll, 2002a) and various proteins such as glycinin, trypsin inhibitor (Rawel et al., 2002a), 

myoglobin (Kroll, Rawel, & Seidelmann, 2000), gelatin (Strauss & Gibson, 2004) and whey 

protein (Rawel, Kroll, & Hohl, 2001a) have been studied.  

There is an increasing trend of using plant proteins for food application (Sui et al., 2018; Tao et 

al., 2018) due to healthy and eco-friendly perception of plant proteins (Nesterenko, Alric, Silvestre, 

& Durrieu, 2013), and increasing vegetarian and vegan dietary practices from various reasons 

(Karaca, Low, & Nickerson, 2015). However, it is still dearth of research on the covalent 

conjugation between plant proteins with polyphenols extracted from oilseeds and phenolic alcohol 

such as hydroxytyrosol. This is gap in knowledge is clearly felt as currently there is lack of research 

on the application of these adducts as encapsulants and emulsifiers. The polyphenols from oil seeds 

known for their antioxidant (Alu’datt et al., 2016), anti-inflammatory, and anti-mutagenic 

properties (Khattab, Eskin, & Thiyam-Hollander, 2014). Hydroxytyrosol and similar phenolic 

alcohols are found abundantly in olive oil possessing. These phenolic alcohols possess strong 

antioxidative activity and  provide many health benefits, including reducing systolic blood pressure 

(Covas, de la Torre, & Fitó, 2015), enhancing endothelial function (Valls et al., 2015), and 

alleviating inflammation (Lopez et al., 2017). Generally, the covalent interaction/conjugation 

between proteins and phenolic compounds can be induced by using free radical mediated grafting, 

enzymatic catalysis, and alkali-facilitated reaction (Prigent, Voragen, Visser, van Koningsveld, & 

Gruppen, 2007).  Out of these, the free radical mediated grafting method is not preferred in food 

application due to the involvement of toxic chemical (H2O2) while the enzymatic method is found 

to be very limited (Ali, Homann, Khalil, Kruse, & Rawel, 2013; Liu et al., 2019). The covalent 

conjugation of phenolic compounds and proteins in alkaline condition is reported to be simple and 

efficient to synthesize protein-phenolic adducts (Liu et al., 2019).  
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It is well established that proteins have the ability to stabilise emulsions by adsorbing at the oil-

water interface (Dickinson, 2010). It appears that the interaction of proteins with certain phenolic 

compounds can improve their emulsifying property. Thus, reports on the effect of covalent 

interaction of protein with phenolic compounds on the stability of oil-water emulsions are being 

published (Sui et al., 2018; Tao et al., 2018; Xu et al., 2019). Given the emulsifying property of 

proteins affects the their oil encapsulating efficacy (Di Giorgio, Salgado, & Mauri, 2019; Karaca, 

Nickerson, & Low, 2013; Shi, Beamer, Yang, & Jaczynski, 2018), few studies have undertaken to 

evaluate the effect of covalent conjugation between protein and phenolic compound on the efficacy 

of oil encapsulation and the bioavailability of encapsulated oil. Many microencapsulation methods 

have been developed to stabilise susceptible oils such as spray and freeze-drying of emulsions, 

fluidised bed drying, extrusion, and complex coacervation followed by spray drying (Kaushik, 

Dowling, Barrow, and Adhikari (2015b); the latter is regarded as one of the most effective 

techniques for microencapsulation of omega-3 rich-oils due to high oil loading and low surface oil 

content (Wang, Adhikari, & Barrow, 2019). To date, a wide range of complex coacervates has 

been used as wall materials for the microencapsulation of polyunsaturated fatty acids (PUFAs) 

rich-oils, among which whey protein and gelatin based complex coacervates are the most popular 

(Eratte, Dowling, Barrow, & Adhikari, 2018). Thus, with the increasing tendency of usage of plant-

based food materials, the application of protein-phenolic conjugates derived from plant proteins as 

encapsulating shell materials will be healthy and sustainable option of producing microcapsules of 

sensitive and high value food compounds.  

In this context, this chapter presents an overview the mechanisms through which proteins, 

especially those from oilseeds, interact with polyphenols. The interaction/conjugation occurring in 

alkaline condition will be reviewed in greater detail. Proteins and polyphenols extracted from 

flaxseed will be used as a model protein, polyphenols, polysaccharide gum.  Flaxseed oil, which 

is rich in alpha-linolenic acid (omega-3) acid will also be used as the model oil. The nature of 

phenolic alcohols, particularly that of hydroxytyrosol, will be reviewed with respect to their 

antioxidative and ability to conjugate with plant proteins. 

 Thus, this chapter is organized in 9 sections. Section 1 provides the background information; 

section 2 presents the mechanism of interaction between proteins and phenolic compounds with 

greater focus on covalent interaction/conjugation under alkaline condition; section 3 covers the 

effects of covalent interaction on the physicochemical and functional properties (interfacial and 

emulsifying properties) of proteins; section 4 reviews the stabilisation of PUFAs-rich oils using 

protein/gum complex coacervates as wall material; section 5 presents the overview of 

microencapsulation of omega-3 rich oils using plant protein based complex coacervates; section 6 
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provides in-vitro digestion of oil microcapsules with greater focus on those produced using 

complex coacervates as shell material; section 7 and 8 provide the composition, physicochemical 

and functional properties of flaxseed  and hydroxytyrosol, respectively; section 9 underscores the 

current research gaps and recommends for future research. 

Scope and exclusion: The literature on the interaction between protein and phenolic compounds 

including the covalent conjugation is so large, thus this review only covers the 

interaction/conjugation occurring under the alkaline condition. In addition, although encapsulation 

of oil is carried out using various techniques, this review only covers the literature on 

microencapsulation carried out using protein/gum complex coacervation technique with more 

focus on complex coacervates produced using plant proteins.  

2.2 The mechanism of covalent conjugation between proteins and phenolic compounds 

It is known that the covalent conjugation/adduction between a phenolic compound and a protein 

under alkaline condition and oxygen exposure with the formation of quinone or semiquinone 

radical intermediates depending on the chemical structure of the phenolic compound. The former 

are formed from polyphenols with a catechol structure such as gallic acid, caffeic acid, myricetin, 

and quercetin (Rawel et al., 2002a; Strauss & Gibson, 2004). The latter are formed from 

monophenols such as ferulic, sinapic, and p-coumaric acids (Cilliers & Singleton, 1991; Rawel, 

Kroll, & Rohn, 2001b). Subsequently, these quinone or semiquinone radical intermediates react 

and/or cross-link with the side-chain nucleophiles of proteins (Figure 1). The interaction between 

flavonoid compounds with proteins takes place depending on the position of hydroxyl groups on 

their aromatic ring B and C (Rawel, Ranters, Rohn, & Kroll, 2004). The ortho-hydroxyl groups on 

ring B of flavonoids readily undergo covalent conjugation with proteins while hydroxyl groups on 

ring A of flavonoids were less reactive. Rawel, Rohn, and Kroll (2003) also found that quercetin 

has stronger affinity to conjugate with whey protein than rutin due to the presence of 

rhamnosylglucoside at 3-O position on the latter. However, fewer attempts are made to study the 

nature of the covalent interaction between plant protein with plant phenolic compounds derived 

from oil seeds and with phenolic alcohols such as hydroxytyrosol. 
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Figure 1. Mechanism of formation of conjugates/adducts between protein-phenolic acids under 

alkaline condition (Strauss & Gibson, 2004). 

2.3 The effects of covalent conjugation of proteins with phenolic compounds on their 

physicochemical properties 

The covalent conjugation between proteins and phenolic compounds affects the physicochemical 

properties of interacted proteins. The protein-phenolic conjugation typically affects the free amino 

and thiol groups and tryptophan contents, solubility, hydrophobicity, molecular weight, 

conformational structure, antioxidant activity, thermal stability, emulsion stability, and foaming 

capacity (Table 1). Many excellent reviews have covered these aspects in considerable detail 

(Keppler, Schwarz, & van der Goot, 2020; Liu et al., 2019; Quan, Benjakul, Sae-leaw, Balange, & 

Maqsood, 2019). Thus, this review focusses on reviewing and evaluating the effect of the covalent 

conjugation on the interfacial and emulsifying properties of proteins as these properties affect the 

emulsifying, oil microencapsulating and the digestion behaviour of the produced microcapsules.    
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Table 1: Effect of covalent conjugation between protein and phenolic compounds on the typical 

physicochemical properties of proteins. 

Protein Phenolic compounds 
Effects on physicochemical 
properties 

References 

Animal-based proteins 

Whey protein 
isolate  

Coffee, tea, potato, 
pear extract 

 Free amino groups, tryptophan 
content,  molecular weight,  
 digestibility 

Rawel et al. 
(2001a) 

Whey protein 
isolate 

Rosmarinic acid  Free amino, thiol groups and 
tryptophan content,  
 antioxidant capacity 

Ali (2019) 

Whey protein 
isolate 

EGCG  Molecular weight, cross-
linking,  foam and emulsion 
stability 

Jia et al. (2016) 

Myoglobin O, p-hydroxyphenols, 
p-quinone, gallic acid, 
ferulic acid 

 Free amino groups,  
 hydrophobicity,  solubility  

 Kroll and 
Rawel (2001) 

Myoglobin Chlorogenic acid, 
caffeic acid, p-
quinone 

 Solubility,  molecular 
weight,  digestibility 

Kroll et al. 
(2000) 

Lactoferrin Chlorogenic acid  Molecular weight,  emulsion 
stability, cross-linking 

Liu, Wang, Sun, 
McClements, 
and Gao (2016b) 

BSA Chlorogenic acid  -helix,  β-strand,  β-turn, 

 hydrophobicity,  digestibility 

Rawel, Rohn, 
Kruse, and Kroll 
(2002b) 

α-lactalbumin EGCG  Thermal stability,   
antioxidant activity,  emulsion 
stability 

Wang et al. 
(2014b) 

Milk proteins  EGCG  Free amino groups and 
sulfhydryl,  solubility,  
 thermal stability, antioxidant 
activity, emulsion stability 

Wei, Yang, Fan, 
Yuan, and Gao 
(2015) 

β-lactoglobulin EGCG  Molecular weight, cross-
linking,  antioxidant activity,  
 emulsion stability 

Tao et al. (2019) 

β-lactoglobulin 5-Caffeoylquinic acid  Hydrophobicity,  thermal 
stability,  antioxidant activity 

Ali et al. (2013) 

β-lactoglobulin Allyl isothiocyanate  Emulsion stability,  foam 
stability 

Rade-Kukic, 
Schmitt, and 
Rawel (2011) 
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β-Lactoglobulin Caffeic acid   β-sheets,  coil,  
antioxidative capacity,  thermal 
stability, solubility,  
antioxidant activity 

Abd El-
Maksoud et al. 
(2018) 

Ovotransferrin  Catechin  Molecular weight,  
 antioxidant activity 

You, Luo, and 
Wu (2014) 

Plant-based proteins 

Zein EGCG  α-helix,  β-turn,  thermal 
stability,  antioxidant activity 

Liu et al. (2017) 

Soy glycinin Myricetin, quercetin, 
chlorogenic and 
caffeic acid 

 -helix,  β-strand,  β-turn,  
 thermal stability 

Rawel et al. 
(2002a) 

Soy protein 
isolate  

Anthocyanins  β-sheets,  β-turns and coils,  
molecular weight,  emulsion 
and foam stability, cross-linking 

Sui et al. (2018) 

Soy protein 
isolate 

EGCG  𝛼-helix,  𝛽-sheet,  
molecular weight,  emulsion 
stability, cross-linking 

Tao et al. (2018) 

Soy protein 
isolate 

Anthocyanins  α-helix and β-sheet, 
digestibility 

Jiang et al. 
(2019) 

Pumpkin seed 
protein isolate 

Pyrogallic acid  Molecular weight,  thermal 
stability,  antioxidant activity, 
cross-linking 

Yang, Wang, 
Wang, Xia, and 
Wu (2019) 

 

2.3.1 Effect of covalent conjugation of protein with phenolic compounds on the free amino and 

thiol groups and tryptophan content 

It has been reported that the number of free amino, thiol groups and tryptophan residuals of soy 

glycinin was reduced when it conjugated with phenolic compounds. Also, the extent of the 

decrease depends on the structure of participating phenolic compounds such as chlorogenic and 

caffeic acid (C6-C3 structure); gallic acid (C6-C1 structure); flavonoids, flavone, apigenin, 

kaempferol, quercetin and myricetin (C6-C3-C6 structure) (Rawel et al., 2002a). The mechanism 

of this conjugation is elaborated by Strauss and Gibson (2004) in sufficient detail. Briefly, phenolic 

compounds are oxidised into ortho-quinone under the alkaline condition (pH 9.0) and in the 

presence of oxygen. The ortho-quinone then reacts with the nucleophile side chains of protein to 

form C-N (lysine, tryptophan) and C-S (cysteine) linkages (Figure 1). The conjugation of 

polyphenols from coffee and tea with whey protein was shown to bring about a sharp decrease in 

the number of free amino groups and tryptophan content in the adducts (Rawel et al., 2001a). The 

position of hydroxyl groups on phenolic compounds such as ortho-, para-, and meta-
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hydroxyphenols was shown to affect their reactivity with myoglobin (Kroll & Rawel, 2001). It is 

shown that the ortho and para position on the hydroxyphenol possesses higher reactivity than meta 

position, leading to a greater reduction in the level of free amino groups in the conjugates (Kroll 

& Rawel, 2001). Rosmarinus acid has also found to have high degree of reactivity with whey 

protein isolate (WPI) reflected by the sharp reduction of free amino and thiol groups and 

tryptophan content (Ali, 2019). 

