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Abstract 

 

Canola is a farm-gate crop in Canada. Canola meal after oil extraction is used mostly as animal 

feed with limited value-added applications. Canola proteins are known to have great potential for 

use in food and non-food applications due to their nutritional, biological and functional 

properties. Canola contains two major proteins: cruciferin and napin, but with distinct properties. 

Cruciferin is resistant to gastric digestion and has excellent functional properties; it was 

hypothesized that it might be an appropriate material for encapsulation of bioactive compounds. 

Napin, a small molecule that is extremely thermal resistant, may represent chaperon-like activity. 

Therefore, the overall objectives of the thesis are 1) to develop an integrated method of 

extraction for these two main canola proteins, 2) to explore the potential application of cruciferin 

for encapsulation of bioactive compounds, 3) to study in vitro cellular uptake and trans-cellular 

transport of cruciferin-based particles, 4) to evaluate the potential chaperone-like activity of 

napin.  

An integrated, simple and scalable method, including acidic washing (pH 4), alkaline extraction 

(pH 12.5), isoelectric precipitation (pH 4), and ultrafiltration, was developed to isolate two main 

canola proteins: cruciferin and napin. Negatively-charged Cruciferin/calcium (Cru/Ca) 

nanoparticles were prepared using a cold gelation method. To study the potential application of 

cruciferin to coat and protect chitosan particles at stomach low pH, positively-charged spherical 

cruciferin/chitosan (Cru/Cs) nanoparticles were also prepared. Cru/Ca particles were resistant in 

simulated gastric fluid, but released 70-90% of encapsulated compounds in simulated intestinal 

fluids while Cru/Cs particles were resistant in both simulated gastric and intestinal fluids and 

released less than 20% of the compounds. Although the surface of both particles was composed 
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of gastric-resistant cruciferin which was degraded in simulated intestinal fluid, the particles 

showed different release behavior in simulated intestinal fluid which reveals that the particle 

cores controlled the release rate of encapsulated compounds.  

The cellular uptake and trans-cellular transport of Cru/Ca and Cru/Cs particles were also 

investigated using Caco-2 and Caco-2/HT29 co-culture systems. Our results showed that the 

presence of mucus secreted by HT29 cells, co-cultured with Caco-2, had negligible influence on 

the uptake and transport of both particles. The uptake of negatively-charged Cru/Ca particles was 

~3 times higher than positively-charged Cru/Cs. Whereas digestion in simulated intestinal 

conditions led to dissociation of Cru/Ca particles, only cruciferin coating was digested from 

Cru/Cs particle surface; and as a result, the cellular uptake and transport of digested Cru/Cs 

particles were higher than the undigested form. The presence of mucus in Caco-2/HT29 co-

culture decreased the cellular uptake and transport of digested Cru/Cs particles compared to the 

undigested particles which might be due to the mucoadhesive property of exposed chitosan-

based particle core. Energy-dependent mechanisms were dominated for uptake of the undigested 

and digested particles.  

In the last part of the thesis, the potential chaperone-like activity of napin was evaluated. The 

results showed that napin had a chaperone-like activity against thermal aggregation of 

ovotransferrin (OT) in a heat treatment. The chaperone-like activity of napin might be due to 

formation hydrophobic interactions between napin and OT fibril cores. The interactions 

decreased β-sheet and random coil structures in the fibril cores while increased α-helix. 

The results of this thesis supported the potential application of cruciferin for encapsulation of 

bioactive compounds, and also show a chaperone-like activity for napin. The difference in the 
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application of the proteins was due to their distinct properties; while cruciferin formed particles 

through aggregation, napin has potential to suppress aggregation of other proteins. 
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PREFACE 

 

This thesis is an original work done by Ali Akbari. The thesis is consisted of eight chapters: 

Chapter 1 provides a general introduction and the objectives of the thesis. Chapter 2 is literature 

review on canola proteins, encapsulation and delivery of bioactive compounds, and chaperone-

like activity of proteins (A modified version of the chaperone part of this chapter is ready for 

submission); A version of chapter 3 has been published as “An integrated method of isolating 

napin and cruciferin from defatted canola meal” in LWT - Food Science and Technology; A 

version of chapter 4 has been published as “Cruciferin nanoparticles: Preparation, 

characterization and their potential application in delivery of bioactive compounds” in Food 

Hydrocolloids; A version of chapter 5 entitled as “Cruciferin coating improves the stability of 

chitosan nanoparticles at low pHs ” has been accepted for publication in Journal of Materials 

Chemistry B; Chapter 6 entitled as “Cellular uptake and trans-cellular transport of cruciferin-

based nanoparticles in Caco-2 and its co-culture with /HT29-MTX cells” and chapter 7 entitled 

as “Napin shows a chaperone-like activity through limiting fibril formation” are ready for 

submission; Chapter 8 provides some concluding remarks and future research directions. I was 

responsible for literature reviews required for the study, experimental designs, performing 

experiments, data collection and analysis, and writing the manuscripts. My supervisor, Dr. 

Jianping Wu, contributed to the experimental designs, data interpretations, manuscripts 

preparations and edit.  
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CHAPER 1- General introduction and thesis objectives 

 
Food proteins, a diverse group of biopolymers, have excellent functional properties along with 

high nutritional value (Wan et al., 2015). Generally food proteins are GRAS (Generally recognized 

as safe), biodegradable and biocompatible which are important for food applications (Elzoghby et 

al., 2012). The abundance and variety of protein sources are also other encouraging factors for 

their use in different purposes. Canola/rapeseed meal, a by-product of oil extraction, with global 

production of 38 million metric tons (USDA, 2013) and 35-40% protein (Wu, et al., 2008a), is an 

abundant and inexpensive protein source.  

Encapsulation of bioactive compounds has recently attracted increasing attention in the 

development of new nutraceutical and pharmaceutical products. Bioactive compounds including 

vitamins, phytosterols, polyphenols, minerals, bioactive peptides and probiotics play vital roles in 

human metabolism making them essential for health. Enrichment of different food products by 

incorporation of the bioactive compounds improves public health (Wan et al., 2015). However, 

many of these compounds are sensitive to harsh conditions in food processing, storage and human 

digestive system. Poor solubility, unpleasant off-flavor, appearance and mouthfeel of bioactive 

compounds, and their undesirable interactions with other food component might also limit their 

incorporation in food products. Encapsulation is an appropriate method to overcome these 

limitations and improve the bioavailability of the compounds (McClements, 2015).  

The delivery systems might be uptaken by intestinal epithelial cells and/or release the encapsulated 

bioactive compounds. The composition and physicochemical properties such as size, shape and 

charge of the systems are the main factors which influence the uptake and/or release efficiency of 

the compounds (Martins et al., 2015). Mucoadhesive particles are able to adhere to mucus layers, 

semipermeable barriers covering epithelial cells, and prolong residence time of the particles and 

as a result, sustainably release the bioactive compounds (Smart, 2005). However, mucus-

penetrating particles can traverse across the mucus layers to the epithelial cells to be uptaken and/or 

release the compound close to the cells (Lai et al., 2009).  

Most of food proteins form heat-set hydrogels and based on the gel structure, different compounds 

can be encapsulated and slowly be released. However, heat-set gels are not suitable for 

encapsulation of heat-sensitive compounds. An alternative method is cold gelation which needs a 

preheating step and adding multivalent ions to make a network with soluble protein aggregates. 
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The bioactive compounds are added before forming the network. This method was previously 

applied in encapsulation matrices of whey protein (Barbut and Foegeding, 1993; Marangoni et al., 

2000; Cavallieri and Da Cunha, 2008), β-lactoglobulin (Remondetto and Subirade, 2003), soy 

protein (Maltais et al., 2005), and bovine serum albumin (Kundu et al., 2013).   

Cruciferin, a major canola protein (60-65% of total protein) with isoelectric point (pI) of ~ 7.2, is 

composed of six subunits, each subunit contains one acidic 30 kDa α-chain and one basic 20 kDa 

β-chain (Wanasundara, 2011). It was hypothesized that cruciferin, a resistant protein to gastric 

digestion (Bos et al., 2007) with a high denaturation temperature of 91 °C and good gelling and 

emulsifying properties (Schwenke et al., 1998; Wu and Muir, 2008b), might be an appropriate wall 

material for encapsulation.  

Functional, nutritional and bioactive characteristics of proteins in food matrices are closely 

associated with their structure. Food processing such as heating and high pressure treatment 

generally alter the techno- and bio-functionality of proteins through changing their structures 

and/or exposure of interactive residues (hydrophobic patches and sulfhydryl groups) (Visschers 

and de Jongh, 2005). These changes might facilitate the intermolecular cross-links leading to less 

solubility and aggregation. At least two distinct competitive pathways have been proposed for 

protein aggregation: one is reversible non-nucleation growth in which oligomers and worm-like 

(semi-flexible) fibrils are rapidly assembled, while the 2nd one is nucleation-dependent, where rigid 

long-straight fibrils (amyloids) are formed through lag-phased nucleation and growth (Miti et al., 

2015; Gosal et al., 2005). Although protein aggregation is required for some functional properties 

such as gelling and thickening, it may result in undesirable appearance and flow behaviour in high 

protein beverage products (Nicolai and Durand, 2013). Ingested pre-formed aggregates might also 

act as fibrillization seeds to trigger extensive aggregation in the body (Chiti and Dobson, 2006). 

The ordered-structure amyloid fibrils are also recognized as a major contributing factor in amyloid-

related diseases such as Alzheimer’s and Huntington’s (Hartl et al., 2011). 

Chaperones are a large group of proteins which prevent aggregation and fibrillation of intrinsically 

disordered or partially unfolded proteins (Ellis, 2006; Liberek et al., 2008). In addition to cellular 

heat-shock proteins, chaperone-like activity was reported for casein (Librizzi et al., 2014), 

polyphenols (Hudson et al., 2009; Singh et al., 2013; Wang et al., 2008), cyclodextrin (Machida et 

al., 2000), heme-containing proteins (Khodarahmi et al., 2009). Amphiphilicity and flexibility are 

two important properties for a protein with chaperone activity (Koudelka et al., 2009).  
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Napin is the second major canola protein accounting for 20-25% of total canola protein. Napin 

with pI 10.7 and molecular weight of ~14.5 kDa, is composed of 4.5 kDa (40 amino acids) and 9.5 

kDa (90 amino acids) chains. Napin, with high denaturation point of 110 °C is resistant to heat 

aggregation (Wu and Muir, 2008b). Napin, also contains 6.4% proline (Aider and Barbana, 2011), 

a hydrophobic residue, which provides more flexibility to protein structures (Yong and Forgeding, 

2010). Therefore, it was hypothesized that the loosely folded and relatively flexible structure of 

napin, along with highly positive charge and presence of surface hydrophobic groups can facilitate 

its interaction with other proteins, and due to the high thermal stability, napin has ability to increase 

the heat resistance of the complex.  

Therefore, two hypotheses were proposed in this thesis research: 1) Cruciferin, a resistant protein 

to gastric digestion, would be an appropriate material for encapsulation, protection and delivery of 

bioactive compounds. 2) Napin, a small molecule with high thermal resistant, can show chaperone-

like activity. 

The objectives of the research were: 

1. To develop an integrated method of isolation of two main canola proteins, cruciferin and 

napin, from defatted canola meal. 

2. To prepare cruciferin/calcium particles, evaluate their potential for encapsulation of 

bioactive compounds, and study the release of the compounds in simulated gastrointestinal 

(GI) tract. 

3. To study the potential of cruciferin to coat chitosan particles, evaluate cruciferin/chitosan 

particles for encapsulation of bioactive compounds, and study the release of the compounds 

in simulated GI tract. 

4. To study the in vitro cellular uptake and trans-cellular transport of cruciferin/calcium and 

cruciferin/chitosan particles in Caco-2 and its co-culture with /HT29-MTX cells. 

5. To evaluate the potential chaperone-like activity of napin.  
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CHAPTER 2-Literature review 

 
2.1. Canola 

Canola plants belong to the Brassicaceae (Cruciferae) family, consisting of numerous species such 

as Brassica napus and Brassica rapa, commonly known as rapeseed (Aachary and Thiyam, 2012). 