2.3.2 Effect of covalent conjugation of protein with phenolic compounds on their molecular weight 

The apparent change in molecular weight of protein due to conjugation with  phenolic compounds 

can be quantified using various methods including sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) (Jia et al., 2016; Liu et al., 2015; Rawel et al., 2002a) and the matrix-

assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS) (Ali et 

al., 2013; Ishii et al., 2008; Kroll & Rawel, 2001). The protein adducted with phenolic compound 

shows increase in high molecular weight fraction and decrease in low molecular weight fraction 

in the SDS-PAGE electrophoresis (Figure 2A). However, the extent of change in molecular weight 

of the conjugated protein depends on the structure and molecular weight of the conjugated phenolic 

compound. A more detailed information on the change in molecular weight can be observed by 

their MALDI-TOF-MS chromatograms (Figure 2B), which reveal the appearance of new peaks 

(mass-to-charge ratio=m/z) corresponding to higher molecular weight fragments. Tandem mass 

spectrometry (MS/MS) analysis is used to determine the components of new peaks including the 

m/z of bound phenolic compounds (Abd El-Maksoud et al., 2018; Ishii et al., 2008; You et al., 

2014). SDS-PAGE is also used to examine the degree of polyphenol-induced cross-linking of 

proteins. For example, Jia et al. (2016) used SDS-PAGE to determine EGCG induced cross-linking 

of WPI (Figure 2A). Similarly, Rawel et al. (2002b) showed the cross-linking of bovine serum 

albumin (BSA) when it was conjugated with chlorogenic acid under alkaline condition. Cross-

linking was also observed in gelatine and lysozyme when crosslinked with various polyphenols 

including chlorogenic acid (Rawel, Kroll, & Riese, 2000; Strauss & Gibson, 2004). Anthocyanins 

and pyrogallic acid have recently been found to act as cross-linkers when they were conjugated 

with soy protein and pumpkin seed protein isolate, respectively under alkaline condition (Sui et 

al., 2018; Yang et al., 2019).  
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Figure 2. (A) Typical SDS-PAGE patterns of unmodified and EGCG conjugated WPI where 

crosslinking had occurred (Jia et al. (2016)). (B) MALDI-TOF-MS chromatogram of 

Calmodulin-dependent protein kinase II 281–289 (CaMKII) conjugated with EGCG (100, 

250µM) (Ishii et al., 2008) 

2.3.3 Effect of covalent conjugation of phenolic compounds on structural conformation of proteins 

The conformational structure of intact (unmodified) and modified proteins is commonly 

determined by using many methods including Fourier-transform infrared spectroscopy (FTIR) and 

circular dichroism (CD). The secondary structure (α-helix, β-sheet, β-turn, and random coil) of 

proteins can change due to conjugation with phenolic compounds and this change can be 

qualitatively or quantitatively determined (Liu et al., 2017; Liu et al., 2015; Rawel et al., 2002a; 

Rawel et al., 2002b). The change in secondary structure of protein due to conjugation with phenolic 

compound also depends on the nature of the conjugated phenolic compounds. For instance, Rawel 

et al. (2002a) found an increase in α-helix when adduction between soy glycinin and caffeic and 

gallic acid occurred; while Liu et al. (2017) observed a decrease in α-helix and an increase in β-

turn when zein protein and quercetagetin were conjugated. In another study, Tao et al. (2018) 

reported that the α-helix fraction decreased with a simultaneous increase in 𝛽-sheet structure of 

soy protein isolate (SPI) when it formed conjugates with EGCG. It was also reported that a 

decrease in -helix, with a parallel increase in β-strand and turn of soy glycinin when it formed 

(A) (B) 
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conjugates with myricetin (Rawel et al., 2002a). Conversely, the conjugation of chlorogenic acid 

with BSA resulted in a reduction in -helix with a parallel increase in the other secondary 

structures (Rawel et al., 2002b). Similarly, clear alteration of secondary structure was observed in 

various milk proteins when they were conjugated with EGCG (Wei et al., 2015).  

2.3.4 Effect of covalent conjugation of phenolic compounds on the solubility and hydrophobicity 

of proteins 

Solubility is important for using proteins as ingredient as it affects their emulsifying, foaming and 

encapsulating properties. The extent to which the solubility and hydrophobicity of proteins is 

affected due to conjugation with phenols depends on the structure and reactivity of the polyphenol 

involved. Rawel et al. (2002a) reported that the solubility of soy glycinin increased after covalent 

conjugation with quercetin. The increase in solubility depends on the chemical structure and 

physical conformation of the adducts produced. For example, the hydrophobic residues of proteins 

containing tryptophan can be blocked when they react with phenols and new hydrophilic groups 

(e.g., hydroxyl groups from phenols) are introduced to the protein chain (Rawel et al., 2002a). In 

contrast, Kroll and Rawel (2001) showed that solubility of polyphenol conjugated myoglobin 

decreased due to bonding of hydrophilic amino and thiol groups with phenolic compounds and/or 

introduction of non-polar groups by the adducted polyphenols. In this regard, Kroll et al. (2000) 

also reported that the solubility of myoglobin was decreased when it was conjugated with 

chlorogenic and caffeic acids and p-quinone.  

It is reported that there is a reasonable correlation between hydrophobicity and insolubility as 

observed in milk and soy proteins (Hayakawa & Nakai, 1985). This phenomenon is also revealed 

in the case of gallic acid-modified myoglobin. The hydrophobicity of myoglobin was found to 

increase while its solubility decreased after its complexation with gallic acid (Kroll & Rawel, 

2001). In contrast, the covalent conjugation  of BSA with chlorogenic acid was observed to 

decrease its surface hydrophobicity (Rawel et al., 2002b). β-lactoglobulin when adducted with 5-

caffeoylquinic acid also showed higher surface hydrophobicity in acidic pH compared to the native 

β-lactoglobulin (Ali et al., 2013). In other words, the solubility of these two adducts increased in 

the tested pH range.  

2.3.5 Effect of covalent conjugation with phenolic compounds on the thermal stability of proteins 

Proteins adducted with phenolic compounds tend to be more thermally stable than the unadducted 

ones. For instance, the thermal stability of soy glycinin was found to improve after conjugation 

with phenolic acids (e.g. chlorogenic and caffeic acid) and flavonoids (e.g. quercetin and 
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myricetin) (Rawel et al., 2002a). This increased thermal stability is reflected by the increase in the 

denaturation temperature and the denaturation enthalpy. In this context, Ali et al. (2013) found that 

the conjugation of lactoglobulin with caffeoylquinic acid increased its denaturation temperature 

yet less energy was required for unfold. Liu et al. (2017) reported that zein-EGCG conjugate had 

higher thermal stability than the unmodified zein as reflected in the increased denaturation 

temperature. The denaturation of lactoferrin was improved after conjugation with chlorogenic acid 

(CA) and EGCG due to the formation of irreversible aggregation resulting from the increase in the 

α-helix structure of lactoferrin (Liu, Wang, Ma, & Gao, 2016a). Similarly, the thermal stability of 

pumpkin seed protein isolate-pyrogallic acid conjugate was higher than that of native one (Yang 

et al., 2019). 

2.3.6 Effect of covalent conjugation with phenolic compounds on the antioxidative property of 

proteins 

Higher antioxidant capacity of phenolic compound conjugated proteins is one of their most desired 

functional properties. Most reviews in this theme suggest that antioxidant activity of proteins 

increases when they undergo covalent conjugation with phenolic compounds (Liu et al. (2019); 

Quan et al. (2019).  It is commonly reported that the antioxidant activity of proteins is improved 

after covalent conjugation with phenolic compounds. The antioxidant activity of these conjugates 

is determined using DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (2,2′-Azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid)) scavenging activity and other reducing power tests. The 

extent of increase in antioxidant capacity of proteins after covalent conjugation with phenolic 

compounds depends on the nature (chemical structure) of the phenolics involved. For example, the 

EGCG-α-lactalbumin derivative had significantly higher antioxidative activity than the 

unmodified α-lactalbumin (Wang et al., 2014b). Similar improvement in antioxidative activity was 

observed in 5-caffeoylquinic acid-β-lactoglobulin, EGCG-lactoferrin, quercetagetin-zein 

conjugates (Ali et al., 2013; Liu et al., 2017).  

2.3.7 Effect of covalent conjugation of proteins with phenolic compounds on their 

interfacial/emulsifying properties 

The emulsifying activity of proteins depends on their ability to diffuse through the aqueous 

medium and adsorb at the oil/water interface (Amine, Dreher, Helgason, & Tadros, 2014). Since 

emulsions are inherently unstable due to the immiscible nature of continuous and dispersed phases, 

the interfacial tension at the oil/water interface has to be minimized to improve emulsion stability.  
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2.3.7.1 Effect of conjugation with phenolic compounds on the interfacial behaviour of proteins 

Interfacial behaviour of proteins at oil/water interface is usually associated with their ability to 

adsorb at and occupy the oil/water interface. The extent of adsorption of proteins is commonly 

measured using interfacial tension (DIT), explained using adsorption kinetics and correlated to 

emulsifying capacity.  

The interfacial rheology of the absorbed protein layer provides information on the behaviour of 

protein molecules at the interface. These interactions could be hydrophobic and/or van der Waals, 

both of which affect the stability of the emulsion. For example, the interfacial (dilatational) 

elasticity is inversely proportional to the coalescence (Tadros, 2013). Proteins, are inherently 

amphiphilic, which enables them to adsorb at the oil/water interface. The adsorption of a protein 

at the oil/water interface results into a  decrease in the DIT over time, which itself is driven by its 

concentration gradient (Wang et al., 2012). The adsorption kinetics of protein at the oil/water 

interface can show three distinct stages (Graham & Phillips, 1979): (1) Diffusion of protein from 

the bulk to the layer adjacent to the interface; (2) adsorption of protein molecules to the interface, 

and (3) reorganisation. The native as well as (thermally and enzymatically) modified plant proteins 

including soy, lentil, pea, sunflower, and pumpkin are shown to exhibit the similar adsorption 

behaviour (Amine et al., 2014; Bučko et al., 2018; Ducel, Richard, Popineau, & Boury, 2004; 

Jarpa-Parra et al., 2015; Karefyllakis, Altunkaya, Berton-Carabin, van der Goot, & Nikiforidis, 

2017). Studies aimed at determining the effect of protein-phenolic complexation on the interfacial 

properties of proteins have been undertaken; however, most of these studies have used non-

covalent complexes (Karefyllakis et al., 2017; Rodríguez, von Staszewski, & Pilosof, 2015; von 

Staszewski, Pizones Ruiz-Henestrosa, & Pilosof, 2014).  There is no information in the literature 

on the interfacial behaviour (diffusion, absorption and realignment) of plant protein-phenolic 

covalent conjugates at oil/water interface. 

In the case of diffusion-controlled adsorption, the extent of diffusion of proteins to interface 

depends on the initial protein concentration, pH, and temperature. In order to determine the 

diffusion coefficient, a modified form of Ward and Tordai (1946), equation (1) is commonly used. 

π = 2C KT (
.

) /   (eq.1) 

where,  = ( - 0) is the interfacial pressure (mN m-1), C0 is the concentration of protein in the bulk 

phase (mol. m-3), K is the Boltzamann constant (m2 kg s-2 K-1), T is the absolute temperature (K), 

D is diffusion coefficient (m2 s-1), and t is adsorption time (s),  and 0 are the interfacial tension 

of solution and water at the oil-water interface respectively. 
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It was reported that the chlorogenic acid-sunflower protein non-covalent complex sowed higher 

surface pressure than the native sunflower protein at the oil/water interface (Karefyllakis et al., 

2017). This increased surface pressure was attributed to the formation of hydrogen bonds between 

adjacent phenols bound to the protein molecules, which caused increased unfolding. This 

unfolding increased the intermolecular interaction between the adsorbed proteins leading to 

increased occupation of interface. In contrast, green tea polyphenols-β-lactoglobulin and other 

whey proteins’ complexes showed a decrease in surface pressure as compared to the uncomplexed 

or free β-lactoglobulin and other whey proteins at the oil/water interface (von Staszewski et al., 

2014). This behaviour was attributed to the unavailability of hydrophobic domains to migrate to 

the interface caused by the grafting of green tea polyphenols to the hydrophobic side chain of 

amino acids (Sausse, Aguié-Béghin, & Douillard, 2003).  

The dilatational modulus (E) can be calculated based on the change in interfacial tension () as a 

function of change in the oil-water interfacial area (A) as given by equation (2) (Ravera, Loglio, & 

Kovalchuk, 2010). 

𝐸 =
/

                             (eq. 2) 

The dilatational modulus is a complex quantity comprised of real and imaginary parts represented 

by the dilatational elasticity (E) and viscosity (E). E and E (mN m-1) are calculated by the 

Fourier transformation using equations (3) and (4), respectively (Cascão Pereira, Theodoly, 

Blanch, & Radke, 2003): 

𝐸′ = ∆𝛾
∆

𝑐𝑜𝑠∅                (eq. 3) 

𝐸′′ = ∆𝛾
∆

𝑠𝑖𝑛∅               (eq. 4) 

where, ∆A (mm2) and ∆γ (mN m-1) are the amplitude of change in the interfacial area and 

interfacial tension, respectively. ∅ is the phase shift between the sinusoidal perturbation of the 

interfacial tension and that of the interfacial area. 

Karefyllakis et al. (2017) found that the interfacial layer of chlorogenic acid-sunflower protein 

complex showed greater elastic behaviour than that of native sunflower protein. Conversely, 

Rodríguez et al. (2015) and von Staszewski et al. (2014) reported that the dilatational property of 

the adsorbed complex layer decreased when compared with that of the native one.  
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2.3.7.2 Effect of conjugation of phenolic compounds with proteins on the emulsifying properties 

The covalent conjugation between proteins and polyphenols can improve the stability of protein 

based-colloid systems and protein stabilised emulsions. For example, the stability of emulsion 

produced using caffeic-lactoferrin covalent conjugate as emulsifier was higher than that of native 

lactoferrin stabilized emulsion (Liu et al., 2015). Similarly, the improved stability was observed in 

emulsions stabilised by 5-Caffeoylquinic acid-milk whey protein, EGCG-α-lactalbumin, EGCG-

WPI, EGCG-lactoferrin conjugates compared to those stabilised by the corresponding native 

proteins (Jia et al., 2016; Liu et al., 2016b; Rawel et al., 2002a; Wang et al., 2014b). Jia et al. 

(2016) and Wang et al. (2014b) reported that the emulsions stabilized EGCG-α-lactalbumin and 

EGCG-lactoferrin conjugates had smaller particle size than those stabilized by the corresponding 

native proteins. Conversely, the emulsion stabilised by β-lactoglobulin-allyl isothiocyanate 

conjugate was less stable than the one stabilized by β-lactoglobulin (Rade-Kukic et al., 2011). In 

addition, Liu et al. (2016b) noted that the emulsions stabilised by using EGCG-lactoferrin, and 

chlorogenic acid-lactoferrin conjugates had higher oxidative stability in comparison to the 

emulsions stabilised lactoferrin. von Staszewski et al. (2014) also reported that the oxidative 

stability of fish oil stabilised using β-lactoglobulin-green tea polyphenol complex was higher than 

that of oil stabilised by β-lactoglobulin. In general, most of the studies agreed on the positive effect 

of protein-phenolic conjugation on emulsion stability (Table 1); however, Rade-Kukic et al. (2011) 

reported that the emusion stabilised by the conjugates formed between β-lactoglobulin and  allyl 

isothiocyanate had significantly poor emuslion stability than the one stabilised by β-lactoglobulin.  

2.4 Stabilisation of polyunsaturated fatty acids (PUFAs) rich oils using protein/gum complex 

coacervates as wall material  

Polyunsaturated fatty acids (PUFAs) such as omega-3(n-3) and omega-6(n-6) are nutritionally 

important (Abuajah et al., 2015). PUFAs reduce the risk of cardiovascular disease (Steffens, 1997), 

improve mental and visual functions (Li & Hu, 2009). They also reduce the risk of diabetes 

(Connor et al., 1993), arthritis (Kremer, 1996), autoimmune disorders (Calder, 2006) and colon 

cancer (Roynette, Calder, Dupertuis, & Pichard, 2004). Human body cannot synthesize PUFAs; 

thus, they have to be delivered, preferably as part of the diet. PUFAs are susceptible to suboptimal 

processing and storage stressors such as elevated temperature, oxygen, and light. The exposure of 

PUFAs with these factors results in an undesirable change in sensory (flavour and colour) and 

nutritional values (Comunian & Favaro-Trindade, 2016). This is because PUFAs readily undergo 

oxidation and produce harmful reaction products (Tao, 2015). The nutritional and functional values 
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of PUFAs can be enhanced if oxidation can be avoided or minimised (Alamed, McClements, & 

Decker, 2006).  

In order to protect PUFAs from oxidation and to prolong their shelf-life, various protection 

methods including microencapsulation are implemented (Betoret, Betoret, Vidal, & Fito, 2011). 