Canola/rapeseed, with annual worldwide production of 70 million metric tons, ranks as the second 

most abundant source of seed oil (USDA, 2013; Aider and Barbana, 2011). Canola industry adds 

$ 19.3 billion to Canadian economy which has a great impact on the economy; more than 43,000 

Canadian farmers are involved in this industry. The export of 75% of annual production brings 

over $ 9 billion to the economy (Saskatchewan canola development commission). The term 

“canola” specifically denotes rapeseed varieties containing less than 2% erucic acid in fatty acid 

profile of oil and less than 30 µmol/g glucosinolates in air-dried oil-free meal (Tan et al., 2011). 

Canola seeds contain over 40% oil, 17-26% protein, 20% carbohydrates and 16% miscellaneous 

low molecular weight compounds (Pinterits and Arntfield, 2008). The main applications of canola 

oil are cooking oil and margarine (Aachary and Thiyam, 2012). The by-product of oil extraction 

is a protein rich canola meal with up to 40% protein on a dry basis (Aider and Barbana, 2011). 

Canola proteins have high protein efficiency ratio with well-balanced amino acid composition 

(Tan et al., 2011; Wu and Muir, 2008). However, despite the high biological value, canola meal is 

currently used as livestock and aquaculture feed (Tan et al., 2011).  

 

2.1.1. Canola proteins 

Canola protein fraction is mainly composed of cruciferin and napin, constituting 60-65 and 20-

25% of total protein, respectively (Wanasundara, 2011; Aachary and Thiyam, 2012). Cruciferin, a 

12S legumin-type globulin, is soluble in dilute salt solutions and napin is a water soluble 2S 

albumin. In addition to cruciferin and napin, canola also contains some minor structural and 

metabolic proteins. Oleosins, basic proteins with low molecular weight (15-26 kDa), are structural 

proteins associated with oil bodies and constitute 2-8% of the total canola seed proteins (Huang, 

1992; Ghodsvali et al., 2005). Several metabolic proteins such as lipid transfer proteins (LTP), 

protease inhibitors and Ca2+ dependant-calmodulin binding proteins have been also reported 

(Wanasundara, 2011). 

Similar to other legumin proteins, cruciferin, with a well-organized level of primary, secondary, 

tertiary and quaternary structures, shows the most similarity to soy glycinin (Wanasundara, 2011). 
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Cruciferin is a 300 kDa glycoprotein with arabinose, glucosamine, mannose, galactose and inositol 

as the sugar moieties (Gill and Tung, 1978). Cruciferin is composed of 6 subunits, each containing 

a heavy α- (acidic, approximate Mw of 30 kDa) and a light β- (basic, approximate Mw of 20 kDa) 

chain which are linked by a disulfide bond (Figure 2.1) (Wanasundara, 2011). 

The primary structure of cruciferin includes a hydrophilic zone of amino acids, rich in glutamic 

and aspartic acids and dominated by Gly-Gln repeats (Wanasundara, 2011;  Schwenke et al., 

1981). Canola cruciferin has a high content of non-polar side chains, which is responsible for its 

hydrophobicity compared to other seed storage 11/12S globulins including soy glycinin 

(Schwenke et al., 1981). Prakash and Rao (1986) reported that native globulin structure is mostly 

stabilized by hydrophobic interactions. Cruciferin isoelectric point (pI) of 7.2 indicates that this 

protein is a “neutral” protein while the other seed storage proteins are acidic in nature (Schwenke 

et al., 1981). The secondary structure of cruciferin is characterized by a noticeable content of 

random coils (58%), a low content of α-helix (11%) and a relatively high content of β-sheet (31%) 

conformations (Uruakpa and Arntfield, 2006). At the quaternary level, it is assumed that twelve 

acidic and basic subunits form six α-β pairs which assemble into two hexagonal rings (Badley et 

al., 1975; Derbyshire et al., 1976). The hexameric structure of cruciferin shows reversible 

dissociation/association phenomena due to changes in pH and ionic strength (Wanasundara, 2011). 

When ionic strength decreases to lower that 0.5 M, the hexameric structure of cruciferin reversibly 

dissociates into trimers (Schwenke et al., 1981). Oligomeric cruciferin dissociates into 50 kDa α-

β pairs in the presence of 8M urea and further to monomeric peptides if SDS is also present 

(Schwenke et al., 1981). However, high pressure treatments can denature and associate cruciferin, 

and form soluble aggregates which might be responsible for better gelling properties compared to 

the heat-denatured protein (He et al., 2014).  
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Figure 2.1. SDS PAGE pattern (under reducing conditions) of cruciferin extracted from four 

species of Brassicaceae (A) and pseudoradial-symmetrical arrangement of cruciferin (B). 

Hypothetical arrangement of α and β chains in each subunit within the hexameric molecule is 

shown. N and C designate the N- and C- terminal regions, respectively, of α and β chains (e.g., 

Nα, Nβ, Cα, and Cβ). (Reprinted from Wanasundara, 2011 with permission)  

 

Napin is an alkaline protein with an isoelectric point of ~11. It is a 2S albumin protein composed 

of two subunits with MW of 4.5 (small) and 10 (large) kDa, respectively (Barciszewski et al., 

2000). The polypeptide chains in napin are stabilized by two inter-chain disulfide bonds and two 

intra-chain disulfide bridges, formed by the eight cysteine residues (Shewry et al., 1995). Napin, 

in its secondary structure, contains 40-46% α-helices, 11-16% β-sheets and 41-43% random coil 

structures (Figure 2.2) (Prakash and Rao, 1986).  Its three dimensional structure is composed of 

three α-helices of large subunit form a cleft in which two helices of small subunit fit properly 

(Barciszewski et al., 2000). 

B 



11 

 

  

 

Figure 2.2. SDS PAGE pattern (under reducing conditions) of napin extracted from four species 

of Brassicaceae (A) and schematic ribbon representation of B. napus napin (B). The N indicates 

NH2- and C indicates COOH terminal. The HIa and HIb, HII, HIII and HIV indicate Helix I, Helix 

II, Helix III and Helix IV, respectively. (Reprinted from Wanasundara, 2011 with permission) 

 

As the major canola proteins, both cruciferin and napin have good functional properties. 

Cruciferin, with good emulsifying, gelling and binding properties, can be used in meat, dressing 

and baked products (Mejia et al., 2009). Emulsification capacity of canola protein isolate is 

comparable to egg proteins (Yoshie-Stark et al., 2008). For instance, canola protein and its 

hydrolysates have been used as egg yolk substitutions in salad dressings (Aluko and McIntosh, 

2005). The functional properties of canola proteins can be further improved by enzymatic 

hydrolysis (Cumby et al., 2008), succinylation (Paulson and Tung, 1988), acylation (Gruener and 

Ismond, 1997), or adding hydrocolloids (Arntfield and Cai, 1998). Their application has also 

extended to non-food uses such as natural adhesives, bio-foams and bio-plastics (Wu and Muir, 

2008; Yoshie-Stark et al., 2008; Marczak et al., 2003; Xu and Diosady, 2000). However, the wide 

range of isoelectric points (pH 4 to 11) and molecular weights (13 to 320 kDa) decrease the 

efficiency and yield of protein extraction (Aachary and Thiyam, 2012). Furthermore, the presence 

B 

A 
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of antinutritional compounds such as glucosinolates, phenolics and phytic acid has restricted the 

utilization of canola protein isolate (Lacki and Duvnjak, 1998). 

   

2.1.2. Removal of antinutritional compounds  

Removing the undesirable compounds from canola protein extracts is challenging. In canola meal, 

phenolics are mainly present as free sinapic acid and sinapic acid esters that form complexes with 

proteins by hydrogen, covalent and ionic bonding, and hydrophobic interactions (Xu and Diosady, 

2000). Phenolic compounds contribute to dark color and unpleasant bitter taste as well as reduced 

nutritional availability of essential amino acids. To remove phenolic compounds from canola meal, 

different methods have been employed including organic solvent, reducing and oxidizing agents, 

dilute alkali or acids condition, insoluble polyvinylpolypyrrolidone (PVP), activated carbon and 

ion exchange extraction methods. Most of these methods have drawbacks that might lead to protein 

loss, increase in phytic acid content and traces of organic solvents in protein product (Xu and 

Diosady, 1997). As an example, treatment of canola with methanol/ammonia/water mixture 

removed 70-80% of phenolic acids and 67-96% of condensed tannins originally present in the 

seeds, but the phytate content of extracted protein increased due to the dissolution of some polar 

constituents of the seed into methanol/ammonia (Shahidi et al., 1990). 

Phytic acid, as an antinutritional compound, can bind mineral ions and reduce their bioavailability. 

Treatment with CaCl2 and phytase (in acidic condition), chelating agents such as EDTA (in basic 

pH) and using variable pHs are some methods proposed to remove phytic acid from canola meal. 

Serraino and Thompson (1984) and Newkirk and Classen (1998) reported that phytase treatment 

totally removed phytic acid with negligible protein loss (Serraino and Thompson, 1984; Newkirk 

and Classen, 1998). Gillberg and Tornell (1976) showed that pH could play a key role in removing 

phytic acid from the meal (Gillberg and Tornell, 1976). However, the influence of pH on 

extractability of phytic acid is complicated. In an acidic medium, as both proteins and metal ions 

are positively charged, there is a competition between proteins and metal ions to form phytate 

complexes. Around neutral pH range (from 5 to 9), a ternary phytic acid-cation-protein complex 

is formed, leading to increased extractability of both protein and phytic acid (Tzeng et al., 1990); 

adding chelating agents, however, can remove cations, disrupt the complex, and therefore prevent 

the formation of the protein-phytate complex (Serraino and Thompson, 1984). At increasing pHs 

from 10 to 12, protein-phytic acid complexes become instable and the solubility of phytic acid 
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decreases because the number of positive charges in protein molecules decreases substantially 

(Gillberg and Tornell, 1976). 

Glucosinolates, a group of antinutritional compounds, also present in rapeseeds; and nine different 

glucosinolates have been identified in two varieties of B. napus and B. rapa (Bell, 1993). 

Glucosinolates have displayed goitrogenic effect in animal studies (Sorensen, 1990). Canola meal 

contains 18-30 µmol glucosinolates /g meal (Tan et al., 2011). A two-phase solvent extraction 

method removed the majority of glucosinolates (Naczk et al., 1985). Since these antinutritional 

compounds have lower molecular weights compared to canola proteins, ultrafiltration can 

substantially remove them from protein isolates (Ser et al., 2008). 

  

2.1.3. Canola protein extraction 

2.1.3.1. Alkali extraction 

Canola oil is extracted from crushed canola seeds by mechanical extraction in combination with 

solvent extraction (Wanasundara, 2011). The defatted meal is dried and then ground to small 

particles. Grinding increases the interaction of the meal with solvent to enhance protein release 

(Aluko and McIntosh, 2001). Alkaline extraction is the most common method used for canola 

proteins. In this method, defatted canola meal is stirred with an alkaline solution and then 

centrifuged to recover the solubilized proteins (Tan et al., 2011). The pH of supernatant is adjusted 

by dilute acid and then centrifuged to separate the precipitated proteins. The most typical alkaline 

solution used for protein extraction is sodium hydroxide (NaOH) which produces strong alkaline 

condition (pH 11 to 12) to ensure high protein solubilization. Although NaOH solution results in 

high extraction yield, the protein isolate has a dark color due to oxidation of phenolic compounds. 

Tzeng et al. (1990) reported that addition of 10% sodium sulphite (Na2SO3) inhibit oxidation of 

phenolic compound and reduce the dark color. Other alkaline solutions such as sodium 

hexametaphosphate have also been reported. It improves the product color and taste but a lower 

extraction yield was obtained compared to NaOH extraction (Tzeng et al., 1990). Isoelectric 

precipitation is conducted by using hydrochloric or acetic acid solution to reach to isoelectric point 

(Klockeman et al., 1997; Tzeng et al., 1990). Ghodsvali et al. (2005) precipitated canola proteins 

in a wide pH range (3.5 to 7.5) and concluded that optimum pH range for extraction is 4.5-5.5. 

Calcium chloride also increased the protein content by reducing phytates in the final product; the 
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higher yield of soluble proteins was due to the salting in effect (Tzeng et al., 1990; Tan et al., 2011; 

Ghodsvali et al., 2005; Aluko and McIntosh, 2005). 