Among these methods, microencapsulation is preferred as it readily covers the oil droplets and the 

technologies to carry it out are well developed (Betoret et al., 2011; Sanguansri & Augustin, 2016). 

Microencapsulation technology creates a matrix structure surrounding the PUFAs and offers a 

barrier against oxidative deterioration. Microencapsulation also masks the characteristic fishy 

smell of PUFAs and also helps deliver the PUFAs in a small serving (Nesterenko et al., 2013). For 

doing this, the encapsulating shell material has to be stable against mechanical force and 

temperature to keep the entrapped oil within the core. Otherwise, the oil will easily leak out from 

the microcapsules. For this purpose, the shell surrounding the microencapsulated PUFAs is 

chemically (glutaraldehyde) or enzymatically (transglutaminase) crosslinked to strengthen the 

shell structure. 

However, glutaraldehyde is not suitable for food application due to its toxic nature and 

transglutaminase comes with a high cost. The polyphenols, as natural crossing-linking agents, can 

be “healthy” cross-linkers due to their strong cross-linking ability with protein. As stated above, 

the covalent conjugation between proteins with phenolic compounds can enhance their structural 

stability as at the same time improving antioxidant capacity, and thermal and emulsion stability. 

Therefore, there is a potential of using phenolic-conjugated proteins as encapsulants of PUFAs.  

Many methods that are currently used to microencapsulate PUFAs capsules were reviewed by 

Ruiz, Ortiz, and Segura (2017) including spray-dried emulsions, freeze-dried emulsions, fluidized 

bed drying, extrusion, and complex coacervation. Of these methods, spray drying is most 

commonly used to produce microcapsules of PUFA-rich oils due to its affordability, 

reproducibility, and high scalability (Encina, Vergara, Gimenez, Oyarzun-Ampuero, & Robert, 

2016). Creation of shell using complex coacervation is more effective in producing oil 

microcapsules with high payload and encapsulation efficiency (Timilsena, Wang, Adhikari, & 

Adhikari, 2017b). Complex coacervation also has the advantage of having mild processing 

conditions (Gouin, 2004). Complex coacervation is carried out pH and polymer concentration 

ranges within which best possible electrostatic interaction occurs between the oppositely charged 

proteins and polysaccharides and leads to phase separation (Figure 3A). The complex coacervation 

process is also affected primarily by the electrostatic interaction and also to some extent by van 

der Walls forces, hydrophobic interactions, and hydrogen bonding (Turgeon, Schmitt, & Sanchez, 
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2007). Complex coacervation between two oppositely charged polymers is induced by changing 

the pH and ionic strength within certain temperature range. In food systems, proteins and 

polysaccharides are commonly used biopolymers used for complex coacervation (Schmitt & 

Turgeon, 2011). In order to encapsulate the oil using protein/gum complex coacervates, the oil is 

firstly emulsified with protein solution. Secondly, the gum solution is added to the emulsion 

followed by pH adjustment to produce protein/gum coacervate stabilised emulsions or liquid 

microcapsules. Finally, the complex coacervate shell is crosslinked using appropriate crosslinker 

(e.g. transglutaminase) to consolidate the liquid capsules before spray/freeze drying to obtain oil 

powder microcapsules (Figure 3B) (Wang, Adhikari, & Barrow, 2014a).  

 

Figure 3. Schematic illustration of complex coacervation process between protein and 

polysaccharide gum with oil (B) and without oil (A). 
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2.5 Microencapsulation of PUFAs rich oil using plant based-wall materials 

Recent developments on the microencapsulation of PUfFAs-rich oils using complex coacervation 

approach have been reviewed by Timilsena et al. (2017b) and Eratte et al. (2018). These reviews 

and the research cited there agree that physicochemical properties of encapsulated oil using 

complex coacervation is greatly affected by the core/wall ratio, drying methods in addition to the 

type of biopolymers used. These aspects of complex coacervation using plant-based biopolymers 

are summarised in Table 2. These data indicate that proteins and polysaccharide gums obtained 

from different sources required different conditions for complex coacervation and produce 

microcapsules with different surface oil content. It is reported that chia oil microcapsules produced 

using chia seed protein isolate (CPI)-chia seed gum (CG) achieved surface oil content of about 2% 

and higher encapsulation efficiency (94%) both of which were higher than in microcapsules 

produced  using solely chia seed protein isolate (Timilsena, Adhikari, Barrow, & Adhikari, 2016). 

The optimum pH and CPI/CG ratio were found to be at 2.7 and 6.0, respectively. These values 

were 4.5 and 5.0 in the case of FPI-complex coacervates (Kaushik, Dowling, Barrow, & Adhikari, 

2015a). The encapsulated oil produced using this FPI-FG complex coacervate had 2.8% surface 

oil and 87% encapsulation efficiency (Kaushik, Dowling, McKnight, Barrow, & Adhikari, 2016a). 

Jun-xia, Hai-yan, and Jian (2011) reported that the highest yield of complex coacervate using SPI 

and gum Arabic (GA) took place at pH of 4.0 and a SPI/GA ratio of 1.0.   

Table 2: The optimum conditions for complex coacervation of various plant-based biopolymers 

and the surface oil content of corresponding microcapsules. SPI = Soy protein isolate, GA = 

Gum Arabic, CPI = Chia seed protein isolate, CG = Chia seed gum, FPI = Flaxseed protein 

isolate, FG = Flaxseed gum. 

Protein 
(P) 

Polysaccharides 
(Poly) 

pH P/Poly 
ratio 

P+Poly/oil 
ratio 

Surface 
oil (%) 

Drying 
methods 

References 

SPI GA 4.0 1:1 1:10 - Freeze 
drying 

Jun-xia et al. (2011) 

SPI GA 4.0 1.8:1 2.6:1 2.46 Spray 
drying 

de Conto, Grosso, and 
Gonçalves (2013) 

CPI CG 2.7 6:1 2:1 2.1 Spray 
drying 

Timilsena et al. (2016) 

FPI FG 3.1 3:1 2:1 2.78 Spray 
drying 

Kaushik et al. (2016a) 

Although various aspects of complex coacervation based-microencapsulation of PUFAs using 

plant proteins and gums has been studied, there is still a paucity of investigation on the efficacy of 

complex coacervates in which the protein component is covalently conjugated with phenolic 
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compounds. The incorporation of phenolic compounds in capsule shells was found to improve 

physicochemical properties of microcapsules in addition to improving their oxidative stability. For 

example, it was reported that the inclusion of sinapic acid in capsule walls improved the oxidative 

stability of encapsulated echium oil (Comunian et al., 2016). Muhoza, Xia, and Zhang (2019) also 

showed that the use of tannic acid as a cross-linker provided greater thermal stability of the oil 

encapsulated in gelatin-high methyl pectin coacervate. The improvements on some 

physicochemical and functional properties of microcapsules when phenolic compounds are 

incorporated in the wall matrix are presented in Table 3. 

Table 3: The improvement of some physicochemical and functional of microcapsules when 

phenolic compounds were incorporated in the wall matrix. GA = Gum Arabic, HMP = High 

methyl pectin, FM = Flaxseed mucilage, XG = Xanthan gum, CC = Carboxymethyl chitosan. 

Wall materials Phenolic compounds Improved properties References 

Gelatin/GA Sinapic acid Oxidative stability Comunian et al. 
(2016) 

Gelatin/HMP Tannic acid Oxidative and thermal stability Muhoza et al. 
(2019) 

Gelatin/FM 

 

Tannic acid Oxidative stability, low 
porosity 

Mohseni and Goli 
(2019) 

GA/XG Pomegranate Juice Oxidative stability, smooth 
surface structure 

Yekdane and Goli 
(2019) 

Zein/CC Tea polyphenols Antioxidant activities, colour 
stability 

Ba et al. (2020) 

Zein Citric acid Thermal and freeze-thaw 
stability  

Teng et al. (2020) 

2.6 In-vitro digestion of oil microcapsules produced using complex coacervates as shell 

material  

A well-designed microencapsulation matrix facilitates the controlled-release oil in the digestion 

process to improve its bioavailability. As a rapid, cheap, convenient, and ethical method (Minekus 

et al., 2014), in-vitro digestion is commonly used to study the digestion behaviour of lipid at each 

stage of the gastrointestinal tract (Sarkar, Goh, Singh, & Singh, 2009; Sarkar, Horne, & Singh, 

2010). In in-vitro digestion, food samples are subjected to simulated oral, gastric, and intestinal 

conditions, including electrolytes, enzymes, bile, and pH for a period of time. The composition of 

simulated fluids commonly used in the three different digestion stages is presented in Table 4 based 

on an international consensus (Minekus et al. (2014). Typical in-vitro static digestion experimental 

conditions at the oral, gastric and intestinal stages are described in Table 5.  
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Table 4: Composition of simulated digestion fluids: SSF = simulated salivary fluid, SGF = 

simulated gastric fluid (SGF), and SIF = simulated intestinal fluid. The final volume of each 

simulated fluid was made up to 500 mL with Milli-Q water (Minekus et al., 2014). 

Constituent  
Stock 
conc 
(M) 

SSF (pH 7)  SGF (pH 3) SIF (pH 7) 

Volume 
of stock 
(mL) 

Final 
conc 
(mM)  

Volume 
of stock 
(mL) 

Final conc 
(mM)  

Volume 
of stock 
(mL) 

Final 
conc 
(mM) 

KCl 0.5 15.1 15.1  6.9 6.9  6.8 6.8 

KH2PO4 0.5 3.7 3.7  0.9 0.9  0.8 0.8 

NaHCO3 1 6.8 13.6  12.5 25  42.5 85 

NaCl 2    11.8 47.2  9.6 38.4 

MgCl2(H2O)6 0.15 0.5 0.15  0.4 0.12  1.1 0.33 

(NH4)2CO3 0.5 0.06 0.06  0.5 0.5    

NaOH 1         

HCl 6 0.09 1.1  1.3 15.6  0.7 8.4 

CaCl2(H2O)2 0.3 0.025 1.5  0.005 0.15  0.04 0.6 

 
Table 5: Typical experimental condition in in-vitro static digestion. SF = simulated fluid 

(electrolytes), SSF = simulated salivary fluid, SGF = simulated gastric fluid (SGF), and SIF = 

simulated intestinal fluid. The final volume of each simulated fluid was made up to 500 mL with 

Milli-Q water (Minekus et al., 2014). 

Components Unit 
Oral stage 
(SSF - pH 7)  

Gastric stage 
(SGF - pH 3)  

Intestinal stage 
(SIF - pH 7) 

Sample  g or mL 5 10* 20** 

SF mL 3.5 7.5 11 

Enzymes     

    Salivary amylase (1.5KU mL-1) mL 0.5   

    Pepsin (25KU mL-1) mL  1.6  

    Pancreatin based on trypsin 
(0.8KU mL-1) 

mL 
  

5 

CaCl2 (0.3M) mL 0.025 0.005 0.04 

HCl (1M) mL  0.2  
NaOH (1M) mL   0.15 

Fresh bile (0.16M) mL   2.5 

H2O mL 0.975 0.695 1.31 
*  Sample from the oral phase; ** Sample from the gastric phase 
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In-vitro digestion of oil microcapsules commonly includes the digestion of encapsulating wall and 

the subsequent release and lipolysis of encapsulated oil. It was been reported that the wall matrix 

had a strong influence on the digestion behaviour of encapsulated oils (Augustin et al., 2014). 

Thus, various wall materials have been investigated in order to develop effective oil delivery 

systems which can ensure the release and absorption of oil at the intestinal stage of digestion. 

Attempts have been made to modify proteins, when used as shell material, with other food 

ingredients such as polyphenols, polysaccharides to improve the stability, targeted release and 

bioavailability of hydrophobic core (Mohseni & Goli, 2019; Teng et al., 2020). According to Teng 

et al. (2020), the acid citric cross-linked zein capsule, when used as the  wall material, was stable 

in gastric stage, and facilitated the delivery of β-carotene to intestinal stage, thus, improved its 

bioaccessibility. It has also been shown that the digestibility of proteins altered when they are 

conjugated with phenolic compounds. For example, the digestibility of BSA was slowed down 

when it was conjugated with chlorogenic acid (Rawel et al., 2002b). In contrast the digestibility of 

SPI increased when it was conjugated with black rice anthocyanins (Jiang et al., 2019).  

The amount of released oil and free fatty acids (FFA) are commonly used as indicators of the extent 

of decomposition and the subsequent lipolysis of microcapsules (Timilsena et al., 2017). The rate 

and extent of lipolysis in the gastrointestinal tract were found to be strongly affected by the size, 

interfacial characteristics of the protein and the solid or liquid state of lipid (Augustin et al., 2014). 

Small microcapsules make it easy for the oils to be release and to be acted on by lipase due to their 

larger surface area and thinner membrane (Dong et al., 2011). Oil droplets can also be emulsified 

during lipid digestion which facilitates the migration of lipase to the oil droplets (Reis, Holmberg, 

Watzke, Leser, & Miller, 2009). The size of oil droplets also plays a critical role in lipolysis; for 

example, the smaller droplets are digested faster (Gallier & Singh, 2012). In the digestive system, 

70-90% of the lipid in the food matrix gets digested in the small intestine by pancreatic lipases 

(Wickham, Wilde, & Fillery-Travis, 2002). The oil encapsulated in a double-layered complex 

coacervate system was shown to only partially release the oil during digestion due to interference 

of the polysaccharide component to the lipase (Mun, Decker, & McClements, 2007). Gumus, 

Decker, and McClements (2017) showed that proteins from lentil, pea, and faba, when used as 

wall materials, did not did not slow down the digestion of oil. Guimarães Drummond e Silva et 

al. (2017) demonstrated that the presence of phenolic compounds in flaxseed protein 

concentrate did not affect the hydrolytic action of pepsin and pancreatin. Conversely, it was 

shown that green tea polyphenols reduced the activity of digestive enzymes by as much as 54% 

(He, Lv, & Yao, 2007). Thus, if slow breakdown of protein shell is desired, their conjugation 

with phenolic compounds is expected to be a promising approach. This approach can be used 
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to customize/control the physiological digestion of lipids and thus help reduce the risk of diseases 

related to high fat consumption. However, this important aspect has not received its due 

attention. 

2.7 Composition and physicochemical properties of flaxseed protein, polyphenol, gum, and oil  

Flaxseed (Linumusitatissimum L.) is one of the most important oilseeds grown over the world with 

its production exceeding 2.9 million tonnes in 2016 (FAO, 2016). Although the composition of 

flaxseed is expected to vary depending on the variety, environment and soil (Daun, Barthet, 

Chornick, & Duguid, 2003); a typical flaxseed contains 20% protein, 41% fat, and 28% total 

dietary fibre of which about 9% is soluble Table 6 (Cui, 2000). Currently, flaxseed is mainly used 

for its oil due to its high alpha-linolenic acid (ALA) content (>50% of total fatty acids) (Green & 

Marshall, 1984) while the defatted meal is used as animal feed (Sielicka & Małecka, 2017) despite 

being rich in protein and polyphenols (Dabrowski & Sosulski, 1984; Oomah, Mazza, & Cui, 1994). 

It is also reported that flaxseed protein, polyphenol or their complexes have potential for reducing 

the risk of diabetes, colorectal cancer, and obesity (Arora et al., 2019; Thakur, Mitra, Pal, & 

Rousseau, 2009; Williams et al., 2007).  