 

2.1.3.2. Protein Micellar Mass (PMM) method 

Canola seed proteins are globulins which have high solubility in dilute salt solutions. Increasing 

ionic strength improves the solubility of cruciferin and napin due to the salting in effect 

(Wanasundara, 2011). In the PMM method, canola proteins are first solubilized by salt solution 

(Tan et al., 2011) and then antinutritional compounds are removed from the protein slurry using 

ultrafiltration (Tzeng et al., 1990). Membrane filters with 50 kDa MW cutoff effectively separated 

antinutritional compounds from canola proteins (Wanasundara, 2011). The retentate, which 

contains purified canola proteins, are diluted with cold water. Dilution reduces the ionic strength 

resulting in protein precipitation and thus protein micelles are formed (Tan et al., 2011; 

Wanasundara, 2011). The last step is to recover proteins by centrifugation. Despite reducing the 

content of antinutritional compounds in the protein isolate, the overall protein yield of the PMM 

method is lower than the alkaline extraction (Owen et al., 1971; Ismond and Welsh, 1992). 

Therefore, canola proteins can be extracted with high purity and low cost, and due to the 

appropriate functional properties and abundance, they have great potential in various new 

food/non-food applications. Cruciferin, a resistant canola protein to gastric enzymes (Bos et al., 

2007), can be used as a biopolymer-based carrier for encapsulation and delivery of bioactive 

compounds.    

  

2.2. Encapsulation of bioactive/nutraceutical compounds  

2.2.1. Importance of encapsulation 

 In recent years, there has been considerable interest in improving human health and wellbeing. 

Bioactive compounds including vitamins, probiotics, bioactive peptides and antioxidants play 

important roles in human metabolism making them essential for health. Most bioactive compounds 

are susceptible to pH, oxygen, light, high temperature and pro-oxidants in food processing and 

storage, and also digestive conditions in gastrointestinal tract. Encapsulation, as a protective 

method, can prevent degradation of the compounds and maintain their natural functional form and 

bioactivity (McClements, 2012a; McClements, 2015).  
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Poor solubility of some bioactive compounds restricts their direct incorporation into aqueous food 

products. Some examples of these compounds are ω-3 oils, phytosterols, carotenoids, curcumin, 

and oil-soluble vitamins. Many lipophilic compounds have low bioavailability due to poor 

solubility in biological fluids which results in poor bio-accessibility, a low absorption rate and 

transformation in body fluids. Particle matrix, encapsulating oil-soluble compounds, should have 

water soluble functional groups on the surface to ensure good water dispersability (McClements, 

2015). Interaction of bioactive compounds with other food components might lead to instability 

and lower nutritional value of the whole product. Furthermore, some of the nutraceutical 

compounds such as omega-3 fatty acids have an unpleasant off-flavor which needs to be masked 

when incorporated in food formulations (McClements, 2013). Unpleasant appearance and 

mouthfeel, which could result from the high melting point of the components, also restrict their 

incorporation into food products (McClements, 2012b). For all these reasons, encapsulation is 

finding increasing utilization in functional food industry to protect, deliver and release susceptible 

bioactive compounds (Joye et al., 2014).  

Over the past decade, significant progress has been made using encapsulation of bioactive 

compounds to improve their stability and bioavailability (Sagalowicz and Leser, 2010; Velikov 

and Pelan, 2008).  For instance, oral bioavailability of encapsulated folic acid in casein particles 

increased 50% compared to its free form (Penalva et al., 2015). Similarly, relative bioavailability 

of curcumin increased by 47.7 times when it was encapsulated in the artificial oil bodies (Chang 

et al., 2013). Apparent permeation rate of encapsulated epigallocatechin gallate in chitosan 

particles was also ~ 4 times higher than that of unencapsulated form (Hu and Huang, 2013).  

Controlled-release encapsulation systems are able to improve absorption rate and ensure safe 

transfer to the target tissues (McClements and Xiao, 2014).  

 

2.2.2. Nano-carrier systems 

Among various encapsulation and delivery systems, nanostructure-based systems have attracted 

the most attention. The main advantages of the nano-based delivery systems include significant 

increase in surface area and improved stability and bioavailability of the encapsulated compound. 

Larger surface area might improve drug solubility. For instance, orally administered 120-nm 

nanoparticles showed 5-fold higher bioavailability in comparison with 5.5-µm particles (Wu et al., 

2004). In a similar way, solid lipid nanoparticles (SLN) improved the stability of poorly soluble 
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compounds by 2- to 25-fold (Harde et al., 2011). Nanocarriers have also the advantage of 

improving drug uptake via different routes which will be explained in detail in following sections.  

 

2.2.3. Nanoparticle fabrication methods 

Nanoparticles can be prepared using a wide range of methods which can be classified in two 

general approaches; top-down and bottom-up approach. Some methods are a combination of these 

two approaches (McClements, 2015).  

2.2.3.1. Bottom-up approach 

In bottom-up approach, small particles are formed by spontaneous assembly of molecules under 

proper conditions. Micelles and microemulsions are some examples of bottom-up approach (Patel 

and Velikov, 2011; Garti and Aserin, 2012). In biopolymer-based systems, particle-forming 

biopolymers are dissolved in an appropriate solvent and then injected in an anti-solvent (in which 

the biopolymer has poor solubility). The biopolymer molecules interact each other to form small 

particles. In case of protein nanoparticles, a solution of globular proteins is heated up to a 

temperature higher than its denaturation temperature. The thermal treatment dissociates the 

quaternary structure of globular proteins and unfolds the secondary and tertiary structures 

facilitating hydrophobic association and cross-linking which lead to particle formation. The 

solution conditions such as pH and ionic strength should be precisely controlled to obtain proper 

electrostatic interactions between molecules (Jones and McClements, 2010). Small hydrogels 

composed of cross-linked proteins and polysaccharides may be also formed through these bottom-

up approaches (Jones and McClements, 2011).  

2.2.3.2. Top-down approach 

Nanoemulsions and solid lipid nanoparticles are some examples of nanoparticles prepared by the 

top-down approach. Emulsions are initially formed in macroscopic scale and then broken down to 

nano-scale particles using homogenizers. Strong shearing force is applied during homogenization 

to disrupt large-sized emulsions and form new surfaces which are immediately covered by 

emulsifier molecules (McClements and Rao, 2011).  
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2.2.4. Nanoparticle composition  

Along with recent developments in nanotechnology, nanoparticles have also found applications in 

food industry. Nanoparticle-based colloidal delivery systems have been reported for many 

nutraceutical compounds (McClements et al., 2009).  

Nanoparticles are fabricated from various food components such as lipids, proteins and 

polysaccharides individually or in combinations (Joye et al., 2014). Each component has unique 

physicochemical properties and thereby, forms particular interactions with the micronutrient. 

Nanoemulsions and solid lipid nanoparticles are mainly composed of oil and water which form 

emulsion in the presence of an emulsifier (McClements and Rao, 2011; McClements, 2012a). 

Micelles are fabricated spontaneously from small surfactants in aqueous solutions (Garti and 

Aserin, 2012). To achieve a successful delivery system, proper selection of particle-forming food 

component and understanding the possible interactions with the nutraceutical compound are 

important (Joye et al., 2014). 

 

2.2.5. Protein-based nanoparticles 

Food proteins have been widely used as nanoparticle-forming biopolymers due to their exceptional 

properties, e.g. biodegradability, nutritional value and gel-forming capacity (Chen et al., 2006; 

Elzoghby et al., 2012b). Proteins possess various functional groups which can form a wide range 

of interactions with the core compound (nutraceutical or vitamins) to hold, protect and release it 

under proper conditions (Elzoghby et al., 2011). Furthermore, multiple functional groups on 

protein surface can be modified to enable specific binding and responsive release at target site 

(Elzoghby et al., 2012a).  

One of the most important functional properties of food proteins in particle formation is gelation. 

Proteins can form gel networks with diverse mechanical and physicochemical properties (Chen et 

al., 2006). Recent studies have revealed that protein nanoparticles can protect susceptible 

encapsulated compounds and release them slowly, thus enhancing their bioavailability. Some 

protein-based nanoparticles also successfully delivered the drug to brain, macrophages and liver 

cells. For example, collagen nanoparticles improved transdermal drug delivery. Gliadin and lectin-

coated nanoparticles are proved to have mucoadhesive property (Elzoghby et al., 2012b; Maham 

et al., 2009).  
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Protein hydrogels are the most common protein-based nanodelivery systems (Chen et al., 2006). 

Their unique characteristics, such as soft tissue biocompatibility, well-dispersability of drugs in 

gel matrix and high degree of responsive release, have made them very efficient in drug delivery 

studies (Elzoghby et al., 2011).  

2.2.5.1. Animal proteins 

Animal proteins such as casein and whey protein have been widely studied as hydrogel matrix. 

These proteins have several advantages over synthetic biopolymers, such as high nutritional value, 

higher absorption rate and lower toxicity of the intact protein and its degradation products 

(Elzoghby et al., 2011; Leo et al., 1997). Casein was used in encapsulation of hydrophobic 

micronutrients such as vitamin D and polyunsaturated fatty acids, while β-lactoglobulin 

nanoparticles showed promising results for curcumin and resveratol (Wan et al., 2015).  

2.2.5.2. Plant proteins 

Although plant-based food products have been the main part of our diet for thousands years, plant 

proteins have attracted more attention in last decades as a substitute for animal proteins. Plant 

proteins are mostly the by-product of oil, starch or other plant-based valuable compounds (Wan et 

al., 2015). Recent studies have revealed excellent functional properties of some plant proteins such 

as soybean and wheat proteins. Additionally, plant proteins have been utilized in fabrication of 

carriers for nutraceutical compounds (Reddy and Yang, 2011; Nesterenko et al., 2013). In contrast 

to hydrophilic nature of animal proteins, plant proteins are relatively more hydrophobic which 

makes them a potential matrix for delivery of hydrophobic micronutrients. Owing to their 

hydrophobic nature, the plant-based nanoparticles do not require further hardening step using 

chemical cross-linkers (Chen et al., 2006; Reddy and Yang, 2011; Ezpeleta et al., 1996; Elzoghby 

et al., 2012b). Furthermore, the plant protein-based nanoparticles provide a great opportunity for 

production of functional food for vegan diets (Tergesen, 2010).  

 

2.2.6. Protein hydrogels 

Hydrogel is an infinite network of hydrophilic biopolymer that holds a large amount of water in 

its three-dimensional structure (Qiu and Park, 2001). The network is formed and stabilized by 

cross-linking chains. Covalent bonds, hydrogen bonding, hydrophobic interactions and physical 

entanglements might be involved in biopolymer cross-linking (Kamath and Park, 1993). The gel 

network is able to entrap sensitive molecules in its open structure and protect them from severe 
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surrounding environment. Protein gels can be formed through different mechanisms. Heat gelation 

is the traditional way of gel formation in which a thermal treatment unfolds the polypeptide chain 

and exposes the buried hydrophobic residues (Aguilera, 1995; Twomey et al., 1997). The newly-

exposed groups encourage self-aggregation of unfolded chains that leads to a three-dimensional 

network holding capillary water in its micro-structure (Aguilera, 1995; Twomey et al., 1997).  

Despite its simplicity in preparation, thermal gel is restricted to encapsulate heat-stable compounds 

(Lefevre and Subirade, 2000). In order to entrap heat-sensitive compounds in a gel structure, cold 

gelation method is preferable to avoid heat damage to the encapsulated compounds.  

2.2.6.1. Cold gelation 

In cold gelation method, protein solution is preheated and then gelation is triggered by promoting 

attractive forces either by adjusting pH or adding multivalent ions (Chen et al., 2006). Heating the 

protein solution above its thermal denaturation temperature unfolds the protein to form soluble 

aggregates (Duval et al., 2015). Preheating step should be performed at low ionic strength and pH 

away from isoelectric point. In this condition, strong repulsion forces between the proteins 

molecules keep them separated in a linear conformation (McClements and Keogh, 1995). In the 

second step, gelation is induced by increasing attractive forces between protein chains. It can be 

carried out by adding multivalent ions or other biopolymers with opposite charges to the protein. 

Multivalent ions shield the surface charges and act as cross-linkers to form a network of soluble 

protein aggregates (Figure 2.3) (Maltais et al., 2008). The heat-sensitive nutraceutical compound 

is added before the gel network is set. In the cold gelation method, nanoparticles are formed 

without organic solvents and thermal treatment which reduces the risk of heat destruction of 

micronutrients. Additionally, the size of nanoparticles can be precisely controlled by different 

conditions of pH, ionic strength and temperature (McClements, 2013). 

Cold gelation was first applied in preparation of whey protein gels (Barbut and Foegeding, 1993). 

Further studies were conducted to study the effect of different salts, pHs, ageing time and additives 

such as sucrose on gelation rate and gel strength of whey proteins (Bryant and McClements, 2000; 

Kulmyrzaev et al., 2000; Cavallieri and Da Cunha, 2008). Bryant and McClements (2000) 

introduced calcium chloride as a more effective salt in forming stronger gels compared to sodium 

chloride. It was attributed to the greater shielding power of divalent calcium ions compared to 

monovalent sodium ions. Positive ions are able to shield the negative charges on protein chains 

and reduce the repulsive forces between chains (Yasuda et al., 1986). More importantly, calcium 
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ions form salt bridge cross-links among negatively charged carboxylic acid groups on protein 

chains (Bryant and McClements, 2000).  

 

Figure 2.3. Mechanisms of denaturation/aggregation and cold-gelation of proteins (Reprinted from 

Remondetto and Subirade, 2003 with permission) 

 

To study the effect of pH on whey protein gelation, Cavallieri and Da Cunha (2008) have shown 

that acidification rate influences the development of gel network through bond enforcing and chain 

re-arrangements. Slow acidification gives enough time to protein chains to interact and organize 

into a network. However, under fast acidification rate, molecular interactions are delayed until the 

final pH is achieved (Cavallieri and Da Cunha, 2008). Effect of sucrose before adding CaCl2 was 

studied in cold gelation of whey proteins. At low concentrations of sucrose, gelation rate was 

decreased due to the increasing viscosity. But at higher concentrations of sucrose, protein-protein 

aggregation was facilitated because sucrose molecules compete for the hydration water with 

protein chains (Kulmyrzaev et al., 2000). 

Cold gelation mechanism of soy protein was also investigated by Maltais et al. (2005). Soy proteins 

are globular proteins which are denatured and aggregated by preheating. In the second step, 

calcium ions induce gel network formation by cross-linking the protein chains. Concentration of 

calcium ions is the key factor which determines the gel type and its mechanical properties. At a 

concentration of calcium (10 mM), the protein surface charge is not totally shielded by calcium 

ions, thus, aggregation occurs with linear proteins leading to filamentous gels. However, at a 
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higher concentration of calcium ions (20 mM), all surface charges are neutralized by calcium ions 

which results in random aggregation of proteins and a particulate gel is formed. This method has 

also been used for preparing gel-like soy protein emulsions (Tang and Liu, 2013), whey protein 

micro-beads for delivery of probiotics (Doherty et al., 2011), ion-induced whey protein aerated 

gels (Tomczynska-Mleko, 2013), and whey protein/alginate hydrogel microparticles for oral 

delivery of insulin (Deat-Laine et al., 2013). 

2.2.6.2. Protein-Polysaccharide complex hydrogels 

One of the main advantages of the cold gelation method is that proteins can form cold-set gel 

individually or in combination with other biopolymers. Fabrication of complexes between proteins 

and polysaccharides provides more opportunities for controlling nanoparticles characteristics. 

Proteins and polysaccharides have electrostatic charges at various pHs. Protein net charge varies 

from positive to negative when pH increases from below to above its isoelectric point. 

Polysaccharides have more uniform monomers which can be anionic, cationic or non-ionic 

depending on the pKa value of the ionizable groups (Jones and McClements, 2010). At pHs above 

its pKa value, the polysaccharide has negative charges, but it loses its negative charge as the pH 

decreases to below the pKa value. Each polysaccharide has one type of ionizable group which 

could be anionic (carboxylate and sulfates) or cationic (amines) (Ridley et al., 2001). Pectins and 

carrageenans are anionic polysaccharides (containing carboxylates and sulfates, respectively) and 

chitosan is a cationic polysaccharide (contains amines) (Piculell, 1995; Kurita, 2006; Rinaudo, 

2006). 

Association of proteins and polysaccharides may occur at the pH range where these biopolymers 

have opposite charges. Thus, at pHs well above pI, protein and polysaccharide do not associate 

due to strong repulsion forces between chains. As the pH decreases to slightly above pI, although 

the protein net charge is negative, soluble complexes are formed by electrostatic attraction between 

cationic residues on protein and anionic groups of polysaccharide molecule (Gao et al., 1997; Jones 

et al., 2010). Further pH reduction leads to stronger complex formation due to coacervation or 

precipitation (de Kruif and Tuinier, 2001; Schmitt et al., 1998; Turgeon et al., 2003; Turgeon et 

al., 2007). Physicochemical characteristics of the complex and its formation depend on the protein 

and polysaccharide molecular properties as well as the solution condition such as temperature and 

ionic strength (Hattori et al., 2000; Seyrek et al., 2003; Aachary and Thiyam, 2012; Wang et al., 

2007). When a protein is associated with a polysaccharide, its thermal features such as unfolding 
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and aggregation kinetics might be influenced. For example, a complex of a globular protein, 

ovalbumin, with a cationic polysaccharide, chitosan, resulted in nanoparticles with higher stability 

to pH changes (Yu et al., 2006). Similar results were obtained for β–lactoglobulin/chitosan and β–

lactoglobulin/pectin complexes formed at pH 5 (Jones et al., 2009). 

Chitosan is a derivative of chitin, a biopolymer of N-acetylglucosamine which can be found 

abundantly in nature. Chitosan is a positively charged biopolymer (pKa 6.2-7.0) at low pHs where 

amino groups (NH3
+) are protonated (Shahidi and Abuzaytoun, 2005). Owing to its 

biocompatibility, biodegradability, non-toxicity, low immunogenicity and mucoadhesive property, 

its application in nanoparticles fabrication is remarkably increasing (Chuah et al., 2009). However, 

it degrades in acidic condition of stomach restricting its application in oral delivery. Therefore, 

chitosan has been successfully used in complexation with various negatively charged biopolymers 

such as β-lactoglobulin (Chen and Subirade, 2005), carboxymethyl cellulose (Ichikawa et al., 

2005), lecithin (Sonvico et al., 2006) and dextran sulfate (Schatz et al., 2004). Lee et al. (2012) 

coated the chitosan nanoparticles with denatured β-lactoglobulin and reported improved resistance 

to acid condition and pepsin digestion of stomach. The coated-nanoparticles were degraded by 

intestinal pancreatin leading to sustained release of the encapsulated compound (Aachary and 

Thiyam, 2012; Lee et al., 2012). Similar release pattern was obtained from complex nanoparticles 

developed from carboxymethyl chitosan and soy protein isolate (Teng et al., 2013). After 

encapsulation of bioactive compounds, release and absorption of the compounds in the body, as 

the main objectives of delivery systems, should be studied.   

  

2.3. Oral administration of bioactive compounds- Delivery challenges in GI Tract 

Oral administration is the most predominant route of drug delivery due to its non-invasive nature. 

It offers many advantages over injection such as being painless and self-administrable resulting in 

more patient compliance (Bernkop-Schnuerch, 2013). Additionally, it reduces the risk of 

contamination (des Rieux et al., 2006). In oral administration, gastrointestinal (GI) tract is in direct 

contact with the ingested material. GI tract, with a large surface area, is particularly important in 

drug delivery because of its high potential to absorb micronutrients and bioactive compounds 

(Thanki et al., 2013). In addition to the above advantages, site-specific delivery to certain locations 

of GI tract can be used for treatment of some GI tract disorders such as gastric and duodenal ulcers, 

GI infections and gastric and colon cancers (Martins et al., 2015). 
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2.3.1. Harsh conditions of GI tract 

Nanocarriers encounter different physiological and morphological barriers in their passage through 

GI tract. These barriers include the harsh acidic condition in stomach, digestive enzymes in gut 

lumen and brush border membrane, the mucus layer and particles transport across epithelial cells 

(Ensign et al., 2012). In the upper part of GI tract, nanostructures enter the stomach where they are 

mixed with gastric lipase and protease which trigger the digestion. Strong acidic condition changes 

the physicochemical characteristics of nanostructures such as their charge and ionic composition 

(McClements and Xiao, 2012). The gastric digestion also includes peristalsis moves arising from 

wall contractile waves which force the stomach contents to move forward (Kong and Singh, 2010). 

As the structures reach to small intestine, they meet a mixture of pancreatin, bile salts, 

phospholipids and bicarbonates which increase the pH of lumen content. Pancreatic lipases release 

free fatty acids from triacylglycerols and produce monoacylglycerols. Proteases hydrolyze proteins 

into peptides and amino acids. In addition to the enzymatic digestion, nanostructures may 

experience aggregation due to the changes in pH and ionic strength (Martins et al., 2015). 

  

2.3.2. Transit time in GI tract 

In oral administration of encapsulated bioactive compounds, the majority of particle carriers 

associate with chyme and transit directly through GI tract and then fecal elimination. However, 2-

6 hours transit time in small intestine might be inadequate for some particles to release their 

encapsulated compounds. The low release of bioactive compounds leads to poor absorption and 

low bioavailability. To overcome the negative effect of the short transit time, many studies focused 

on improving particles association to mucus. This phenomenon, known as mucoadhesion, 

increases the ability of the particles to adhere to the mucus layer. Mucoadhesion slows the particle 

transit and prolongs particle residence time to the time scale of mucus renewal; as a result, the 

concentration of released compounds and their absorption increases. Coating nanoparticles with 

bioadhesive materials can improve the mucoadhesion property of the carrier system (Mikos et al., 

1991; Lai et al., 2009b; Smart, 2005).  

 

2.3.3. Mucus barrier 

Mucus is a semipermeable barrier, providing protection over a broad surface of living cells in the 

epithelia. Mucus exchanges nutrients, water, gases, odorants and hormones, but hinders most 
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bacteria and pathogens from entry into the body. Mucus contains mainly water (>95%) and mucins 

(Cone, 2009). Mucus viscoelasticity, an important factor in delivery of drugs through mucus, is 

influenced by pH, mucin to water ratio, and varying lipid and ion contents (Lai et al., 2009b). 

Mucus layer protects the GI epithelium against hydrochloric acid, proteases, exogenous pathogens 

and toxins (Cone, 2009). Additionally, mucus facilitates the passage of chyme (partially digested 

food) through GI tract by lubricating the GI epithelium (Boegh and Nielsen, 2015).  

Although mucoadhesion is a promising approach to increase the bioavailability of bioactive 

compounds, the transit time of these systems is determined by the physiological turnover time of 

the mucus layers. Since the intestinal mucus turnover time is between 50 and 270 minutes, 

mucoadhesive nanoparticles are not expected to adhere for more than 4-5 hours (Galindo-

Rodriguez et al., 2005; Lai et al., 2009a). As a result, although mucoadhesion systems are relatively 

effective approaches in increasing particle residence time and release, the penetration of the 

particles through the mucus layers and reach to epithelia cells are limited. 

Using mucus-penetrating nanoparticles is a relatively new strategy to overcome the mucus barrier. 

To penetrate through mucus layer, nanoparticles must be small enough to avoid steric hindrance 

by the dense fiber mesh and they should not adhere to mucin fibers (Cone, 2009; Lai et al., 2009a). 

Lai et al. (2007) revealed that 500-nm particles, if coated with a muco-inert polymer, can quickly 

traverse the mucus layer with diffusivity as much as 4-fold reduction compared to their rates in 

pure water. The particles were actually synthesized by mimicking the surface properties of viruses 

which allow them to avoid mucoadhesion. The viruses are densely coated with both positively and 

negatively charged functional groups, leading to a densely charged yet net neutral surface (Lai et 

al., 2007; Lai et al., 2009a). Comparison between conventional mucoadhesive particles and mucus-

penetrating particles showed that penetrating particles readily penetrate the luminal mucus layer 

(LML) and enter the underlying adherent mucus layer (AML) while mucoadhesive particles are 

largely immobilized in the LML(Lai et al., 2009a) (Figure 2.4). 
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Figure 2.4. Summary schematic illustrating the fate of mucus-penetrating particles and 

conventional mucoadhesive particles administered to a mucosal surface (Reprinted from Lai et al., 

2009a with permission) 

 

2.3.4. Transport across intestinal epithelial cells 

Intestinal mucosa includes several layers: a thin layer of smooth muscle cells (muscularis 

mucosae), connective tissue (lamina propria) and the epithelium (Shen, 2009). Encapsulated 

compounds have to cross the epithelium to reach the capillary network in the lamina propria and 

then enter the circulation system. The epithelium is a cell monolayer covered by mucus and located 

into crypts and villi with microvilli. The tight junctions between the epithelial cells are responsible 

for the tightness of the epithelium. The absorptive enterocytes is the major cell type in the 

epithelium; goblet cells, the second abundant epithelial cell type, secrete the mucus (Shen, 2009). 