Table 6: Proximate composition in 100 g of flaxseed (Morris, 2003) 

 

 

 

 

 

2.7.1 Flaxseed protein 

The protein content in flaxseed varies from 10.5% to 31% of seed mass depending on the variety 

and growth environment (Oomah & Mazza, 1993). It is reported that the flaxseed protein has 

similar amino acid profile to soy protein (Madhusudhan & Singh, 1985). Flaxseed protein 

possesses a higher amount of branched-chain amino acids (BCAA) such as leucine, isoleucine, and 

valine and a lower amount of aromatic amino acids (AAA) such as tyrosine and phenylalanine 

compared to soy protein (Table 7). This leads to a high Fischer ratio (BCCA/AAA) which is 

associated with many health benefits of flaxseed (Wanasundara & Shahidi, 2003). Flaxseed protein 

also shows superior functional properties such as high oil holding and foaming capacity, 

emulsifying activity and good thermal stability (Kaushik et al., 2016b). It can be a protein of choice 

Nutrients Amount per 100 g 

Energy (kcal.) 450.0 

Proteins (g) 20.0 

Fat (g) 41.0 

Total dietary fibre (g) 28 
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for the vegetarian and vegan population. Flaxseed protein contains two main fractions: salt-soluble 

11-12S globulins and water-soluble 1.2-6S albumins (Vassel & Nesbitt, 1945). The average 

molecular weight of flaxseed globulin is reported to be about 320 kDa while that of the albumin is 

in the range of 16-18 kDa (Chung, Lei, & Li-Chan, 2005). The molecular weight of globulin 

fraction, which contains five disulfide-linked subunits, varies from 11 to 61 kDa (Oomah & Mazza, 

1993).   

Table 7: Amino acid composition of flaxseed protein (g/100g protein) 

Amino acid 
Brown flaxseed 

(Norlin)1 
Yellow flaxseed 

(Omega)1 
Soybean2 

Alanine (Ala)  4.4 4.5 4.1 

Arginine (Arg)  9.2 9.4 7.3 

Aspartic acid (Asp)  9.3 9.7 11.7 

Cystine (Cys)  1.1 1.1 1.1 

Glutamic acid (Glu) 19.6 19.7 18.6 

Glycine (Gly)  5.8 5.8 4.0 

Histidine (His) 2.2 2.3 2.5 

Isoleucine (Ile)a 4.0 4.0 4.7 

Leucine (Leu)a 5.8 5.9 7.7 

Lysine (Lys)a 4.0 3.9 5.8 

Methionine (Met)a 1.5 1.4 1.2 

Phenylalanine (Phe)a 4.6 4.7 5.1 

Proline (Pro)  3.5 3.5 5.2 

Serine (Ser)  4.5 4.6 4.9 

Threonine (Thr)a 3.6 3.7 3.6 

Tryptophan (Trp)a 1.8 NRb NRb 

Tyrosine (Tyr)  2.3 2.3 3.4 

Valine (Val)a 4.6 4.7 5.2 
a Essential amino acids for humans; b Not reported; 1 Oomah and Mazza (1993); 2 Friedman and 
Levin (1989) 
 

Extraction of flaxseed protein has mostly produced flaxseed protein concentrate rather than 

flaxseed protein isolate (Tirgar, Silcock, Carne, & Birch, 2017; Wang, Li, Wang, & Özkan, 2010). 

This is due to the interference of highly viscous flaxseed gum, which easily dissolves in water 

during protein extraction. The presence of gum leads to a low purity of extracted flaxseed protein. 

Subsequently, acidic isoelectric precipitation (AI) and micellization (MI) methods are performed 

to produce higher purity of extracted flaxseed protein (i.e. producing FPI) (Alu’datt et al., 2016; 
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Krause, Schultz, & Dudek, 2002; Oomah et al., 1994). It is reported that the solubility and 

emulsifying properties of FPI produced by AI can be as low as 50% compared to those produced 

by MI (Krause et al., 2002). The poor performance of the former could be due to the denaturation 

of protein during acid precipitation (Bramsnaes & Olsen, 1979).To avoid protein denaturation, a 

dialysis-based method was developed to produce FPI with higher solubility and emulsifying 

properties (Bustamante, Oomah, Rubilar, & Shene, 2017; Karaca, Low, & Nickerson, 2011).  

2.7.2 Flaxseed polyphenols 

Flaxseed is a rich source of polyphenols as it contains total phenolic content (TPC) of 5.42 g per 

100 g seed (Hall & Shultz, 2001). The lignin of flaxseed hull contains a high concentration of 

phenolic compounds (Oomah, 2003). Phenolic compounds in flaxseed can be classified into two 

main phenolic groups: phenolic acids and their derivates, and complex lignans (Figure 4). Flaxseed 

is known to contain about 800 mg to 1000 mg phenolic acids, 500 mg esterified phenolic acids, 

and 300-500 mg etherified phenolic acids per 100 g of seed (Oomah, Kenaschuk, & Mazza, 1995). 

Figure 4 represents the chemical structure of the main phenolic compounds found in flaxseed. 

Ferulic acid (FA) is most abundant phenolic acid in flaxseed followed by p-coumaric and caffeic 

acid (Waszkowiak, Gliszczyńska-Świgło, Barthet, & Skręty, 2015).  

 

 

 

 

 

 

 

Figure 4. Chemical structure of typical phenolic compounds in flaxseed (Herchi et al., 2014) 

Phenolic acids of flaxseed and their adducts are considered as the source of antioxidant properties 

in flaxseed (Harris & Haggerty, 1993). In addition, secoisolariciresinol diglucoside (SDG) is a 

complex phenols (lignan) and acts as a phytoestrogen and antioxidant (Touré & Xueming, 2010).It 

is reported that consumption of SDG reduces the risk of cardiovascular ailments and slows down 

the progression of some types of diabetes (Mueller, Eisner, Yoshie-Stark, Nakada, & Kirchhoff, 

Secoisolariciresinol diglucoside 

Ferulic acid 

Secoisolariciresinol 

p-Coumaric acid Caffeic acid 

Hydroxybenzoic acid 
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2010). Waszkowiak and Gliszczyńska-Świgło (2015) reported that the concentration of SDG, 

phenolic acids and their glucosides in phenolic extract depend on cultivar and the solvent used for 

extraction (Table 8). An ethanol-water mixture with the ethanol to water ratio of 60:40 (v/v) was 

found to achieve a high extraction yield of total phenolic content from flaxseed. Waszkowiak et 

al. (2015) showed that proteins get excreted along with polyphenol, which is a common problem 

in obtaining purer flaxseed polyphenol. Dabrowski and Sosulski (1984) reported that the trans-

ferulic and trans-sinapic acid in ethanolic extract of defatted flaxseed flour (about 89% (w/w) of 

total phenolic acids) can be released under the alkaline condition. Recently, flaxseed polyphenols 

are used as preferred antioxidants to enhance the stability of flaxseed oil nanoemulsions stabilised 

by whey protein (Cheng et al., 2019). 

Table 8: Phenolic compounds and their content (mg g−1) in flaxseed extracts produced by 

ethanolic and aqueous extraction (Waszkowiak et al., 2015). SDG=secoisolariciresinol 

diglucoside, SECO=secoisolariciresinol, 

Phenolic compounds 
Ethanolic flaxseed extracts  Aqueous flaxseed extracts 

Brown Szafi Golden Oliwin  Brown Szafi Golden Oliwin 

SDGa 107.37 ± 3.00 77.96 ± 1.00  9.55 ± 0.13 10.80 ± 0.13 

SECOb 21.74 ± 0.60 15.85 ± 0.20  2.11 ± 0.03 2.36 ± 0.03 

p-Coumaric acid glucosidea,c,e 9.85 ± 0.14 9.77 ± 0.11  0.73 ± 0.04 1.68 ± 0.07 

Caffeic acid glucosidea,c,f 2.18 ± 0.04 2.01 ± 0.01  0.17 ± 0.01 0.23 ± 0.01 

Ferulic acid glucosidea,c,g 1.92 ± 0.21 1.82 ± 0.02  0.14 ± 0.01 0.20 ± 0.01 

p-Coumaric acida 1.30 ± 0.02 1.26 ± 0.02  0.16 ± 0.01 0.19 ± 0.01 

p-Coumaric acidb 7.33 ± 0.09 7.78 ± 0.24  0.51 ± 0.02 0.68 ± 0.04 

Ferulic acida 9.04 ± 0.24 13.69 ± 0.14  0.76 ± 0.04 1.88 ± 0.05 

Ferulic acidb 10.64 ± 0.12 14.45 ± 0.14  0.87 ± 0.01 1.81 ± 0.05 

Caffeic acidb 2.77 ± 0.03 1.29 ± 0.02  0.12 ± 0.01 0.14 ± 0.00 

p-Hydroxybenzoic acidb 1.60 ± 0.01 0.77 ± 0.03  0.13 ± 0.01 0.14 ± 0.01 

p-Hydroxybenzoic acidb,d,e 0.90 ± 0.03 0.69 ± 0.12  ND ND 

Ferulic acid esterb,d,g 3.83 ± 0.42 1.80 ± 0.41  ND ND 

Total after alkaline 

hydrolysisa 
131.65 ± 2.88 106.51 ± 1.11 

 
11.50 ± 0.21 14.98 ± 0.17 

Total after alkaline- 

acid hydrolysisb 
48.80 ± 0.86 42.63 ± 0.80 

 
3.73 ± 0.05 5.13 ± 0.07 

ND not detected. a Present after alkaline hydrolysis of extract solution; b Present after alkaline and acid hydrolyses 
of extract solution; c Identified based on elution order of flax phenolics and its decline after acid hydrolysis; for details 
see; d Identified based on elution order of flax phenolics and formation conditions; for details see; e Quantified as p-
coumaric acid; f Quantified as caffeic acid; g Quantified as ferulic acid 
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2.7.3 Flaxseed gum 

FG is located on the outermost layer of seed coat (Mazza & Biliaderis, 1989) and its content in 

flaxseed varies from 3.5 to 9.4% of seed mass depending on the cultivar and environment (Cui, 

Mazza, & Biliaderis, 1994). It consists of neutral (NF; 25%) and acidic fractions (AF; 75%) with 

a certain amount of proteinaceous contaminant (Warr et al., 2003). The NF contains a high 

molecular weight arabinoxylan while the AF is primarily composed of a low molecular weight 

rhamnogalacturonan (Cui et al., 1994).  Kaushik et al. (2017) showed that the composition of 

extracted FG in also depended on the temperature of the solvent (water) used and that the 

concentration of protein extracted along with FG increased from 4.4% (w/w) of the extract at 30oC 

to 15.1% of the extract at 90oC. Thus, choice of a temperature is important to increase the purity 

of FG. 

It is reported that FG solution shows higher viscosity than gum Arabic (GA) but lower than that 

of locust bean, guar, and xanthan gums (Mazza and Biliaderis, 1989). Mazza and Biliaderis (1989) 

showed that FG exhibits pseudoplastic behaviour at a concentration above 0.2% (w/v), below this 

concentration it showed Newtonian behaviour. The flow behaviour of FG is also dictated by the 

NF:AF ratio (Cui et al., 1994). These authors reported that the NF showed shear thinning behaviour 

above 0.5% concentration AF showed Newtonian behaviour up to 2% (w/v).  

In recent years, FG has been commonly and widely used as an encapsulating wall material to 

encapsulate flaxseed oil. Most of the studies show that FG offers and effective protection against 

oxidation of flaxseed when used as an encapsulant (Hadad & Goli, 2019; Mohseni & Goli, 2019; 

Nikbakht Nasrabadi et al., 2019). 

2.7.4 Flaxseed oil 

Flaxseed oil (FO) accounts for approximately 40% of seed weight (Daun et al., 2003). FO contains 

57% alpha-linoleic acid (ALA) and 16% linoleic acid of total fatty acids. The composition of fatty 

acids of FO also depends on varieties and the environment prevailing in its cultivation. The 

composition of extracted oil also depends on the extraction techniques used). FO is reported to 

reduce blood lipids and glomerular injury and mitigates the decline in renal function (Cunnane et 

al., 1993; Ingram et al., 1995).  However, due to the high level of unsaturated fatty acids (~90%) 

(Table 10), FO is susceptible to suboptimal processing and storage stresses such as temperature, 

presence of oxygen, and light. This makes it highly unstable and oxidized quickly. For example, 

the oxidation stability index of FO (0.5-2 h) is lower than that of many other plant seed oils such 
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as chia seed oil (2.4 h), and canola oil (12-17 h) (Metrohm, 2004; Timilsena, Vongsvivut, Adhikari, 

& Adhikari, 2017a). Hence, it is essential to provide suitable protection of the FO against 

oxidation. For this reason, FO was encapsulated using various wall materials such as flaxseed gum 

(Hadad & Goli, 2019), gelatin/flaxseed mucilage (Mohseni & Goli, 2019) and milk whey 

proteins/alginate (Fioramonti, Stepanic, Tibaldo, Pavón, & Santiago, 2019). These studies revealed 

that the oxidative stability of encapsulated FO was successfully enhanced. However, the 

encapsulation process (electrospinning, homogenization and spray drying) induced the significant 

increment of primary oxidation product, suggested by increased hydroperoxide values. 

2.8 Hydroxytyrosol 

Although hydroxytyrosol (HT) is not a part of flaxseed, it was used in this thesis as a model 

phenolic alcohol. HT is a dihydroxy phenolic compound (Figure 5) and is present, in abundance 

in olive oil. HT is a strong antioxidant and has many health benefits, including reduction of systolic 

blood pressure (Covas et al., 2015), improvement of endothelial function (Valls et al., 2015), and 

alleviation of inflammation (Lopez et al., 2017). HT  is  used in meat as preservative because of 

its high antioxidative activity (Martínez, Ros, & Nieto, 2018). HT is one of the most effective 

oxidants among olive olive phenolics. It has been incorporated as antioxidant in emulsions 

stabilised by β-lactoglobulin and maltodextrin (Paradiso et al., 2016). However, to date, there is 

no study on the conjugation of HT with protein under alkaline condition.  

 

Figure 5: Chemical structure of hydroxytyrosol 

 

2.9 Concluding remarks 

There is an increasing body of research on covalent modification of proteins with phenolic 

compounds to enhance their physicochemical and functional properties. Protein-phenolic 

conjugates can be novel food ingredients with superior emulsifying and encapsulating properties. 

Thus, greater understanding of encapsulating and encapsulating properties of plant protein-

phenolic adducts enables development of novel emulsions with improved stability and stability 

against oxidation and also microcapsules with higher payload and control delivery characteristics. 

The protein-phenol conjugates and their complex coacervates with plant gums can be suitable 
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emulsifiers and encapsulants for PUFA-rich oils.  However, there is a lack of knowledge on the 

covalent conjugation between plant proteins and phenolic compounds, especially those obtained 

from oil seeds. Besides, the interaction between proteins and phenolic alcohols such as 

hydroxytyrosol has not been elucidated. There is a paucity of information on the efficacy of plan 

protein-phenolic adducts and also their complex coacervates with gums on emulsifying and 

encapsulating PUFAs-rich oils; particularly on stability, stability against oxidation and release and 

digestion of encapsulated oil in gastrointestinal tract. 