Due to the absence of goblet cells in the stomach, stomach mucus is secreted by mucous cells. 

Less abundant cell types of the small intestine include Paneth cells, enteroendocrine cells and 

phagocytotic M cells (Boegh and Nielsen, 2015). 
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Since macro- and microparticles are too large to pass through epithelium, these structures must 

release their encapsulated bioactive compounds in the GI tract. However, nanoparticles can be 

taken up and traverse the intestinal barrier (Martins et al., 2015). 

A macromolecule or a nanoparticle can theoretically cross the intestinal epithelium through 

paracellular and/or transcellular routes. Transport by paracellular route is mainly passive infusion 

across tight junctions, whereas transcellular pathway includes passive diffusion and active 

endocytosis transport mechanisms. Endocytosis pathways include clathrin–mediated endocytosis, 

caveolae-mediated endocytosis, macropinocytosis, and clathrin-, caveolin-independent 

endocytosis (Figure 2.5) (Sahay et al., 2010; Wang et al., 2015). 

 

 

Figure 2.5. Intracellular nanocarrier trafficking following macropinocytosis, clathrin-mediated 

endocytosis and caveolae-mediated endocytosis (Reprinted from Hillaireau and Couvreur, 2009 

with permission) 
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Clathrin–mediated endocytosis is the “classical route” of cellular entry, which is present and 

inherently active in all mammalian cells. It is the main uptake route for essential nutrients such as 

cholesterol and iron which are carried into cells through low density lipoprotein (LDL) and 

transferrin receptors, respectively. Caveolae-mediated endocytosis is primarily due to caveolin 

protein. The ability of caveolin to oligomerize due to their oligomerization domains is necessary 

for formation of caveolar endocytic vesicles (Sahay et al., 2010).  

Macropinocytosis is an uptake route initiated by transient activation of receptor tyrosine kinases 

by growth factors. The receptor activation mediates a signaling cascade that leads to changes in 

the actin cytoskeleton and triggers membrane ruffles formation. Clathrin- and caveolae-

independent pathways are four major processes of pinocytosis involving different types of 

receptor–ligand interactions: Arf6-dependent, flotillin-dependent, Cdc42-dependent and RhoA-

dependent (Wang et al., 2015; Mao et al., 2013).  

 

2.4. Chaperone like activity of proteins 

Although protein aggregation is desirable and necessary for many applications, it should be 

prevented in some cases. Canola contains two major proteins with two distinct properties; while 

cruciferin aggregates could be used for development of delivery systems, napin, might show an 

anti-aggregation activity due to its thermal-resistance property (Wu and Muir, 2008).  

   

2.4.1.  Protein aggregation  

Newly synthesized proteins have to form a three-dimensional conformation consisting of proper 

interactions and folding to ensure protein techno- and bio-functionality (Hartl et al., 2011). Protein 

denaturation, due to changes in environmental condition, results in unfolded polypeptide chains. 

These unfolded structures may adopt different conformations through numerous possible 

interactions between interactive residues (Bukau et al., 2006; Hartl et al., 2011). However, only 

the proper native interactions lead to a functional conformation. Therefore, non-native interaction 

might cause protein misfolding, leading to soluble oligomeric structures, amorphous aggregates 

and amyloid fibrils. The soluble aggregates induce oxidative stress and deposition of fibrillar 

aggregates in neuronal cells which are reported as the major risk factor in amyloid-related diseases 

(Ghadami et al., 2011; Morshedi et al., 2010). Therefore, a protective mechanism is required to 
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shield the residues from environmental conditions and prevent non-native interactions (Liberek et 

al., 2008).  

Food proteins experience denaturation and aggregation during food processing and storage. These 

changes may result in improved or impaired functional properties (Bartlett and Radford, 2009). 

For example, protein aggregation is essential for gelation, thickening and stabilizing emulsions 

and foams. However, aggregation causes undesirable texture and sensory attributes by forming 

large particles and precipitates in protein-rich products (Nicolai and Durand, 2013). 

  

2.4.2. Molecular chaperones 

Molecular chaperones assist in folding or refolding of the unfolded polypeptides by minimizing 

the mis-matched interactions (Liberek et al., 2008). According to Liberek et al. (2008) and Ellis 

(2006), chaperones are a diverse group of proteins that share the functional property of assisting 

the non-covalent folding/unfolding and the assembly/disassembly of other macromolecular 

structures, but are not permanent components of these structures when they are performing their 

normal biological functions(Liberek et al., 2008; Ellis, 2006). Since chaperones act under stress 

conditions to help unfolded chains re-acquire their functional conformation, they are also known 

as heat-shock proteins (Hsps) (Hartl et al., 2011). 

 

2.4.3. Food proteins with chaperone-like activity 

Among food proteins, caseins have been reported to act like a chaperone (Chen and Subirade, 

2005; Lodhia et al., 2010; McClements, 2013; He et al., 2011; Koudelka et al., 2009a; Morgan et 

al., 2005). Phosphorylation of serine residues in αs- and β-caseins brings negative charges in 

proximity to high proportion of hydrophobic residues that provide an amphiphilic nature for the 

casein monomers. Hydrophobic interactions, proposed as the driving force for the self-assembly 

of caseins, are considered as the first interaction between chaperones and their target chains 

(Tanaka et al., 2008). Additionally, phosphate groups impart negative charges to the protein, in 

which, repulsive forces and the bulky nature of the phosphate groups hinder the chain folding and 

induce a flexible and dynamic conformation with low secondary structure in casein. A high 

proportion of proline residues also provide an open structure with more flexibility for β-casein due 

to bending of polypeptide chain (Yong and Forgeding, 2010). Therefore, both amphiphilicity and 

flexibility, two important elements of chaperone activity, is lost upon dephosphorylation 
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(Koudelka et al., 2009b). In brief, hydrophobic interaction between exposed hydrophobic regions 

of casein and partially unfolded chains are proposed to facilitate binding of caseins to the target 

proteins while repulsive electrostatic interactions, due to phosphorylated serine residues, maintain 

the flexibility of partially folded chain to find the proper conformation (Koudelka et al., 2009b; 

Treweek et al., 2011). A proposed model for chaperone activity of casein under heat-stress is 

shown in Figure 2.6. This model explains the chaperone function of αs-casein towards a target 

protein (N). Fast and reversible unfolding pathway results in folded intermediates (I1 and I2) which 

are transiently present. However, the intermediately folded states on the slower off-folding 

pathway are present for a longer time. The more disordered states (I2) are highly dynamic and 

possess more exposed hydrophobic regions, therefore, aggregate along the off-folding pathway 

leading to precipitation. The natively unfolded subunits of αS-casein are shown by spheres (dark 

and light grey for αS1- and αS2-casein, respectively). αs-Casein interacts with highly disordered 

intermediates (I2) to form a high molecular weight (HMW) complex which prevents further 

aggregation and precipitation of the target protein.  

 

 

Figure 2.6. Schematic illustration of the chaperone function of αs-casein towards a target protein 

(Reprinted from Treweek et al., 2011 with permission) 
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In addition to caseins, other food proteins were also investigated for their chaperone activity. 

Heme-containing proteins, such as hemoglobin and some enzymes (e.g. peroxidase and catalase), 

are proposed to prevent amyloid formation and aggregation. Khodarahmi et al. (2009) studied 

chaperone–like activity of heme group against amyloid fibril formation in heated egg ovalbumin. 

They suggested that a combination of hydrophobic and heme iron-histidine interactions are 

effective in anti-aggregatory property of heme (Khodarahmi et al., 2009). Peptide fragments were 

also reported to possess the ability to bind to partly unfolded proteins and prevent irreversible 

aggregation. Evidence provided by Artemova et al. (2010) demonstrated that some opioid peptides 

derived from wheat gluten, spinach, and bovine hemoglobin are able to assist endogenous defense 

mechanisms through refolding of stressed proteins and preventing aggregation. Opioid peptides 

are characterized by the presence of Tyr-Pro in their primary structures, which showed a positive 

correlation with their binding potential to exposed groups of unfolded chains. 

 

2.4.4. Comparison of casein and heat-shock proteins  

In order to understand the common features of molecular chaperones, some specifications of α-

crystalline, a small Hsp in eye lens reported as molecular chaperone, are considered: (i) monomer 

molecular weight of 12-43 kDa, (ii) tendency to form oligomeric complex, (iii) chaperone activity 

under stress conditions, and (iv) a specific sequence in the functional domain of primary structure 

(Yong and Forgeding, 2010). In comparison with crystalline, the molecular weight of casein 

proteins is in the same range as small Hsps (Koudelka et al., 2009b). Monomers of caseins (β-

casein and αs-caseins) are amphiphilic, dynamic and able to form homo-oligomeric micelles 

(Koudelka et al., 2009b; Yong and Forgeding, 2010). Further investigations by Treweek et al. 

(2011) revealed that caseins, similar to small Hsps, have a relatively globular hydrophobic domain 

and clustered phosphoserine residues in polar domains (Treweek et al., 2011). 

Although the significance of chaperones in preventing protein aggregation including amyloid fibril 

formation has been extensively documented in biological field, there is limited research on the 

potential effect of chaperone-like molecules on food protein functionality and food quality. 

Therefore, the potential application of chaperone-like molecules in the food products where 

aggregation and fibril formation are undesired such as protein-fortified beverages is at infancy. 
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2.4.5.  Conclusions 

Cruciferin and napin, two major canola proteins, possess distinct characteristics; cruciferin is 

resistant to gastric digestion and has excellent functional properties, and napin is an extremely 

thermal-resistant protein with an amphiphilic property. Therefore, cruciferin and napin have 

potential for encapsulation of bioactive compounds and chaperone-like activity, respectively. Our 

study on the potential applications not only could introduce new food-besed materials as a carrier 

and a chaperone-like molecule, but also might suggest new value-added products from canola 

proteins.  
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CHAPTER 3- An integrated method of isolating napin and cruciferin from 

defatted canola meal 
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3.1. Introduction 

With an annual production of 70 million metric tonnes, canola/rapeseed now ranks as the second 

most abundant oilseed in the world (USDA, 2013). As a farm-gate crop in Canada, its annual 

production is predicted to exceed 15 million tonnes by 2015 (Canola Council of Canada, 2007). 

After oil extraction, canola meal contains 35-40% protein while is used mainly as an animal feed 

or as a fertilizer (Wu et al., 2009). Canola proteins contain a well-balanced amino acid 

composition, especially a high content of lysine (6.0%) and sulfur-containing amino acids (3-4%), 

and a  high protein efficiency ratio (2.64) compared to soy protein (2.19), making them favorable 

for human consumption (Wu and Muir, 2008; Tan et al., 2011). The emulsification capacity of 

canola protein isolates is comparable with egg proteins (Yoshie-Stark et al., 2008); for instance, 

canola protein and its hydrolysates were used as substitutions of egg yolk in mayonnaise 

preparation (Aluko and McIntosh, 2005). The functional properties of canola proteins can be 

further improved by enzymatic hydrolysis, succinylation, acylation, or adding hydrocolloids 

(Aider and Barbana, 2011). Recently, canola protein-derived bioactive peptides were also reported 

(Wu and Muir, 2008; Wu et al., 2009; Yoshie-Stark et al., 2008; Marczak et al., 2003; Yamada et 

al., 2010). 

Canola contains two major proteins, cruciferin (12S globulin) and napin (2S albumin), accounting 

for 65 and 25% of total canola proteins, respectively. Cruciferin, with an isoelectric point (pI) of 

around 7.2, is composed of six subunits, each subunit containing one acidic 30 kDa α-chain and 

one basic 20 kDa β-chain which are linked by a disulfide bond (Wanasundara, 2011); the molecular 

weight of cruciferin was reported to range from 230 to 300 kDa (Wu and Muir, 2008). Napin, a 

strongly basic protein (isoelectric point around 11), is composed of a 4.5 kDa (40 amino acids) 

chain and a 9.5 kDa (90 amino acids) chain with a molecular mass of approximately 12-14.5 kDa. 

The polypeptide chains in napin are stabilized by two inter-chain disulfide bonds and two intra-

chain disulfide bridges, formed by eight cysteine residues. These two major proteins (cruciferin 

and napin) have very unique functional properties due to their structural differences. While 

cruciferin has emulsifying, gelling and binding properties and is suitable for uses in meat 

substitutes, sauces, and baked goods, napin has good foaming property for uses in confectionary, 

beverages, and aerated desserts (Aider and Barbana, 2011; Wanasundara, 2011). In addition to the 

food applications, there is an increasing attention for their non-food uses such as industrial bio-
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adhesives, bio-foams and bio-plastics (Wanasundara, 2011). It is desirable to develop an 

environmentally friendly method to extract canola protein. Due to the presence of a wide range of 

molecular weights (13-320 kDa) and isoelectric points (pH 4-11), as well as the presence of various 

undesirable compounds such as glucosinolates, phenols, and phytic acid, extraction of canola 

proteins remains a challenge (Xu and Diosady, 2000; Wu and Muir, 2008; Tan et al., 2011). The 

objectives of the study were to determine the effects of different treatments on removing 

antinutritional compounds and to develop a simple and scalable method to extract and isolate two 

major canola proteins, cruciferin and napin. 

   

3.2. Materials and Methods 

3.2.1.  Materials 

Hexane-defatted, air-dried commercial canola meal, obtained from Richardson Oilseed Company 

(Lethbridge, AB, Canada) was ground, passed through a 0.5-mm screen and stored at -20 °C for 

further use. Folin-Ciocalteu’s phenol reagent, sinapic acid, 2, 2-bipyridyl, thioglycollic acid, 

sodium phytate, SDS (sodium dodecyl sulfate) and pyronin Y were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). Ready-to-use mini-protean gels (4-20% gradient gels), and protein standard 

markers were obtained from Bio-Rad (Bio-Rad Laboratories Inc., Hercules, CA, USA). 

3.2.2.  Effect of various parameters on protein extraction 

Effects of various parameters, such as pHs ranging from 8 to 12.5 at increment of 0.5 unit, time of 

extraction (1 and 2 h), meal:solvent ratio (1:10 and 1:20, g:mL), NaCl concentrations (0.03, 

0.0625, 0.125, 0.25, 0.5, and 1M), SDS concentrations (0.1, 0.5, 1, and 2%), and sodium sulfite 

concentrations (0.1, 0.25, 0.5, and 1%) on protein extraction were evaluated. For the first step, 1 g 

of defatted canola meal was mixed with 10 mL of NaOH solution at different basic pH values, and 

the mixture was agitated on a Forma orbital shaker (Model 416, Thermo Electron Corporation, 

Ohio, USA) at 300 rpm for one hour at room temperature (during agitation the pH decreased about 

0.3-0.4 unit). The slurry was centrifuged (Beckman-Coulter, Brea, CA, USA) at 15000 ×g and 5°C 

for 20 min, and the supernatant was filtered through Whatman No 1 filter papers. The filtrate was 

freeze-dried, and protein purity and yield were determined. The pH with the highest protein content 

and yield was selected for the study of other parameters such as shaking time, meal:solvent ratio 

and the various concentrations of different chemicals.  
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Figure 3.1. Proposed flowchart of canola protein extraction 
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3.2.3.  Effect of acidic washing (different acidic pH values) 

In the second experiment, the effect of acidic washing before alkaline extraction was evaluated. 1 

g of defatted canola meal was mixed with 10 mL of HCl solutions at different pH values between 

2.5 and 5 at increments of 0.5 unit and the mixture was agitated on the orbital shaker at 300 rpm 

for two hours at room temperature. The slurry was centrifuged at 15000 ×g and 5°C for 20 min, 

and the supernatant was filtrated through Whatman No 1 filter paper. The filtrate was freeze-dried. 

Residue was used for alkaline extraction at the condition established above. Protein purity and 

yield of the products were determined. 

3.2.4.  Effect of precipitation pHs on product purity and yield 

After acidic washing (at pH 4) and alkaline extraction (at pH 12.5, agitation time 1h, and meal: 

solvent ratio 1:10), the filtrated extract was adjusted gradually (in 15 min) to pH values 4 and 4.5 

with 0.1M HCl solution, and the resultant slurry was centrifuged (at 15000 ×g and 5°C for 20 min). 

The precipitates were washed (three times with 150 ml acidified water-pH 4) to remove remaining 

salts, then centrifuged (at 15000 ×g and 5°C for 20 min), and the washed precipitates were freeze-

dried as isolate. Figure 3.1 shows a schematic representation of protein extraction. 

3.2.5.  Membrane separation of napin 

The two napin-containing extracts obtained after acidic washing and precipitation were combined, 

adjusted to pH 4, and then subjected to an ultrafiltration system (Millipore, Bedford, MA, US). 

The spiral-wound membrane had a nominal molecular weight cut-off of 10 kDa and a membrane 

area of 0.2 m2. Two concentration factors (CF), 10 and 20, and two diavolumes (DV), 5 and 10, 

were used in the ultrafiltration and diafiltration operations, respectively. The resultant retentate 

containing napin was freeze dried. 

3.2.6.  Chemical analysis  

The nitrogen content of canola meal and protein extracts was determined by TruSpec CN 

carbon/nitrogen determinator (Leco Corp., St. Joseph, MI) and then converted to protein content 

using protein factor (N × 6.25). Protein yield was calculated using the following formula:  

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑊𝑝 × 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(𝑔/100𝑔, 𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠)

𝑊𝑚 × 𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑚𝑒𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(𝑔/100𝑔, 𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠)
× 100 

Where, Wp = Weight of freeze-dried product; Wm = Weight of starting meal.  
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The amount of non-digestible fiber (NDF), ash, and moisture were measured by the AOAC 

methods (AOAC, 2000). Oil content was estimated by Goldfish extraction unit using diethyl ether. 

Total phenolic acid content was determined using the method developed by Xu and Diosady 

(1997). The method described by Haug and Lantzsch (1983) with some modifications was used 

for measuring phytic acid content in samples. Phytic acid was extracted by shaking 1 gram sample 

for 1 h in the presence of 80 ml 3% trichloroacetic acid (TCA). After extraction, the suspension 

was centrifuged (4000 ×g, 22°C, and 15 min) and the supernatant was collected. The supernatant 

(1 ml) was mixed with 19 ml of 0.02% ferric ammonium sulfate solution in 3% TCA and boiled 

for 30 min. After cooling and centrifuging, 2 ml of the supernatant was treated with 3 ml 

bipyridine-thioglycollic acid reagent and the absorbance was read at 519 nm. The concentration of 

phytic acid was calculated from a similarly prepared standard curve.  

3.2.7.  SDS-PAGE of proteins 

SDS-PAGE was carried out as described by Uruakpa and Arntfield (2006). Gel electrophoresis of 

reduced and non-reduced canola protein samples were run on Mini-Protean gels (4-20% gradient 

gels). The loaded amount of proteins was 25 μg for napin sample and 90 μg for canola meal and 

cruciferin samples.  

3.2.8.  Functional properties 

The emulsifying property of cruciferin and napin products was determined according to the method 

of Aluko and McIntosh (2001). Cruciferin was solubilized at pH 12 at a concentration of 2% and 

then the pH of the solution was adjusted to 7.5. The cruciferin solution was further diluted to 1% 

using 0.01M sodium phosphate buffer (pH 7.0). However, napin solution (1%) was directly 

prepared in the buffer. A mixture containing 5 mL protein solution and 1 mL pure commercial 

canola oil was homogenised at 24000 rpm for 1 min using an Ultra-turrax T25 homogenizer (IKA-

Works, Inc., Cincinnati, OH) equipped with a 108 mm × 8 mm generator. The mean oil droplet 

size (d3,2) and specific surface area (m2/mL) of the emulsions were determined using a Mastersizer 

2000S Particle Size Analyzer (Malvern Instruments Ltd., Malvern, U.K.) at 0 min and after 30 min 

standing at room temperature. The stability of emulsion was calculated by the ratio of the specific 

surface area between the time 0 and 30 min standing. To determine the emulsifying activity index 

(EAI), a 50 µL emulsion sample was immediately diluted with 7.5 mL of the buffer containing 
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0.1% SDS, and the absorbance of the mixture was measured at 500 nm (Karaca et al., 2011). EAI 

was calculated using the following equation: 

𝐸𝐴𝐼 (𝑚2

𝑔 ⁄ ) =
2 × 2.303 × 𝐴 × 𝑁

𝐶 × 𝜑 × 10000
 

Where A is the absorbance of the diluted emulsion immediately after homogenization, N is the 

dilution factor (×150), C is protein concentration (g/mL) and φ is the oil volume fraction of the 

emulsion. 

The foaming capacity and stability of cruciferin and napin were determined at a concentration of 

1.5% in 0.01M sodium phosphate buffer (pH 7.0) according to Chabanon et al. (2007). A 20 mL 

above solution was homogenised in 50 mL tubes at 18000 rpm for 5 min using the homogenizer. 

The volume of formed foam was recorded immediately after homogenisation and after 30, 60 and 

120 min standing at room temperature. The foaming capacity was calculated as the ratio of the 

volume of formed foam and the initial volume of the protein solution and expressed as percentage. 

The foaming stability was expressed as the percentage of foam remaining after 30, 60 and 120 min 

at room temperature (Chabanon et al., 2007).  

3.2.9.  Statistical analysis  

Experiments were carried out in triplicates and results were statistically analyzed using ANOVA. 

The multiple range test of Duncan (p < 0.05) (version 9.2, SAS Institute Inc., Cary, NC, USA) was 

used for comparing the results means. 

 

3.3. Results and Discussion 

3.3.1.  Effect of various parameters on protein extraction 

 Proximate analysis showed taht defatted canola meal contained 10.8% moisture, 40.6% protein, 

2.1% oil, 6.6% ash, 21.7% total fiber, 1.7% total phenolic compounds, and 2.8% phytic acid. 

Effects of pH, time, meal:solvent ratio, and different chemicals on protein extraction were 

performed. As shown in Figure 3.2a, the protein content of the extracts increased gradually from 

38 to 56.4%, at increasing pH from 8 to 12.5. A similar trend existed for protein yield; however a 

dramatic increase was seen from pH 11.5 to 12.5. Therefore, pH 12.5 was selected for future study. 

While increasing agitation time did not affect protein extraction, a lower meal: solvent ratio 

decreased protein content but increased protein yield (Figure 3.2b). Since salt-soluble globulin 

proteins account for approximately 70% of total canola proteins (Tan et al., 2011), effect of NaCl 
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addition on protein extraction was also studied. Increase of salt concentration (from 0 to 2 M) 

decreased both protein content (56±1.1 to 13.6±0.6%) and yield (56.1±0.3 to 36.6±1.0%) 

(Supplementary Figure 3.1); this could be due to the salting out effect of added NaCl. Although 

globulin proteins are soluble in both salt and strong alkaline solutions (Tan et al., 2011), adding 

salt to high-pH solutions could have a salting out effect on the extracted proteins. Deak et al. (2006) 

also showed that the solubility of glycinin, 11S globulin soy protein, decreased at increasing salt 

concentration. Cruciferin, 12S globulin protein, is the main portion of canola protein extracted at 

pH 12.5; as a result, increasing salt concentration decreased the protein solubility and yield. 

 

 

Figure 3.2. Effect of pH (a), shaking time and meal: solvent ratio (b) on protein extraction from 

canola meal. In part a: protein content (■) and yield (▲); in part b: protein content (gray) and yield 

(patterned). Columns with different lowercase letters are significantly (p<0.05) different. Error 

bars represent standard deviations, n=3. 

 

SDS (sodium dodecyl sulfate), an anionic detergent, has ability to dissociate proteins hydrophobic 

bonds and as a result, solubilizes proteins through forming protein detergent complex. The protein 

content of our extracts decreased from 55.8±0.1 to 47±0.2% at increasing SDS concentrations from 

0 to 2% (Supplementary Figure 3.2). This might be due to the binding ability of SDS to non-

protein compounds which increased non-protein impurities. However, protein solubility was also 
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increased in the presence of SDS and as a result, more proteins were extracted and protein yield 

was increased from 56.1±0.6% to 73.3±2.1%. As a reducing agent, sodium sulfite might increase 

the solubility of canola proteins due to their less-compact structure after reduction. Our results 

showed that both protein content and yield decreased from 56±0.4 to 42.8±0.5% and 56.1±0.7 to 

48.3±0.3%, respectively at increasing sodium sulfite concentrations from 0 to 1% (Supplementary 

Figure 3.3), which was in agreement with the results of Blaicher et al. (1983). Therefore, the 

optimal conditions for protein extraction from canola meal were determined at pH 12.5, 1 hour 

mixing time and meal: solvent ratio of 1:10.  