Therefore, this chapter aims to underscore the above-stated knowledge gaps and limitations. In 

addition, this chapter highlights the potential use of flaxseed polyphenols and hydroxytyrosol as 

valuable phenolic compounds to covalently conjugate with plant proteins and utilize the resulting 

conjugates and their complex coavervates with plant gums as potential emulsifiers and 

encapsulations of PUFAs-rich oils. 
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Abstract 

Two phenolic compounds, flaxseed polyphenol (FPP) and hydroxytyrosol (HT), were covalently 

adducted with flaxseed protein isolate (FPI) and then complex coacervated with flaxseed gum 

(FG). Flaxseed oil (FO) was microencapsulated using these complex coacervates as wall materials. 

The release of FO from these microcapsules and its digestion were studied using an in vitro 

digestion model. Most of the encapsulated oil (66-80%) was released in the intestinal stage, and 5-

17% was released in the gastric stage. The proteolytic degradation of FPI from microcapsule shell 

and release of FO in the intestinal phase was slowed down by adduction to FPP but not to HT. The 

release of FO was highest (80%) in (FPI-HT)/FG/FO microcapsule, and 38.5% of released oil was 

lipolysed into free fatty acids. (FPI-FPP)/FG/FO microcapsules released the lowest amount of oil 

(66.3%) of which 28.9% was lipolysed. These findings suggest that the phenolic compound-

adducted FPI/FG complex coacervates can be promising encapsulating shell materials that can 

remain intact in the gastric phase and deliver the encapsulant to intestinal phase. 

 

 

 

Keywords: Flaxseed oil; Flaxseed polyphenols; Hydroxytyrosol; Complex coacervate; 

Microencapsualtion; in-vitro digestion 
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1. Introduction 

Polyunsaturated fatty acids (PUFAs) such as omega-3 and omega-6 are known as important 

functional ingredients (Abuajah, Ogbonna, & Osuji, 2015) as their intake as part of diet can 

significantly improve visual function (Li & Hu, 2009), and prevent chronic diseases such as 

cardiovascular disease (Steffens, 1997), diabetes (Connor et al., 1993), arthritis (Kremer, 1996), 

autoimmune disorders (Calder, 2006) and colon cancer (Roynette, Calder, Dupertuis, & Pichard, 

2004). However, PUFAs readily undergo oxidation, which leads to undesirable changes in 

sensorial (flavour and colour) and nutritional values of food products in which they are 

incorporated (Comunian & Favaro-Trindade, 2016). In order to avoid or minimise lipid oxidation, 

PUFA-rich oil is microencapsulated which creates physical barrier surrounding the oil and protects 

it against the external environmental stresses (Betoret, Betoret, Vidal, & Fito, 2011; Sanguansri & 

Ann Augustin, 2006). Moreover, appropriately designed encapsulating shell can help deliver and 

release the PUFA-rich oils in the small intestinal where 70-90% lipid is digested by pancreatic 

lipases (Wickham, Wilde, & Fillery-Travis, 2002). For this purpose, oil microcapsules are required 

to remain structurally and functionally intact in the acidic gastric environment and able to reach 

the small intestine. 

In-vitro digestion has been widely used to study the digestion behaviour of foods including 

microencapsulated oils. It uses simulated fluids and mechanical actions to mimic the environment 

of each stage of gastrointestinal tract (Minekus et al., 2014; Sarkar, Horne, & Singh, 2010). During 

in-vitro digestion, encapsulated oil is released from the shell matrix by the combined action of 

water, pH and/or enzyme (Kong & Singh, 2009) and the released oil is lipolysed. Thus, the amount 

of the released oil and the free fatty acids (FFA) formed due to lipolysis are used as the indicators 

of the extent of digestion of microencapsulated oil (Timilsena, Wang, Adhikari, & Adhikari, 2017). 

Generally, the rate and extent of lipolysis of encapsulated oils in the gastrointestinal tract depend 

on the size of the microcapsules and the characteristics of the oil-digestive fluid interface (Augustin 

et al., 2014). The digestibility of entrapped oils can be controlled by appropriately designing the 

microencapsulation matrix (Gallier & Singh, 2012; Ghasemi Fard et al., 2020). For example, small 

microcapsules and thin shell hasten the release of oil to the digestive media as they offer a large 

surface area and less resistance to disintegration (Gallier & Singh, 2012). Since the lipid digestion 

relies on lipolytic action of pancreatic lipases, which are only active at the oil-water interface, 

encapsulation of oil can modulate this interfacial process (Golding et al., 2011). Moreover, the 

non-lipid components of food matrix can prolong the release of the oil, thus modulate its 

digestibility. For example, the digestion of encapsulated oil was substantially slowed down with 
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the presence of dietary fibres (Shen, Apriani, Weerakkody, Sanguansri, & Augustin, 2011). 

The release of encapsulated oil was slowed down from the microcapsules in which 

protein-polysaccharide complex coacervates were used as shell materials (Timilsena, 

Adhikari, Barrow, & Adhikari, 2017). Guimarães Drummond e Silva et al. (2017) 

demonstrated that the presence of phenolic compounds in flaxseed protein concentrate did not 

affect the hydrolytic action of pepsin and pancreatin. He, Lv, and Yao (2007) reported a 

significant decrease in the activities of α-amylase trypsin and lipase enzymes due to intake of 

green tea polyphenols. 

We previously reported the process of synthesis of covalent conjugates using flaxseed protein 

isolate (FPI) and phenolic compounds including hydroxytyrosol (HT) and flaxseed 

polyphenols (FPP) (Pham, Wang, Zisu, & Adhikari, 2019b). The polyphenol-adducted FPI 

was then complex coacervated with flaxseed gum (FG). Subsequently, the complex 

coacervates formed between polyphenol-adducted FPI and FG were used to encapsulate 

flaxseed oil (FO) (Pham, Wang, Zisu, Truong, & Adhikari, 2020). The oxidative stability of 

FO was significantly improved due to the presence of phenolic compounds in the 

microcapsule wall. It is of interest to investigate how the shell of microcapsules produced 

using (polyphenol-adducted) protein-gum complex coacervates are digested and how the 

encapsulated oil is released. There is a paucity of information in the literature regarding the 

digestions of such microcapsules and the release of oil and further lipolytic breakdown of the 

released oil.  

Thus, in this study, FO was used as the model oil and (polyphenol adducted) FPI/FG complex 

coacervates were used as model shell materials to encapsulate FO. Then, the breakdown of 

the shell and release and further lipolytic digestion of FO were studied using an in-vitro 

digestion system. 

2. Materials and methods 

2.1 Materials 

Flaxseed sample was donated by Stoney Creek Oil Products Pty Ltd (Talbot, Victoria, Australia) 

and was stored at 4 oC before use. Ferulic acid (FA), Folin-Ciocalteu reagent were purchased 

from Sigma Aldrich (Castle Hill, New South Wales, Australia). Hydroxytyrosol (HT, purity ≥ 

95%) was purchased from AvaChem Scientific (San Antonio, Texas, USA). Mini-PROTEAN 

TGXTM precast gel, Precision Plus Protein™ WesternC™ Blotting Standards (10-250 kDa), 
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Tris/Glycine/SDS buffer, Coomassie Blue R-250 solution, Laemmli sample buffer, and 2-

mercaptoethanol were purchased from Bio-Rad Incorporation (Gladesville, NSW, Australia). 

2.2 Extraction of FPI, FO, FPP, FG and preparation of phenolic adducted FPI 

The details of protocols used to extract and purify FPI, FO, FPP and FG and synthesising phenolic 

compound-adducted FPI and its complex coacervates with FG are reported in our previous papers 

(Pham, Wang, Zisu, & Adhikari, 2019a; Pham et al., 2019b). Those protocols are briefly presented 

here. FPI was prepared according to Oomah, Mazza, and Cui (1994) with minor modification. 

Flaxseed was soaked in Milli-Q water at 60 oC (flaxseed-to-water ratio = 1:18, w/w) for 2 h under 

agitation to extract flaxseed gum. A probe-type sonicator (HD3400, Bandelin, Berlin, Germany) 

operating at 400 W and 20 Hz  was used during the agitation stage for about 12 min to speed up 

the extracton of the gum. The degummed flaxseed sample was ground, air dried for 48 h in the 

fume hood and defatted using hexane (meal-to-hexane ratio = 1:6, w/v) for 3 h and air-dried for 

24 h under a fume hood. The defatted- degummed flaxseed meal was sieved (150 µm sieve) to 

remove hull residues. Finally, the defatted-degummed flaxseed flour was mixed with 0.1 M Tris 

buffer (flour-to-buffer ratio = 1:16, w/v) maintained at pH 8.6 and stirred for 6 h at 800 rpm. After 

centrifugation (10,000× g for 20 min), the supernatant was dialysed using bags with molecular 

weight of 6-8 kDa (Orange Scientific, Braine-l'Alleud, Belgium) against Milli-Q water for 48 h at 

4oC. The dialysed sample was freeze-dried ( -40oC, 12 Pa ) to obtain FPI powder.  

FO was extracted from degummed flaxseed using hexane (Zhang, Wang, Li, Li, & Özkan, 2011). 

The degummed flaxseed was finely ground, mixed with hexane (meal-to-hexane ratio = 1:6, w/v), 

and stirred (800 rpm) at room temperature for 6 h.  This mixed slurry was centrifuged (10,000×g 

for 20 minutes) supernatant was recovered. The residual hexane was evaporated at 40 oC to obtain 

the FO. 

FPP was extracted from the defatted-degummed flaxseed meal, according to Anwar and Przybylski 

(2012). The defatted-degummed meal was mixed with 60% (w/v) ethanol (meal-to-ethanol ratio = 

1:10, w/v), and stirred at 600 rpm for 4 h at the room temperature. After this, the mixture was 

filtered (Whatman No.1, GE Healthcare, Chicago, IL, U.S.A.), and the filtrate was recovered. The 

methanol in the filtrate was evaporated (rotary vacuum evaporator, RC2000, Buchi, Switzerland) 

and then freeze-dried to obtain FPP powder.  

FG was extracted as mentioned above in the degumming protocol according to Cui, Mazza, and 

Biliaderis (1994). The gum extract was centrifuged at 10,000×g for 30 min and the supernatant 
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was recovered. The gum was precipitated from the supernatant by adding absolute ethanol 

(supernatant-to-ethanol ratio = 1:2, v/v). The precipitated gum was collected, and freeze-dried 

(-40°C, 12 Pa). 

The phenolic compounds (FPP and HT) were covalently adducted (conjugated) with FPI, 

according to Rawel, Czajka, Rohn, and Kroll (2002) as we have reported earlier (Pham et al., 

2019b). Briefly, both FPI and phenolic compounds (FPP and HT) were individually dispersed in 

Milli-Q water, mixed in required ratio and the pH of the mixture was adjusted to pH 9.0 to facilitate 

covalent conjugation of phenolic compounds with FPI. The conjugation step was carried out for 

24 h agitating at 200 rpm at the room temperature in the presence of oxygen. The reacted mixture 

was dialysed (molecular weight cut off 6-8 kDa) against water for 20 h to remove the unreacted 

polyphenolic compounds. These FPI-phenolic adducts were finally freeze-dried (-40oC, 12 Pa) to 

convert into powder. 

2.3 Preparation of FO microcapsules using phenolic compound adducted-FPI/FG complex 

coacervates 

FO was encapsulated using (FPI-FPP)/FG and (FPI-HT)/FG complex coacervates. Briefly, 8.75 g 

FO was individually emulsified in 250 g FPI and phenolic adducted FPI solutions (6%, w/w) using 

Ultra-Turrax (15,000 rpm, 4 min). These coarse emulsions were further homogenised using a 

microfluidiser (M-110L, Microfluidics, Newton, MA) at 82 MPa for 3 passes to produce fine 

emulsions. Then, 250 g FG solution (1% w/w) was slowly added to these fine emulsions and the 

mixture was agitated at 800 rpm. The pH of the mixture was adjusted to optimum complex 

coacervation pH (4.6 and 4.5 for FPI-FPP/FG and FPI-HT/FG, respectively) using 1 M HCl to 

induce complex coacervation and to produce liquid microcapsules. The optimum ratio of FPI/FG 

and phenolic adducted-FPI/FG was 6:1 (w/w) and the core-to-wall ratio in these formulations was 

1:2 (w/w) (Pham et al., 2020).  

The liquid microcapsules were cooled down to 5oC and 50 mL transglutaminase solution (2%, 

w/v) was added to crosslink the protein component of the shell. This crosslinking process required 

24 h with slow and continuous agitation. These transglutaminase-crosslinked microcapsules were 

spray dried using a bench-top spray dryer (LabPlant, SD-Basic, England). The liquid 

microcapsules were diluted by 2 times with Milli-Q water to reduce its viscosity to facilitate the 

atomisation and spray drying. The inlet and outlet temperatures of the drying air were set at 200 
oC and 112±2 oC, respectively (Pham et al., 2020). 
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2.4 Preparation of simulated digestive fluids and in-vitro digestion of FO microcapsules 

Simulated digestive fluids including salivary (SSF), gastric (SGF), and intestinal (SGF) fluids for 

oral, gastric, and intestinal stages were prepared according to international consensus report 

(Minekus et al., 2014) as shown in Table 1. This protocol follows adult digestion and the tests were 

carried out at physiological temperature (37 oC). 

2.4.1 Simulated oral digestion 

Two grams of FO microcapsules were dispersed in Milli-Q water to obtain 5.0 mL dispersion. This 

dispersion was mixed with 3.5 mL SSF and 1.5 mL SSF containing α-amylase (1500 U/mL) was 

added. Then, 25 µL 0.3 M CaCl2(H2O)2 solution was added and the volume of the mixture was 

adjusted to 10 mL with 0.975 mL Milli-Q water. This final mixture was agitated at 100 rpm for 2 

min at pH 7.0. 

2.4.2 Simulated gastric digestion 

Ten millilitres of oral bolus were mixed with 7.5 mL SGF and 1.6 mL SGF containing porcine 

pepsin (25,000 U/mL) was added. Then, 5 µL 0.3 M CaCl2 solution and 0.695 mL Milli-Q water 

were added to the mixture. The pH of the final mixture was adjusted to 3.0 with 1 M HCl, and 

stirred at 100 rpm for 2 h. 

2.4.3 Simulated intestinal digestion 

Twenty millilitres gastric digesta was mixed with 11.0 mL SIF solution and then 5.0 mL SIF 

containing trypsin (800 U/mL) was added. Then, 2.5 mL 160 mM fresh bile salt solution, 0.04 

mL of 0.3 M CaCl2 solution and 1.31 mL of Milli-Q water was added to the mixture. The pH of 

the final mixture was adjusted to 7.0 with 0.15 mL of 1 M NaOH. It was agitated at 100 rpm for 

2 h. 

  



90 
 

Table 1: Formulation of simulated digestion fluids: SSF = simulated salivary fluid, SGF = 
simulated gastric fluid (SGF), and SIF = simulated intestinal fluid. The final volume of each 

simulated fluid was made up to 500 mL with Milli-Q water. Conc=concentration. 