 

3.3.2.  Effect of acidic washing on protein extraction 

The main purpose of acid washing prior to alkali extraction is to remove phenolic compounds and 

phytic acid from canola meal (Serraino and Thompson, 1984; Zhou et al., 1990). Phenolic 

compounds contribute to dark colour and unpleasant taste such as bitterness while phytic acid can 

bind with metal ions and make them unavailable for human body. Canola meal was first acid 

washed followed by alkaline extraction, resulting in an acidic extract (product I), alkaline extract 

(product II) and meal residue (product III) as shown in Figure 3.1. Figure 3.3a shows that the 

content of phytic acid in product І increased from 1.5% at pH 2.5 to 3% at pH 4.5 but decreased 

to 2.5% at pH 5. As expected, the content of phytic acid in the product ІІ was decreased from 2.5% 

at pH 3 to 1.25% at pH 5. The phytic acid content in product ΙΙΙ was almost constant around 0.5%. 

Acid washing at pH 2.5 removed 28% of total phytic acid compared to 47% at pH 4.5. Zhou, He, 

Yu, and Mukherjee (1990) reported that acidic washing at pH 4-5 could remove 50% of phytate. 

Gillberg and Tornell (1976) reported that pH could play a key role in removing phytic acid from 

the meal. However, the influence of pH on extractability of phytic acid is complicated. In an acidic 

medium, as both proteins and metal ions are positively charged, there is a competition between 

proteins and metal ions to form phytate complexes. At intermediate pH values (from 5 to 9), a 

ternary phytic acid-cation-protein complex is formed, leading to increased extractability of both 

protein and phytic acid (Tzeng et al., 1990); adding chelating agents however can remove metal 

ions, disrupt the complex, and therefore prevent the formation of the protein-phytate complex 

(Serraino and Thompson, 1984). At increasing pHs (from 10 to 12), since the number of positive 

charges in protein molecules decreases substantially, protein-phytic acid complexes become 

instable and the solubility of phytic acid decreases (Gillberg and Tornell, 1976). Therefore, 
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removing phytic acid in the acidic washing prevented the formation of protein-phytic acid 

complexes in the following alkaline extraction. 

 

 

Figure 3.3. Effect of pH in acidic washing on phytic acid content (a) and phenolic compounds 

content (b) of different products (product I (■), product II (▲), product III (○)), and the protein 

content (product I (■) and product II (□)) and protein yield (product I (▲) and product II (∆)) of 

the products(c). Error bars represent standard deviations, n=3. 

 

Our results showed that the phenolic acid contents of the acidic extracts, alkaline extracts, and 

residuals were not affected by pHs from 2.5 to 4.0 (Figure 3.3b). During the acidic washing, 33- 

40% of total phenolic compounds were removed from the meal before protein extraction. As the 

amount of phenolic compounds removed by the acidic washing was not affected by changing pH, 
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the acidic washing just removed free phenolic compounds. Xu and Diosady (2000) suggested that 

phenolics in canola meal are mainly present in free forms and also phenolic-protein complexes 

formed through hydrogen, covalent and ionic bonding, and hydrophobic interactions. Since the 

high pH used in the following alkaline extraction enhances dark colour of the protein extract by 

increasing electrostatic interactions between positively charged sinapine and negatively charged 

proteins (Xu and Diosady, 2000), removing the free phenolics in the acidic washing could improve 

the quality of the final protein extract.   

Due to the different isoelectric points of these two major proteins, acid washing could solubilize 

napin but keep cruciferin insoluble in the residue (Aluko and McIntosh, 2001; Wanasundara, 

2011). As shown in Figure 3.3c, the protein content and yield of product Ι were almost constant 

from pH 2.5 to 4 but increased at pHs 4.5 and 5. SDS-PAGE of products I at different pHs were 

shown in Figure 3.4. Two major bands with estimated molecular weights of 10 and 15 kDa, 

representing napin polypeptides, were observed in the extracts of pHs 2.5 to 4. At increasing pH 

to 4.5 and 5, the intensity of 20, 25, 30 and 50 kDa bands, showing cruciferin subunits, remarkably 

increased. The increased protein content and yield of product I at these pHs were due to the 

presence of cruciferin protein in the extracts of pH 4.5 and 5 (Figure 3.3c).  

 

Figure 3.4.  SDS-PAGE of products I extracted at different pHs 
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The protein content of product ΙI after acid washing increased at increasing pHs from 2.5 to 5; 

similar trend existed for the yield but started to decrease from pH 4 to 5 (Figure 3.3c). Considering 

phytic acid and phenolic compounds removal, as well as cruciferin extractability and yield, pH 4 

was determined for acid washing prior to alkaline extraction. Using this pH, in addition to 

removing phenolic compounds and phytic acid, cruciferin was separated from extracted napin in 

the acidic washing.  

 

3.3.3.  Preparation of cruciferin and napin  

Based on above results, an approach including acid precipitation was proposed for cruciferin 

extract (product V). Acid precipitation at pH 4.0 showed higher protein content (91%) and yield 

(38.6%) than those of pH 4.5 (85.7 and 35%, respectively). Using alkaline extraction of 

commercial canola meal followed by acid precipitation, canola protein extracts were reported to 

contain 82.6 and 83.5% protein contents and yields of 22 and 18% by Tzeng et al. (1990) and Tan 

et al. (2011), respectively. Our results are favourably comparable to previous results. Resultant 

supernatant after centrifuging the precipitated cruciferin (product IV) and product I both contained 

napin. Products I and IV were combined and subjected to membrane processing to prepare napin 

product (Figure 3.1). Concentration factor (CF) and diavolume (DV) are two factors affecting the 

concentration of compounds in retentate and permeate in ultrafiltration and diafiltration, 

respectively. CF is defined as the degree of increasing the concentration of components in a 

membrane operation whereas DV is total buffer volume introduced to the operation during 

diafiltration divided by the initial retentate volume. The results indicated that using higher CF is 

more effective to increase protein content and yield than higher DV (Table 3.1). CF=20 and 

DV=10 were used in the membrane processing to prepare napin product (product VI) with a protein 

content of 82% and a yield of 12.5%. Proximate analysis of cruciferin and napin products and 

residue (products V, VI and III, respectively) were shown in Table 3.2. In summary, more than 

51% of total canola meal protein was recovered in the two products of cruciferin and napin. This 

showed a remarkable increase in protein extractability compared to the previously reported protein 

yields of 33 and 27%, obtained using an alkaline extraction and Osborn method, respectively 

(Tzeng et al., 1990; Tan et al., 2011). In addition to its high protein recovery, another advantage 

of the proposed method is the removal of as high as 90 and 82% of initial phytic acid and phenolic 
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compounds, respectively; phytic acid and phenolic compounds are known to impair protein 

digestibility and functionalities. 

  

Table 3.1. Effect of different concentration factors (CF) and diavolume (DV) on purification of 

products I and IV (mean ± standard deviations, n=3). Values with different lowercase letters in the 

same row are significantly (p<0.05) different. 
 CF=10, DV=5 CF=20, DV=5 CF=20, DV=10 

Protein content (%) 68.5±1.1b 78.6±2.0a 81.9±1.2a 

Protein yield (%) 13.5±0.6b 15.7±0.8a 12.4±0.4b 

 

 

 

Table 3.2. Proximate analysis of napin and cruciferin products and meal residue (mean ± standard 

deviations, n=3). 
 Protein Phytic acid 

content %  

Phenolic 

Content %   

Ash  

content % 

Fiber 

content % 

Fat 

content % content %  yield % 

Napin product 81.9±1.2 12.4±0.4 0.9±0.2 0.6±0.3 7.8±0.9 0.10±0.05 0.5±0.1 

Cruciferin product 91.2±2.0 38.6±1.1 1.5±0.3 1.8±0.2 2.7±0.1 0.10±0.04 1.0±0.1 

Meal residue 35.7±3.0 38.7±2.2 0.5±0.2 1.1±0.3 9.5±0.8 52.3±1.9 1.5±0.2 

 

3.3.4.  SDS-PAGE analysis of canola proteins 

SDS-PAGE of canola meal, cruciferin and napin fractions in the presence and absence of 2-

mercaptoethanol (ME) were shown in Figure 3.5. There are five major bands with estimated 

molecular weights of 15, 18, 27, 30 and 50 kDa in canola meal (lane 2, in the absence of ME); 

similar four major bands of 16, 18, 30 and 53 kDa in canola meal by Aluko and McIntosh (2001). 

Wu and Muir (2008) reported eight major bands with molecular weights ranging from 14 to 59 

kDa. The characteristic bands for cruciferin are in the range of ~18-50 kDa, while for napin ranging 

from 5 to ~15 kDa. In the presence of reducing agent (lane 3), the band at 50 kDa was dissociated 

and a new band at ~20 kDa appeared and the intensity of ~27 and 30 kDa bands increased. Similar 

results were reported by Aluko and McIntosh (2001). Wanasundara (2011) showed that cruciferin 

in reducing conditions is dissociated to α-polypeptides and β-polypeptides chains with molecular 

weights ranging from 26.7 to 37.1 kDa and 18.3-22.9 kDa, respectively. The band of 15 kDa (lane 
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2) was also dissociated to two bands at ~5 and 10 kDa (lane 3); similar results were reported by 

Wu and Muir (2008) and Wanasundara (2011). The polypeptide compositions of cruciferin 

products with and without ME were shown in lanes 4 and 5, respectively. The smeared bands in 

lane 4 revealed that cruciferin polypeptides were partially unfolded in the alkaline extraction and 

then aggregated on SDS-PAGE gel. Band smearing in SDS-PAGE was also previously reported 

for alkaline protein extraction from rapeseed (Rommi et al., 2015), triticale (Bandara et al., 2011) 

and corn (Cookman and Glatz, 2009). Adding ME (lane 5) improved the separation as also reported 

by Rommi et al. (2015). The polypeptides bands in lane 5 are similar to those in lane 3 (reduced 

canola meal), suggesting this extract is cruciferrin. The napin fraction showed a major band at ~15 

kDa (lane 6) and was dissociated into two bands at ~5 and 10 kDa in the presence of ME (lane 7). 

Berot et al. (2005) confirmed that napin, with a molecular weight of ~15 kDa, is composed of two 

polypeptides with molecular weights of ~10 and 5 kDa, and linked by four disulphide bonds. 

 

Figure 3.5. SDS-PAGE of canola meal (lanes 2 and 3), cruciferin (lanes 4 and 5) and napin 

products (lanes 6 and 7). Lanes 1 and 8: molecular weight markers, lanes 2, 4 and 6: in the absence 

of β-mercaptoethanol, while lanes 3, 5 and 7: in the presence of β-mercaptoethanol. 

 

3.3.5. Functional properties 

Emulsion prepared by cruciferin had a mean particle size of 1.4 (±0.05) µm and stability of 98.7%, 

which was close to our previous results showing mean droplet size and emulsion stability of 1.4 
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µm and 97.7%, respectively (Wu and Muir, 2008). In comparison, emulsion prepared by napin 

had a mean particle size of 8.9 (±0.07) µm and the aqueous and oil phases were separated after 5 

min standing at room temperature. Napin is a strongly basic protein; the low emulsifying property 

of napin might be due to the abundance of basic amino acids which are not favourable for 

hydrophobic groups of oil phase. Wu and Muir (2008) showed that napin had deteriorating effect 

on the emulsifying property of canola proteins.  EAI value of our cruciferin product (32.3 m2/g) 

was also comparable with that of calcium-precipitated (35.1 m2/g) and isoelectric-precipitated 

canola protein (15.0 m2/g) (Karaca et al., 2011) and was in the range of 22 - 41.8 m2/g for 

isoelectric-precipitated protein of different canola varieties (Aluko and McIntosh, 2001). As shown 

in Table 3.3, the foaming capacity and stability of cruciferin and napin products were better than 

the protein isolate extracted by Chabanon et al. (2007). The foaming capacity and foaming stability 

of napin were higher than those of cruciferin; Chabanon et al. (2007) reported similar results. The 

functional properties studies revealed that the properties of cruciferin and napin products were 

conserved in our developed method.  

 

Table 3.3. Foaming capacity* and stability** of cruciferin and napin products (mean ± standard 

deviations, n=3). 
Product Foaming capacity (%) Foaming stability (%) 

 30 min 60 min 120 min 

Cruciferin 97±11 84±4 77±4 69±5 

Napin 134 ±14 89±6 85±5 79±6 

*The foaming capacity was calculated as the ratio of formed foam volume to initial protein solution volume 

(expressed as percentage). **The foaming stability was expressed as the percentage of foam remaining after 

30, 60 and 120 min at room temperature. 