Constituent  
Stock 
conc (M) 

SSF (pH 7)  SGF (pH 3) SIF (pH 7) 

Volume of 
stock (mL) 

Final conc 
(mM) 

 Volume of 
stock (mL) 

Final conc 
(mM)) 

 Volume of 
stock (mL) 

Final conc 
(mM) 

KCl 0.5 15.1 15.1  6.9 6.9  6.8 6.8 

KH2PO4 0.5 3.7 3.7  0.9 0.9  0.8 0.8 

NaHCO3 1 6.8 13.6  12.5 25  42.5 85 

NaCl 2    11.8 47.2  9.6 38.4 

MgCl2(H2O)6 0.15 0.5 0.15  0.4 0.12  1.1 0.33 

(NH4)2CO3 0.5 0.06 0.06  0.5 0.5    

NaOH 1         

HCl 6 0.09 1.1  1.3 15.6  0.7 8.4 

CaCl2(H2O)2 0.3 0.025 1.5  0.005 0.15  0.04 0.6 

 

2.4.4 Determination of particle size and zeta potential of digesta 

The particle size of the digested samples at the end of each digestion stage was determined using 

dynamic light scattering technology (Mastersizer 3000B, Malvern Instruments Ltd., Malvern, 

Worcestershire, UK). Deionised water was used as the dispersant and the surface-mean (d3,2) and 

volume-mean (d4,3) were recorded.  

The zeta-potential value of digesta at the end of each digestion stage was measured using a 

Zetasizer (ZS-90, Malvern instruments Ltd, Malvern, Worcestershire, UK). The digesta samples 

were diluted at 500 times with their respspective simulated fluids before measurment. The 

zetapotential values were calculated using the Smoluchowski model (Smoluchowski, 1921) by the 

associated software (DTS 5.10, Malvern Instruments Ltd., Malvern, Worcestershire, UK). 

2.5 Proteomic analysis 

2.5.1 Quantification of free amino groups in digesta 

The extent of proteolysis of protein component of the microcapsule wall during each digestion 

stage was quantified by measuring the free NH2 group (Dekkers, Kolodziejczyk, Acquistapace, 

Engmann, & Wooster, 2016). For this purpose, o-phthaldialdehyde (OPA) spectrophotometric 

assay was conducted at 0, 15, 30, 60, 90 and 120 min in the gastric and intestinal digestion stages, 

respectively. Briefly, the OPA reagent was prepared by dissolving 80 mg o-phthaldialdehyde in 
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50 mL 0.1 M sodium tetraborate buffer (pH 9.7–10), followed by addition of 5 mL 20 wt% sodium 

dodecyl sulphate and 0.2 mL of 2 M 2-mercaptoethanol stock solution. The volume of OPA reagent 

was adjusted to 100 mL with Milli-Q water. To determine the amount of free NH2 group released 

from the digested sample, 0.04 mL sample was mixed with 2 mL OPA reagent and this mixture 

was incubated for 2 min at room temperature. Absorbance of the incubated sample was measured 

at 340 nm using a UV-Vis spectrophotometer (LAMBDA 35, Perkin Elmer, Llantrisant, UK). The 

amount of NH2 was calculated using a standard curve which was established using 0-10 mM L-

leucine solution. 

2.5.2 Determination of molecular weight of protein in the digesta 

The change of molecular weight of the protein component of the microcapsule shell due to 

proteolysis was determined using sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE). The SDS-PAGE test was performed on gastric and intestinal digesta collected at 0, 

15, 30, 60, 90 and 120 min using a precast polyacrylamide gel (4-15%) under reducing condition. 

The digested sample solution (1% w/v) was mixed with loading buffer prepared by mixing 95% 

Laemmli buffer with 5% 2-mercaptoethanol (v/v) at a sample-to-buffer ratio of 3:1 (v/v). This 

mixture (12 µL) was loaded into the precast gel after heating at 95°C for 5 min. 7 µL WesternCTM 

blotting protein standard was used as a molecular weight marker. The gel electrophoresis was 

performed at 100 V for 90 min using Mini-PROTEAN Tetra Cell. Once the electrophoresis was 

complete, the gel was removed and stained with Coomassie Brilliant Blue R-250 solution for 24 h 

followed by destaining with an acetic acid/methanol mixture (6:4, v/v). 

2.6 Determination of lipolysis of digesta 

2.6.1 Quantification of released oil 

The amount of released oil was measured at the end of each digestion stage according to Eratte, 

Dowling, Barrow, and Adhikari (2017) with minor modification. Each digested sample was mixed 

with 75 mL hexane and the mixture was vortexed for 60 s. Then, the hexane containing oil was 

filtered into a pre-weighted flask through a filter paper (No.1, GE Healthcare, Chicago, IL, U.S.A). 

The filtrate was evaporated using a rotary evaporator to remove hexane and recover the oil. The 

recovered oil was heated at 105 oC for 30 min to ensure complete removal of residual solvent and 

the oil mass was measured. The amount of oil released from the digested microcapsule was 

expressed as percentage of the total oil of the intact microcapsule. 
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2.6.2 Quantification of released free fatty acids  

The amount of free fatty acids (FFA) released, due to lipolysis, in the intestinal stage of digestion 

was determined by titrating with 0.1 M NaOH solution at an endpoint of pH 7.0 (stat 842 Titrando, 

Metrohm Ltd, Herisau, Switzerland) at 37oC, as described by Li and McClements (2010). The 

amount of consumed NaOH was recorded and used to calculate the percentage of FFA produced 

(Equation (1).  

𝐹𝐹𝐴 (%) =
(𝑉 × 𝑚 × 𝑀 )

𝑊 × 2
 × 100         (1) 

Where, VNaOH  and mNaOH are the volume (mL) and molarity of NaOH used to titrate the FFA 

released, WLipid is the total weight (g) of oil in the digested sample. MLipid is the molecular weight 

of triacylglycerol (g/mol) calculated using the average composition of extracted FO (Holčapek, 

Jandera, Zderadička, & Hruba, 2003). A replicate sample digested in lipase-free SIF was used as 

the control and these digesta were also titrated. The volume of NaOH consumed by the control 

sample was subtracted from the volume of NaOH consumed by the test sample to calculate amount 

of FFA released. 

The relase of FFA as a function of time (FFAt) modelled using a first-order reaction kinetics model 

Equation (2), as was used by (Ye, Cui, Zhu, & Singh, 2013). 

𝐹𝐹𝐴 = 𝐹𝐹𝐴  (1 − 𝑒  )                   (2) 

Where, FFAmax can be considered as the “pseudo-equilibrium. k (min-1) is the constant of first-

order reaction kinetics and t is the time (min). Equation 2 was fitted with FFAt verus t data using 

least sequre method given by Equation (3). 

𝑓 = ∑ ⌊𝐹𝐹𝐴  (𝐸) −  𝐹𝐹𝐴  (𝑃)⌋        (3) 

Where, fmin is the function to be minimised. FFAt(E) and FFAt(P) are experimental and predicted 

values of FFAt; t = 120 indicates upper limit time used (min). 

2.7 Observation of change of microstructure of microcapsules during digestion 

The microstructure of digested sample at the end of each digestion stage was observed using a 

confocal laser scanning microscope (CLSM) and a scanning electron microscope (SEM). In the 

case of CLSM, 15 µL Fast green and Nile red in acetone (1%, w/v) were added to 1 mL digesta to 

stain the protein and lipids components, respectively. These stained samples were mixed well and 
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placed in the dark for 1 h prior to imaging using a Nikon A1R confocal microscope (Nikon Co. 

Ltd., Tokyo, Japan) with laser excitation wavelengths at 488 nm and 633 nm. For SEM 

observation, the samples obtained at the end of each digestion stage were freeze-dried, and their 

surface microstructure was acquired (FEI Quanta 200 ESEM, Japan). The samples were coated 

with a thin layer of gold for 2 min using a gold sputter (Sputter coater, Agar Aids, England). The 

micrographs were acquired at an accelerating voltage of 30 kV. 

2.8 Statistical analysis 

Tests were conducted in triplicate unless otherwise specified and the results are reported as average 

± standard deviation. The SPSS statistical software (version 24, SPSS Inc., Chicago, IL, USA) was 

used for the analysis of variance (ANOVA) in order to test the significant difference between two 

mean values. Duncan test was implemented on the data sets at 95% confidence level (p < 0.05). 

3. Results and discussion 

3.1 Particle size, zeta potential and microstructure of digesta 

3.1.1Particle size and size distribution 

The change in particle size and the uniformity (span value) during the digestion process is shown 

in Figure 1. The oral and gastric digesta showed bimodal size distribution while the SIF digesta 

showed a multimodal size distribution with new peaks appearing in 50-1000 µm range. In addition, 

the major population size (mode) of SOF and SGF digesta was approximately 3 µm while that for 

SIF was around 10 µm. These observations indicate that the coalescence/flocculation occurred in 

the simulated intestinal digestion stage (Sarkar, Goh, Singh, & Singh, 2009), resulting from the 

disintegration of matrix wall followed by the release of oil which will be further explained in 

section 3.1.3.  



94 
 

 
 

Figure 1. Particle size distribution of undigested and digested microcapsules (A= FPI/FG/FO, B= 

(FPI-FPP)/FG/FO, C= (FPI-HT)/FG/FO) at the end of each digestion stage. FPI=flaxseed protein 

isolate, FPP=flaxseed polyphenols, HT=hydroxytyrosol, FG=flaxseed gum. FO= flaxseed oil. 
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Table 2 presents the change of mean particle diameter (d4,3 and d3,2) of all digested microcapsules 

at the end of each digestion stage. As can be observed, the mean particle diameter and span values 

of all the digesta of the oral stage were similar (p > 0.05) to those of undigested microcapsules. 

These results indicated that the shell of the microcapsules remained intact during the oral digestion. 

This can be attributed to the indigestible nature of FG to the α-amylase.  Also, the contact time (2 

min) between the samples and SSF in this stage is too short to induce any significant changes in 

particle size. It also appears that the wall materials provide sufficient resistance to swelling in this 

stage. This finding agrees with that of Timilsena et al., (2017), where the chia seed oil 

microcapsules produced using protein isolate-chia seed gum complex coacervate also retained 

their original sizes during oral digestion. 

The volume-mean diameter (d4,3) and span values of all the digested samples in the gastric stage 

were similar (p > 0.05) to their corresponding values in the oral stage. However, their surface mean 

diameters (d3,2) of samples in gastric digestion stage was significantly (p < 0.05) higher than in 

oral digestion stage. This increase in d3,2 suggested that the wall materials of these microcapsules 

experienced a certain degree of hydrolysis in the gastric conditions, leading to the swelling of 

microcapsules and release of oil (discussed in section 3.1.3). The extent of increase in particle size 

(i.e. breaking down of microcapsule shell) at the gastric phase in this study was substantially lower 

than observed by Timilsena et al., (2017). These authors reported that the particle size of 

microcapsules in gastric condition was 10 times higher than that in oral one. This indicates that the 

shells produced using FPI-FG complex coacervates (with or without conjugation with phenolic 

compounds) are more resistant to proteolysis than the ones produced using chia seed protein-chia 

seed gum complex coacervates. At the end of SIF digestion, both diameters (d4,3 and d3,2) and span 

values of all microcapsules were significantly (p < 0.05) larger than their corresponding values in 

the gastric stage. This increase in particle size and broadening of size distribution can be attributed 

to further hydrolysis of the microcapsule shell in the intestinal stage that intensified the breakdown 

of the microcapsule and release of oil. As a result, the coalescence/flocculation of oil occurred 

faster, which led to the formation of bigger particles. 

The d4,3 and d3,2 values of (FPI-HT)/FG/FO capsule were highest among the tested microcapsules 

at gastric and intestinal stages, suggesting that the highest degree of proteolysis occurred in this 

microcapsule. In contrast, the (FPI-FPP)/FG/FO showed the lowest degree of proteolysis, as 

indicated by its smallest mean diameters (d4,3 and d3,2). This implies that the FPP is able to provide 

better protection to the protein component of complex coacervates against proteolysis than HT. 

The different level of resistance of FPP and HT to proteolysis during digestion can be explained 
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from the difference in solubility of the coacervates. We have shown in our previous work that the 

solubility of FPI-HT adduct was much higher than that of FPI-FPP (Pham et al., 2019a). The lower 

solubility of FPP-FPP adduct could have hindered the access of protease in comparison to FPI-HT 

adduct.  
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Table 2: Mean droplet size (d3,2 and d4,3) and span of digested microcapsules at the end of oral, gastric, and intestinal stages. FPI=flaxseed protein 

isolate, FPP=flaxseed polyphenols, HT=hydroxytyrosol, FG=flaxseed gum. FO= flaxseed oil. 

 

Microcapsule 
Undigested  Oral phase  Gastric phase  Intestinal phase  

D4,3 (µm) D3,2 (µm) Span   D4,3 (µm) D3,2 (µm) Span   D4,3 (µm) D3,2 (µm) Span  D4,3 (µm) D3,2 (µm) Span 

FPI/FG/FO  3.49 ± 0.01aA 1.46 ± 0.01aA 6.83 ± 0.02aA  3.87 ± 0.07aA 1.48 ± 0.01aB 7.1 ± 0.05aA  4.01 ±0.1aA 1.64 ± 0aC 6.35 ± 0.24aA  70.3 ± 9.41aB 2.32 ± 0aD 21.87 ± 4.29aB 

FPI-FPP/FG/FO  3.39 ± 0.02bA 1.45 ± 0aA 6.46 ± 0bA  3.39 ± 0.03bA 1.46 ± 0.01bA 6.40 ± 0.02bA  3.71 ± 0.11bA 1.58± 0.01bB 6.29 ± 0.21aA  65.7 ± 5.3aB 1.86 ± 0.08bC 19.35 ± 1.67aB 

FPI-HT/FG/FO  3.24 ± 0.02cA 1.46 ± 0aA 3.94 ± 0cA  3.28 ±0.03bA 1.50 ± 0.02cA 5.74 ± 0.03cA  4.21 ± 0.11aA 1.74 ± 0cB 6.02 ± 0.64aA  149.3 ± 15.06bB 2.25 ± 0.07aB 45.11 ± 1.7bB 

Different lowercase letters in the superscript of the same column and uppercase letters in the superscript of the same row indicate significant differences (p < 0.05). 
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3.1.2 The surface charge of digested microcapsules 

The zeta potential data of digested microcapsules shows that their surface charge has altered 

substantially during the digestion process (Figure 2). In the oral digestion stage, all the digested 

microcapsules showed quite similar zeta potential values (approximately -12 mV); most probably 

due to the fact that zeta potential of the simulated salivary/oral fluid itself was -15.36 mV due to 

the presence of -amylase and other negatively charged moieties (Figure 2). In the gastric 

digestion stage, the addition of highly acidic SGF (pH 3.0) to the boluses significantly reduced the 

magnitude and charge of zeta potential. It is worth noting that both FPI and phenolic-FPI adducts 

exhibit positive net charge in pH range 3.0-4.0 (Pham et al., 2020).   

The simulated intestinal fluid was of neutral pH; thus, this increase of pH of a medium increased 

negative zeta potential values in all tested capsules compared to that in oral and gastric digestion 

stages (Figure 2). This tendency can be attributed to the negative charge of both FPI, phenolic-FPI 

adducts and FG, that formed the shell of microcapsules at the neutral pH (Pham et al., 2020). The 

presence of bile salt can also increase the negative charge at the water-oil interface (Nik, Wright, 

and Corredig (2011). In addition, the formation of FFA due to lipolysis (section 3.3.2) could also 

have contributed to the negative charge at the intestinal digestion stage (Tokle, Lesmes, Decker, 

& McClements, 2012).  

 

Figure 2: The surface charge (zeta potential) digesta simulated digestion conditions: 

SF=simulation fluids; FPI=flaxseed protein isolate, FPP=flaxseed polyphenols, 

HT=hydroxytyrosol, FG=flaxseed gum. FO= flaxseed oil. 
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3.1.3 The microstructure of digested microcapsules 

The CLSM and SEM images of the digesta captured at the end of each digestion stage are shown 

in Figure 3 and Figure 4, respectively. The microstructure of all the microcapsules remained more 

or less intact in the oral digestion stage (Figure 3O1-O3) compared with the undigested 

microcapsules (Figure 3U and 4U). The CLSM micrographs reveal that the microcapsules were 

slightly aggregated during gastric digestion; however, the extent of aggregation was not substantial 

enough to alter the particle size. As mentioned earlier (section 3.1.1), the variation in particle size 

(d3,2) of microcapsules at the end of oral and gastric stages was not significant.  The fact that the 

surface morphology of microcapsules at the end of oral and gastric stages (observed through SEM) 

was quite similar also corroborates the similarity in their microstructure observed through CLSM. 

Interestingly, CLSM images showed increased intensity and area of red coloured zone (Figure 

3G1-G3), indicating the fact that encapsulated oil started to release in the gastric digestion stage.  

At the end of intestinal digestion, the release of encapsulated FO from all microcapsules was quite 

prominent both in CLSM (Figure 3I) and SEM micrographs (Figure 4I). The shell of microcapsules 

was completely disintegrated during the intestinal digestion as indicated by the absence of green-

coloured zone in CLSM images and completely ruptured and distorted surface in SEM images. 

These changes in the microstructure (CLSM) and surface morphology (SEM) corroborate with the 

substantially increased particle size (d4,3 and d3,2) (section 3.1.1) in samples at the end of intestinal 

digestion. These results also indicate that disintegration of shell and release of oil occurred mostly 

in the intestinal rather than in the gastric phase. This can be attributed to the ability of phenolic-

FPI conjugates to resist the proteolysis of FPI in gastric phase. The size of digested (FPI-

HT)/FG/FO microcapsules (Figure 3I) was significantly bigger than that of (FPI-FPP)/FG/FO and 

FPI/FG/FO microcapsules, which also agrees with particle size data (section 3.1.1). This 

observation further confirmed that the degree of hydrolysis of the shell of (FPI-HT)/FG/FO capsule 

was the highest among all the tested samples.   
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Figure 3: CLSM images of digested samples at the end of each digestion stage: U=undigested 

samples, O=oral digesta, G=gastric digesta, I=intestinal digesta, 1=FPI/FG/FO, 2=FPI-

FPP/FG/FO, 3=FPI-HT/FG/FO. FPI=flaxseed protein isolate, FPP=flaxseed polyphenols, 

HT=hydroxytyrosol, FG=flaxseed gum. FO= flaxseed oil. 
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Figure 4: SEM images of freeze-dried digested samples at the end of each digestion stage: 

U=undigested samples, O=oral digesta, G=gastric digesta, I=intestinal digesta, 1=FPI/FG/FO, 

2=FPI-FPP/FG/FO, 3=FPI-HT/FG/FO. FPI=flaxseed protein isolate, FPP=flaxseed polyphenols, 

HT=hydroxytyrosol, FG=flaxseed gum. FO= flaxseed oil. 
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3.2 Proteolysis during digestion 

3.2.1 Concentration of free amino groups in digested samples 

The extent of proteolysis of the microcapsule shell during digestion as indicated by the 

concentration of free amino group (NH2), is shown in Figure 5. An increase of NH2 concentration 

was observed in simulated fluids in all the samples, right from the start of gastric digestion. The 

formation of NH2 was fast within the first 30 min (10 mM, Figure 5) of gastric digestion as 

indicated by the increase of environmental pH. It then became slower during the subsequent 30 to 

120 min of digestion and the NH2 concentration increased only to 12 mM at 120 min. This slower 

formation of NH2 in later part of gastric digestion can be due to the increase of pH that hindered 

the activity of pepsin (Dekkers et al., 2016). According to Piper and Fenton (1965), the maximum 

proteolytic activity of pepsin occurs at pH 2.0, and it decreases to 70% of its maximum value at 

pH 4.5. The concentration of NH2 during gastric digestion was similar (p>0.05) among the 

microcapsules, indicating a very low degree of protein digestion. This observation also 

corroborates with the negligible change volume-mean diameter (d4,3) (Table 2) as there was no 

disintegration of the shell in the gastric stage. The concentration of NH2 in samples at the end of 

the intestinal stage was significantly higher than that gastric stage, indicating the breakdown of the 

protein component of the microcapsule shell. This sharp increase in proteolysis of protein 

component in the intestinal stage is due to the combined proteolytic effect of pancreatin enzyme 

(lipase, amylase, and protease) (Karaca, Nickerson, & Low, 2013). It has also been reported that 

the bile salt present in the SIF also destabilises protein structure, making it more susceptible to 

hydrolysis by proteases (Gass, Vora, Hofmann, Gray, & Khosla, 2007).  

During intestinal digestion, the concentration of NH2 in (FPI-HT)/FG/FO was the highest 

(59.7 mM) among all the microcapsule powders, implying the highest digestibility of this matrix. 

This further corroborates the change in particle size and microstructure of the microcapsules during 

digestion (section 3.1). The fast degradation of (FPI-HT)/FG shell can be due to the fact that the 

conjugation of HT to FPI has altered the protein conformational structure to make it more 

susceptible to the proteolysis (Pham et al., 2019b; Xu et al., 2019). In this context, Jiang et al. 

(2019) studied the digestion of anthocyanins-soy protein isolate (SPI) conjugate and reported that 

it was more susceptible to hydrolysis than SPI due to unfolding of its structure (decrease in α-helix 

content). In contrast, the NH2 concentration in digested FPI/FG/FO and (FPI-FPP)/FG/FO samples 

was quite similar (Figure 5). We observed in our previous work that the FPI and FPI-FPP had more 

compact structure than FPI-HT (Pham et al., 2019b). A decrease in digestibility of protein after its 

adduction with phenolic compounds has also been reported in the literature. For example, Rawel, 
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Kroll, and Riese (2000) showed that the digestibility of bovine serum albumin significantly 

decreased after its covalent conjugation with chlorogenic acid. 

 

 

Figure 5: The concentration of free amino group (NH2) (mM) in digesta as a function of time 

during gastric and intestinal digestion. FPI=flaxseed protein isolate, FPP=flaxseed polyphenols, 

HT=hydroxytyrosol, FG=flaxseed gum. FO= flaxseed oil 

3.2.2 Change of molecular weight of protein 

The change of molecular weight of FPI during digestion is shown in Figure 6. During the oral 

digestion, no significant molecular weight change was observed (lane O vs. U), suggesting no 

proteolysis occurred in this stage. In the gastric stage, FPI was hydrolysed into smaller fractions 

with MW ranging from 10 to 15 kDa (lanes G1-G5) by pepsin. The formation of these small 

molecular weight fractions was observed after 15 min of digestion in all microcapsules and the 

MW distribution of protein in all the samples was found to be similar in the gastric digestion stage. 

This observation is in accordance with the small yet similar level of increase in NH2 concentration 

during the digestion stage. Overall, although the MW of protein in all microcapsules during the 

gastric phase, their shell structure did not seem to be ruptured as indicated by more or less intact 

particle size. This could be attributed small degree of hydrolysis of FPI due to its relatively strong 

resistance to gastric digestion.  At the end of intestinal digestion, only the protein fractions with 

molecular weight < 10 kDa were observed in the microcapsule powders (Lanes I1- I5), suggesting 
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the protein was further hydrolysed to smaller peptides. Due to the limited sensitivity of SDS-PAGE 

test, the extent of protein hydrolysis in the intestinal digestion stage could not be revealed. 

 

Figure 6: SDS-PAGE (under reducing conditions) of digested samples (A=FPI/FG/FO, B=FPI-

FPP/FG/FO, C=FPI-HT/FG/FO) over the time during gastrointestinal digestion. M=marker, 

U=undigested, O=oral phase, G=gastric phase, I=intestinal phase, 1=15min, 2=30min, 3=60min, 

4=90min, 5=120min. FPI=flaxseed protein isolate, FPP=flaxseed polyphenols, 

HT=hydroxytyrosol, FG=flaxseed gum. FO= flaxseed oil. 
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3.3 Release of oil and lipolysis during digestion 

3.3.1 Release of oil 

The release of encapsulated FO from microcapsules in oral, gastric and intestinal stages is shown 

in Figure 7. The vast majority of encapsulated oil (66-80%) from the microcapsules was released 

in the intestinal stage. The release of oil in gastric stage range from 5 to 17%. It is worth noting 

that the oil (2-9 %) released during the oral digestion was the surface oil. The release of oil in the 

gastric stage is due to some degree of proteolysis of FPI by pepsin, which made the shell more 

porous and allowed the oil to release. The fact that most of the oil was released in intestinal 

digestion stage agrees well with the sharp increase of NH2 concentration and decrease of molecular 

weight of protein both of which favour the disintegration of microcapsule shell structure. This 

pattern of release of encapsulated oil is similar to one observed by Eratte et al. (2017) where 10 

and 40% of the encapsulated tuna oil was released in gastric and intestinal stages, respectively 

from whey protein isolate-gum Arabic complex coacervate shell material.  

Among microcapsules, (FPI-HT)/FG/FO released the highest amount of oil during intestinal 

digestion. This confirms the susceptibility of the FPI-HT conjugate to proteolysis due to the 

unfolded structure of protein component resulting from covalent conjugation with HT (Pham et 

al., 2019b). The lowest amount of oil was released from (FPI-FPP)/FG/FO powder which can be 

attributed to its folded structure (Pham et al., 2019b). As mentioned earlier, that the solubility of 

FPI-FPP adduct in aqueous medium was much lower compared to that of FPI and FPI-HT adduct 

(Pham et al., 2019a). The lower solubility of FPI-FPP matrix in SIF is expected to slow down the 

proteolysis and breakdown of matrix which would slow down the release of encapsulated oil. In 

similar context, Can Karaca, Low, and Nickerson (2013) reported that the low solubility of legume 

protein caused slow release of oil encapsulated in legume protein/maltodextrin matrix.  
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Figure 7: The amount of released oil from digested microcapsule at the end of each digestion 

stages. FPI=flaxseed protein isolate, FPP=flaxseed polyphenols, HT=hydroxytyrosol, 

FG=flaxseed gum. FO= flaxseed oil 

3.3.2 Lipolysis of encapsulated oil 

The release of free fatty acids (FFA) due to the lipolysis of released oil from microcapsules is 

shown in Figure 8. As can be observed, the first order kinetics model (Equation 2) followed the 

experimental data with 0.7-3.5% average absolute error. The FFAmax and k values obtained by 

fitting Equation (2) to experimental data to each microcapsule type is given in Table 3. The rate of 

release of FFA at 10 and 20 min were determined by equation (4) given below and are listed in 

Table 3 to support the discussion. 

𝑅 = 𝑘 𝐹𝐹𝐴  𝑒                     (4) 

 It can be observed that lipolysis immediately started after the hydrolysis of the shell matrix started 

to occur and the released oil came in contact with pancreatin (intestinal stage). A sharp increase of 

FFA content was observed in the microcapsules within the first 10 min digestion as indicated by 

the rate release of FFA from each microcapsule type (Table 3). This could be due to the high 

concentration of lipase at the start of digestion, and its unhindered adsorption at the oil-water 

interface (Mun, Decker, & McClements, 2007). When rates of release of FFA in 10 and 20 minutes 

are compared, it can be observed that the rate of lipolysis decreased significantly after 20 min in 

all the samples, possibly because of the decline of lipase activity. Troncoso, Aguilera, and 

McClements (2012) reported competitive adsorption of FFA on oil/water interface, which can 
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interfere with lipase activity. The highest release of FFA (FFAmax) was observed in (FPI-

HT)/FG/FO (38.5%) while the lowest release was observed in (FPI-FPP)/FG/FO (28.9%), which 

agrees with the extent of proteolysis and release of oil during the intestinal digestion. 

As can be observed, the rate of release of FFA in both 10 min and 20 min is highest in 

(FPI-HT)/FG/FO, lowest in (FPI-FPP)/FG/FO and that of FPI/FG/FO remains in between. Overall, 

the released FFA content in these microcapsules was found to follow (FPI-HT)/FG/FO > 

FPI/FG/FO > (FPI-FPP)/FG/FO order which agrees with the patterns of breakdown of their 

respective microcapsule shell and release of oil.  

 

Figure 8: The release of free fatty acids (FFA) as a function of time during intestinal phase. 

Open symbols indicate the experimental curves while solid lines indicate the fitting curves 

(Equation 2). FPI=flaxseed protein isolate, FPP=flaxseed polyphenols, HT=hydroxytyrosol, 

FG=flaxseed gum. FO= flaxseed oil. 
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Table 3: Kinetic parameters describing the formation/release of FFA from microcapsules 

calculated using equation (2) and (4). FFAmax is the amount of FFA (%) released at the “pseudo-

equilibrium”. k is the constant of first-order reaction kinetics. R10 and R20 are the rate of release 

of FFA at 10 and 20 min, respectively. FPI=flaxseed protein isolate, FPP=flaxseed polyphenols, 

HT=hydroxytyrosol, FG=flaxseed gum. FO= flaxseed oil. 

Microcapsule R2 FFAmax (%) k  R10 (min-1) R20 (min-1) 

FPI/FG/FO 0.997  35.8 ± 0.9a 0.143 ± 0.004a 1.224 ± 0.002a 0.294 ± 0.01a 

(FPI-FPP)/FG/FO 0.993  28.9 ± 0.3b 0.169 ± 0.004b 0.902 ± 0.001b 0.167 ± 0.006b 

(FPI-HT)/FG/FO 0.976 38.5 ± 0.2c 0.109 ± 0.008c 1.406 ± 0.003c  0.475 ± 0.038c 

Different lowercase letters in the superscript of the same column indicate significant differences (p < 0.05). 

 

4. Conclusion 

The particle size and microstructure of all the microcapsules produced using FPI/FG, 

(FPI-FPP)/FG and (FPI-HT)/FG as shell matrix were affected to a lesser degree in in gastric stage 

and only small quantity (5 to 17%) of FO was released. Breakdown of these matrices occurred 

mostly in intestinal stage due to breakdown of the protein component. Most of the encapsulated 

oil (FO) (66-80%) was released and further hydrolysed into FFA in the intestinal stage. Among 

the three microcapsule systems (FPI-HT)/FG microcapsule had the highest and (FPI FPP)/FG had 

the lowest FFA release. Thus, (FPI-FPP)/FG is a promising wall material to provide controlled 

release of hydrophobic ingredients such as omega-3 oils in the intestinal stage of digestion. 
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7.1 Introduction 

This Thesis aimed to study the effect of covalent conjugation between plant protein and plant 

phenolic compounds on the physicochemical and functional properties of the plant protein, and 

the application of these conjugates/adducts as emulsifiers and encapsulants of omega-3 rich oils. 

It also aimed gaining insights into the complex coacervation of these protein-phenolic adducts with 

plant polysaccharide gums. Then efficacy of these plant protein-phenolic adducts-gum complex 

coacervates in encapsulating omega-3 oil and delivery to the intestinal stage of digestion were also 

investigated. It was hypothesised that the plant protein-phenolic adducts and their complex 

coacervates with gum can be suitable emulsifiers of oil-in-water emulsions; and suitable 

encapsulating shell materials of omega-3 rich oils. Also, the application of plant protein-phenolic 

adducts and their complex coacervates with gum as emulsifiers and encapsulants can improve the 

oxidation stability of these emulsions and microcapsules. The outcomes of this Thesis contribute 

to the science of covalent conjugation between plant proteins and plant phenolic compounds and 

demonstrate the suitability of these adducts as natural emulsifiers/encapsulants of hydrophobic 

compounds due to their unique interfacial, emulsifying, encapsulating properties. This Thesis 

provides greater understanding of the digestion behaviour of omega-3 rich oil encapsulated in plant 

protein-phenolic compound-gum complex coacervate. Flaxseed was chosen as the plant source of 

protein, gum, oil and polyphenol whereas hydroxytyrosol (HT) was used as small molecular 

weight phenolic compound. Flaxseed protein isolate (FPI)-phenolic adducts were prepared by 

incubating FPI with flaxseed polyphenol (FPP), ferulic acid (FA), and HT under alkaline condition 

(pH 9.0) in the presence of oxygen. The findings of this Thesis are presented in chapters 3 to 6. 

This Thesis commenced with the investigation of the effects of covalently interacted FPI-FPP, 

FPI-FA, and FPI-HT adducts on the physicochemical and functional properties of FPI (Chapter 3). 

The results revealed that the alteration of physicochemical and functional properties of FPI due to 

adduction depended on the nature of phenolic compounds tested; for example, HT was able to 

cross-link protein molecules of FPI. These findings provided greater insights in developing many 

other plant protein-phenolic adducts as emulsifiers and encapsulants. Examination of the 

interfacial and emulsifying properties of the adducts (Chapter 4) showed that FPI-phenolic adducts 

had weak stability at oil-water interface, and thus, resulted into poor emulsion stability. However, 

the emulsions stabilised by phenolic-adducted FPI had significantly higher stability against 

oxidation compared to that of FPI-stabilised emulsion. When the FPI-plant phenolic adducts 

formed complex coacervates with flaxseed gum (FG) (Chapter 5), the covalent conjugation altered 

the optimum conditions of the complex coacervation. As encapsulating shell materials, the FPI-
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phenolic adducts and their complex coacervates with FG altered the properties of spray-dried 

flaxseed oil (FO) microcapsules depending on the nature of phenolic compounds incorporated. 

Overall, the FPI-phenolic adducts and FPI-phenolic adduct-FG complex coacervates successfully 

produced FO microcapsules; of which FPI-HT adducts acted as superior wall material (Chapter 5). 

The digestion behaviour of complex FO encapsulated in FPI-phenolic adduct-FG complex 

coacervates was different in oral, gastric and intestinal digestion stages, depending on nature of 

the phenolic-FPI adducts involved (Chapter 6). The highest degree of lipolysis was observed in 

the FPI-HT/FG/FO microcapsule (Chapter 6).  The lowest degree of lipolysis was observed in the 

FPI-FPP/FG/FO microcapsule. 

Findings documented Thesis provide insights into the effects of phenolic covalent conjugation on 

the physicochemical and functional properties of plant proteins and the applicability of these 

modified proteins (adducts) to formulate emulsifiers and encapsulating shell materials for 

hydrophobic bioactive compounds, including omega-3 rich oils which will impart desirable 

stability against oxidation and controlled/targeted release properties during digestion.  

7.2 Key findings 

This study was designed to understand the changes of physicochemical and functional properties 

of plant protein (FPI as model) when covalently conjugated with phenolic compounds, including 

FPP, FA, and HT. The conjugation of different phenolic compound with FPI is expected to alter 

the interfacial and emulsifying properties of FPI differently. Once the fundamental interfacial and 

emulsifying properties of the FPI-phenolic adducts and their complex coacervates with FG were 

quantified, this information was used to produce FO microcapsules using complex coacervates 

Finally, the digestion behaviour of these FO microcapsules was examined. The ensuring sections, 

present the key findings of this study. 

7.2.1 Effect of covalent conjugation of FPI with phenolic compounds (FPP, FA, HT) on its 

physicochemical and functional properties 

Reaction between FPI and FFP, FA and HT was carried out under alkaline condition (pH 9.0) with 

the presence of oxygen. The physicochemical and functional properties of FPI-phenolic adducts 

were characterised and compared with the unmodified FPI. The findings of this work are 

documented in Chapter 3. 

The degree of covalent conjugation between FPI and phenolic compounds and the 

physicochemical properties of FPI-phenolic adducts were found to depend on the structure of the 
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phenolic compounds used. The extent of decrease in free amino, thiol and tryptophan groups and 

an increase in the apparent molecular weight of FPI due to conjugation and cross-linking was 

different. The cross-linking of protein molecules was observed in FPI-HT adduct while FA and 

FPP were unable to cross-link with FPI. The ability of HT to cross-link two protein molecules of 

FPI was attributed to the dihydroxybenzenes structure of HT rendering it to be oxidised to quinone 

and subsequently bound to the nucleophiles in the side chain of FPI. The HT that was found to the 

side chain of FPI was re-oxidised and dimerised to form a cross-link (Strauss & Gibson, 2004). 

The ability of FA and FPP to covalently bind with side chain of FPI molecule but unable to cross-

link was due to hydroxycinnamic structure of FA, abundance of p-coumaric acid in FPP. Thus, FA 

and FPP were oxidised into phenolate ions and subsequently formed semiquinone radical 

intermediate which ultimately reacted with nucleophiles of the side chain of FPI (Kroll & Rawel, 

2001). The thermal stability of the FPI-phenolic adducts was higher than that of the pure FPI, 

perhaps due to the increase of hydroxyl groups in the adducts (Damodaran & Agyare, 2013). The 

stability of all adducts against oxidation was improved compared to the native FPI due to innate 

antioxidant activity of phenolic compounds. In addition, the structural conformation and 

hydrophobicity of FPI-phenolic adducts were also found to depend on the nature of phenolic 

compounds. For example, the hydrophobicity of FPI-HT adduct decreased while that of FPI-FPP 

and FPI-FA increased compared to that of pure FPI. These finding indicates that the interfacial and 

emulsifying properties of the FPI-phenolic adducts are likely to be affected by their 

hydrophobic/hydrophilic nature vis a vis that of pure FPI. 

7.2.2 Investigation of the interfacial and emulsifying properties of FPI-phenolic adducts  

The interfacial behaviour of FPI-phenolic adducts was investigated in terms of the dynamic 

interfacial tension (DIT), dilatational elasticity (E) and viscosity (E) while their emulsifying 

characteristics were evaluated using emulsifying activity and emulsion stability as indicators. The 

solubility and surface charge were used to explain the stability of emulsions stabilised by FPI, FPI-

FPP and FPI-HT adducts (Chapter 4). Regarding interfacial properties, the FPPI adducted with 

phenolic compounds significantly increased the diffusion rate constant when the FPI concentration 

was low (0.1 mg mL-1).  The dynamic interfacial tension (DIT) values and penetration rate 

constants of the FPI, FPI-FPP and FPI-HT adducts were not different at higher FPI concentration 

(1 to 10 mg mL-1). Structural flexibility of FPI-phenolic adducts at oil-water interface was different 

as indicated by the difference in their dilatational rheological behaviours. For example, in 

comparison to unconjugated FPI, the FPI-HT adduct absorbed at oil-water interface had more 

compact structure due to cross-linking of FPI molecules with HT which resulted into higher E 
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value. In contrast, the larger molecular structure of FPI-FPP adduct led to a less compact structure, 

which resulted into lower E value. Experimental data documented in this chapter shows that 

dilatational rheological behaviour of the absorption films at the oil-water interface did not 

necessarily reflect on the stability of macroscopic emulsions as indicated by the higher stability of 

FPI-stabilised emulsion than that of FPI-phenolic adducts stabilised ones. The emulsions stabilised 

by FPI-FPP and FPI-HT adducts had higher stability against oxidation compared to that of FPI 

stabilised one. These findings highlight the fact that advantages and limitations of the phenolic-

FPI adducts have to be carefully considered when they are used as emulsifiers. The phenolic 

compound dependent solubility, hydrophobicity and of plant protein-phenolic adducts are 

expected to affect their effectiveness as encapsulants.  

7.2.3 Microencapsulation of FO using phenolic adducted FPI-FG complex coacervates 

The FPI-phenolic adducts were used as shell material to encapsulate FO. For this purpose, the 

optimum conditions for producing complex coacervates of FPI-phenolic adducts with FG were 

determined. Then, the complex coacervates were used to produce liquid microcapsules of FO 

followed by spray drying to produce solid FO microcapsules. Spray-dried FO microcapsules were 

produced using phenolic-adducted FPI/FG and FPI/FG (control). The properties of the FO 

microcapsules produced in this way were found to be influenced by the nature of the FPI-phenolic 

adducts (Chapter 5).  

The optimum pH for complex coacervation of FPI, FPI-FPP, and FPI-HT with FG was quite 

narrow (4.6±0.1) and their optimum protein-to-gum ratio was also similar (6:1). These optimum 

parameters were determined through zeta potential, optical density of the complex coacervates. 

Spray-dried microcapsule powders had irregular shape with wrinkled surface morphology. The 

(FPI-HT)/FG complex coacervate was found to be the most effective encapsulant of FO with the 

lowest surface oil (1%, w/w) and highest microencapsulation efficiency (95.4%). These superior 

properties, compared to that of FPI, can be contributed by the improved solubility of FPI-HT 

adduct and its ability to produce denser shell surround the oil droplets due to cross-linking. The 

(FPI-FPP)/FG/FO microcapsule had the highest stability against oxidation as indicated by the 

lowest peroxide value and p-anisidine values, which is due to the inherent antioxidant activity of 

FPP. These findings suggested that FPI-phenolic adduct-FG complex coacervates can be preferred 

over FPI or other single plant protein matrix encapsulating shell materials for oxygen-sensitive oil. 

7.2.4 In-vitro digestion behaviour of FO encapsulated in phenolic-adducted FPI/FG complex 

coacervates 
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The in-vitro digestion of FO microcapsules produced using phenolic-adducted FPI/FG and FPI/FG 

(control) complex coacervates was investigated using an adult in vitro digestion system. Degree 

of proteolysis of encapsulating shell and the extent of lipolysis of encapsulated FO were evaluated 

(Chapter 6).  The result showed that the release of encapsulated FO from the microcapsules was 

prolonged. As expected, the degree of proteolysis of protein in the shell and lipolysis of oil were 

found to be dependent on the characteristics of the shell materials.  

When used as encapsulating shell materials of for FO, both (FPI-HT)/FG and (FPI-FPP)/FG 

complex coacervates showed significant resistance against proteolysis in the simulated oral and 

gastric conditions, resulting in a small amount of released oil and almost unchanged particle size 

and microstructure. Majority of encapsulated FO was successfully released in the simulated 

intestinal stage due to the intensive disintegration of the shell materials. In particular, the highest 

amount of release of oil (80%) and formation of free fatty acids (FFA) (38.5 %) were observed in 

the (FPI-HT)/FG/FO microcapsule, which is due to the improved solubility and structural 

flexibility of FPI-HT adduct. These promoted the access of lipase to the oil-water interface. 

Meanwhile, the (FPI-FPP)/FG/FO microcapsule had the lowest released oil (66.3 %) and formation 

of FFA (28.9%); which attributed to reduced solubility and the compact structure of the FPI-FPP 

adduct.  The rate of release of FFA was also highest in (FPI-HT)/FG/FO microcapsule and lowest 

in (FPI-FPP)/FG/FO microcapsule. These findings suggested that these two unique complex 

coacervates can be potentially used as a promising delivery vehicle for lipophilic compounds to 

deliver to intestinal stage of digestion. 

7.3 Contribution made by this Thesis to the body of knowledge 

This Thesis has made the following contributions to the body of knowledge.  

1. Some phenolic compounds, such as HT can cross-link plant proteins (e.g. FPI) while others such 

as FPP simply covalently conjugate at the side chain but cannot cross-link. 

2.  It has shown that the changes in physicochemical and functional properties of plant proteins 

due to their covalent conjugation with phenolic compounds depends on the nature of phenolic 

compounds tested. For example, interfacial dilutional elasticity and viscosity of plant protein-

phenolic adducts can be higher or lower depending on the nature of the adducted phenolic 

compounds. The dilatational viscosity of FPI-phenolic adducts was lower than that of unmodified 

FPI. 
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3. The stability of oil-water emulsions may not improve when phenolic compound adducted plant 

proteins are used as emulsifiers; however, the stability against oxidation will surely be improved. 

4. Phenolic compound-adducted plant proteins can be effective encapsulating shell materials for 

unstable hydrophobic compounds e.g. omega-3 rich oils. The complex coacervates produced using 

these adducts with plant gums (e.g. FG) can be suitable encapsulants to deliver hydrophobic 

compounds (e.g. FO) to intestinal stage of digestion. 

5. The flaxseed protein-polyphenol conjugates developed in this study have high oxidative 

stability. Thus, they can be used as emulsifiers to produce salad dressing, mayonnaise, and ice 

cream. This could extend the shelf life of these products. The flaxseed protein-polyphenol 

adduct/flaxseed gum complex coacervates produced in this study can be used as a highly stable 

wall matrix for microencapsulation of omega-3 oils. These microcapsules can be used to fortify 

yoghurt, cereal bar, and fruit juice in order to improve their stability and extend their shelf life. 

7.4 Recommendations for future research 

The author wished to carry out the following work as part of the thesis; however, due to time 

constraint it was not possible; thus, they are recommended for future study. 

1. Complex coacervates were used to encapsulate the omega-3 oil rich FO; however, however, the 

interfacial behaviour (dynamic interfacial tension, dilatational elasticity and viscosity, rate of 

diffusion to the oil-water interface) of complex coacervate at the oil-water interface was not studied 

due to time constraint. Sound understanding of these properties will help quantify and explain the 

emulsifying properties of these complex coacervates. 

2. It was found that HT readily cross-links with plant proteins (e.g. FPI). The covalent conjugation 

was carried out between FPI and HT and the resultant cross-linked adducts were used as 

emulsifiers. It would be of great practical implication if in situ cross-linking was carried out after 

the oil is emulsified by protein.; i.e. HT is used similar to the transglutaminase. 

3. These plant protein-phenolic adducts can be used to co-encapsulate oils and probiotic bacteria 

for developing novel functional foods. A systematic study in this area and product developed in this 

way would have benefits of antioxidants, essential oils, and beneficial bacteria. 

4. The FO microcapsules produced in this study can be incorporated into food products such as 

salad dressings, yoghurt, cereal bar, and fruit juice. Such study will help broaden the application of 

these novel ingredients in many commonly and widely produced and consumed foods. 
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5. There is common perception that the presence of phenolic compounds in food ingredients 

introduces some degree of bitterness. Thus, future works in this area should consider including 

sensory evaluation aspects to determine if bitterness is introduced and if so to what degree. 
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