 
 

3.4. Conclusions 

Extraction of canola proteins has been a long-existing challenge due to the complexity of the 

canola proteins and the presence of various undesirable compounds. Therefore, removing 

undesirable compounds while obtaining canola proteins at satisfactory purity and yield are 

important considerations during canola protein extraction process. Unlike previous extraction 

methods, acidic washing was applied to remove phytic acid and phenolic compounds from the 

meal prior to protein extraction; the application of acidic washing increased the extractability of 

proteins in following alkaline extraction otherwise might form complexes with proteins at alkaline 
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pH during extraction. Since no organic solvent or toxic chemical was used, the method represents 

an environment friendly process. In addition to the favourable purity and yield of the cruciferin 

and napin, they showed good emulsifying and foaming properties. Canola proteins have unique 

functional and biological properties; the development of a simple and scalable method of isolation 

will facilitate our further research on their food and non-food applications.   
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3.6. Appendix A: Supplementary Information 

 

 

Supplementary Figure 3.1. Effect of NaCl concentration on canola protein extraction at pH 12.5 

 

 

 

 

Supplementary Figure 3.2. Effect of SDS concentration on canola protein extraction at pH 12.5 
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Supplementary Figure 3.3. Effect of sodium sulfite concentration on canola protein extraction at 

pH 12.5 
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CHAPTER 4-Cruciferin nanoparticles: preparation, characterization and 

their potential application in delivery of bioactive compounds 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

A version of this chapter has been published: Akbari, A. & Wu, J. (2016). Cruciferin nanoparticles: 

Preparation, characterization and their potential application in delivery of bioactive compounds. Food 

Hydrocolloids, 54, 107-118.  
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4.1. Introduction 

Canola including rapeseed, with an annual production of 70 million metric tonnes, now ranks as 

the second most abundant oilseed in the world (USDA, 2013). The meal after oil extraction 

contains 35-40% proteins; canola proteins are potential food proteins due to its well-balanced 

amino acid composition, high amount of lysine (6.0%) and sulfur-containing amino acids (3 to 

4%), and high protein efficiency ratio (2.64) (Tan et al., 2011; Wu and Muir, 2008). Furthermore, 

canola proteins were reported to show good emulsifying and gelling properties, or can be used as 

a precursor for bioactive peptides (Wu and Muir, 2008; Wu et al., 2009; Yamada et al., 2010; 

Yoshie-Stark et al., 2008). Canola contains two major proteins, cruciferin (12S globulin) and napin 

(2S albumin), accounting for 65% and 25% of total canola proteins, respectively. Cruciferin, with 

an isoelectric point (pI) of around 7.2 and a molecular weight of 300 kDa is composed of six 

subunits. Napin, a strongly basic protein (isoelectric point around 11), is composed of two subunits 

of 4.5 and 9.5 kDa (Wanasundara, 2011).  

Proteins showing good emulsifying and gelling properties might also be used in delivery system. 

Food proteins are generally recognized as safe (GRAS), biocompatible, and biodegradable natural 

polymers. In addition to their ability to interact with different drug or nutraceutical compounds via 

multiple functional groups, proteins have capacity to protect the compounds within their three-

dimension gel networks (Elzoghby et al., 2012). To the best of our knowledge, the potential use 

of canola proteins in delivery systems has not been explored. Most of food proteins form heat-set 

hydrogels where different compounds can be entrapped and slowly be released. However, heat-set 

gels may not be suitable for encapsulation of heat-sensitive compounds. An alternative method is 

protein cold gelation where protein solution is preheated and then a network of the soluble protein 

aggregates is formed using multivalent ions; the bioactive compounds are added before forming 

the network. This method was first explored with whey protein (Barbut and Foegeding, 1993) and 

then effects of different salts (Bryant and McClements, 2000), sucrose (Kulmyrzaev et al., 2000) 

and pH and ageing time on the gelation (Cavallieri and Da Cunha, 2008) were studied. This method 

was further applied to study other proteins such as β-lactoglobulin (Remondetto and Subirade, 

2003), soy protein (Maltais et al., 2005; Maltais et al., 2008), and bovine serum albumin (Kundu 

et al., 2013). Using this method, proteins can form gel individually or in combination with other 

polymers. This method has been used for preparing cold, gel-like soy protein emulsions (Tang and 

Liu, 2013) , delivery of probiotics using whey protein micro-beads (Doherty et al., 2011), forming 
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ion-induced whey protein aerated gel (Tomczynska-Mleko, 2013), and whey protein/alginate 

hydrogel microparticles for oral delivery of insulin (Deat-Laine et al., 2013).  

Due to resistance of cruciferin to gastric enzymes (Bos et al., 2007), it was hypothesized that 

cruciferin particles can protect bioactive compounds in the gastric conditions. The objectives of 

this study were to prepare canola proteins nanoparticles using the cold gelation method and to 

evaluate their potential for encapsulation and protection of model compounds. We showed that 

calcium-induced cruciferin (Cru/Ca) particles are promising carriers for delivery of nutraceutical 

compounds.  

 

4.2. Materials and methods 

4.2.1. Materials 

Commercial canola meal, obtained from Richardson Oilseed Company (Lethbridge, AB, Canada) 

was ground, passed through a 35-mesh screen and stored at -20 °C for further use. Caco-2 cells 

(HTB37) were obtained at passage 19 from the American type culture collection (Manassas, VA). 

Dulbecco’s modified eagle medium (DMEM), 0.25% (w/v) trypsin-0.53 mM EDTA, 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), fetal bovine serum, 1% nonessential 

amino acids, and 1% antibiotics were all procured from Gibco Invitrogen (Burlington, ON, 

Canada). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl 

sulfoxide (DMSO), 1-anilinonaphthalene-8-sulfonic acid (ANS), coomassie brilliant blue G-250, 

β-carotene, urea, sodium dodecyl sulfate (SDS), dithiothreitol (DTT), pepsin, pancreatin, 

Coumarin 6 and 4',6-diamidino-2-phenylindole (DAPI) were obtained from Sigma (Oakville, ON, 

Canada).  

4.2.2.  Canola protein extraction 

Canola proteins, cruciferin and napin, were extracted using the method we previously developed 

(Akbari and Wu, 2015). A slurry of canola meal:water (1:10, w/v) was acidified to pH 4, stirred 

for 2 h and centrifuged at 10,000 rpm for 20 min at 4°C. The resultant pellet was mixed with 10X 

volume of water, and the pH was adjusted to 12 while stirring at room temperature for 1h. After 

centrifugation, the supernatant was adjusted to pH 4 to precipitate proteins. The collected 

precipitate was washed twice with acidified water (pH 4), centrifuged and freeze-dried as 

cruciferin isolate. The supernatants obtained from acidic washing and protein precipitation were 

combined (pH 4) and subjected to an ultrafiltration system (Millipore, Bedford, MA, US) to 
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remove salts and anti-nutritional compounds using a 10 kDa membrane; the protein solution was 

concentrated and filtered at the concentration factor of 20 and diavolume of 10, respectively. The 

obtained retentate was freeze dried as napin. 

4.2.3.  Preparation of particles 

Canola protein nanoparticles were prepared using the cold gelation method used by Barbut and 

Foegeding (1993), Marangoni et al. (2000), Maltais et al. (2005), Remondetto and Subirade (2003) 

and Zhang et al. (2012) with some modifications. Effects of preheating temperatures, pHs and 

calcium concentrations on cold gelation of cruciferin and napin were studied. In brief, 18 mL 

cruciferin and napin dispersions (10 mg/mL) in MQ-water were stirred for 1h at 500 rpm and then 

the pH was adjusted to 12 using 1M NaOH. After stirring for 1h, the protein solutions were heated 

at 95°C and 120°C for 30 min in tightly closed tubes. After 0.5h cooling at room temperature, the 

protein solutions were diluted with 12 mL water containing 0.06% w/v sodium azide and the pH 

was adjusted to 7, 8, 9 and 10 using 1M HCl. Afterward, 6 mL of 9, 18, 27 and 36 mM CaCl2 was 

added drop by drop to the protein solutions (at final CaCl2 concentrations of 1.5, 3, 4.5 and 6 mM, 

respectively) while stirring to induce particle formation. The stability and turbidity of the particle 

suspensions were assessed to determine the appropriate conditions for particles formation. The 

stability of the particles was studied for a period of 3 weeks stored at 4°C. The turbidity was 

measured at 600 nm using a UV/VIS spectrophotometer (V-530 Jasco, Japan). The dispersions 

containing stable particles with at least 50% increase in the turbidity compared to the initial protein 

solution turbidity were considered as appropriate particle dispersions. Effects of cruciferin 

concentrations (5, 10, 15, and 20 mg/mL), final CaCl2 concentrations of 1.5 and 3 mM, and pHs 

8, 9, 10 on the particle formation at preheating temperature of 120°C were also studied. 

  

4.2.4. Particles characterization  

4.2.4.1. Size, surface charge and morphology of particles 

Size of the particles was determined by dynamic light scattering using Malvern Nanosizer ZS 

(Malvern, Worcestershire, UK). Zeta potential of the particles was also measured by laser doppler 

velocimetry using the Nanosizer. Prior the measurements, samples were diluted in 10 mM 

phosphate buffers (the same pH as particle suspensions) to obtain a slight opalescent dispersion 

and prevent multiple scattering effects. Morphology of the prepared particles was studied using a 

transmission electron microscopy (TEM, Philips Morgagni 268, FEI Company, The Netherlands) 



75 

 

at 80 kV. The particles were freshly prepared, put on Formvar-covered copper grids, negatively 

stained with phosphotungstic acid, and then air dried. 

4.2.4.2. Protein conformation studies 

The conformational changes of cruciferin before and after heating as well as after particle 

formation were characterized using Circular Dichroism (CD), Fourier transform infrared (FTIR) 

and fluorescence spectrophotometer. The far-UV CD spectra of the protein samples (1 mg/mL) at 

pH 9 were measured using Olis DSM 17 Circular Dichroism (GA, USA).  The path length of the 

quartz cell was 0.2 cm and the spectra represented an average of five scans collected in 1-nm steps 

at a rate of 20 nm/min over the wavelength range of 190-250 nm.  

For FTIR, the freeze-dried samples were dried in a vacuum desiccator using phosphorous 

pentoxide for 48 h. FTIR spectra of the milled samples in KBr pellets were recorded in the range 

of 4000–400 cm-1 using a Thermo Fisher Scientific Nicolet 8700 FTIR spectrophotometer 

(Madison, WI, USA). The recorded spectra were deconvoluted  in amide I band region (1700-1600 

cm-1) using Omnic 8.1 software at a bandwidth of 25 cm-1 and an enhancement factor of 2.5. The 

detected amide I bands in the spectra were assigned to protein secondary structures using 

previously established wavenumber ranges reported by Kong and Yu (2007) and Pelton and 

McLean (2000). 

The intrinsic fluorescence emissions of the samples were measured using a Shimadzu RF-5301PC 

spectrofluorophotometer (Kyoto, Japan) equipped with a 1-cm path length quartz cell. The protein 

concentration and pH of the samples were adjusted to 5 mg/mL and pH 9, respectively. The 

fluorescence measurements were performed using excitation wavelength of 295 nm (slit width=5 

nm) and the emission spectra were recorded from of 300 to 650 nm wavelength (slit width=5 nm) 

(Perez et al., 2014).  

4.2.4.3. Surface hydrophobicity 

Surface hydrophobicity of cruciferin before and after heating as well as after particles formation 

were determined using ANS fluorescent probe (Alizadeh-Pasdar and Li-Chan, 2000). Briefly, the 

samples were diluted to six concentrations ranging from 0.0006% to 0.012% using 0.1 M 

phosphate buffers at pHs 8, 9 and 10. 20 µL of 8 mM ANS prepared in the same buffer was added 

to 4 mL of the diluted protein solutions and fluorescence intensity at emission wavelength of 470 

nm was measured using the spectrofluorophotometer. Excitation wavelength was 390 nm and slit 
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widths were 5 nm for both excitation and emission. Buffers containing ANS and protein solutions 

in the absence of ANS were blanks which were subtracted from the measured fluorescence values. 

The slope of the linear plot of net fluorescence values versus protein concentrations was used as 

an index of the protein surface hydrophobicity.  

4.2.4.4. Driving forces involving the particles formation 

The importance of hydrophobic, hydrogen and disulfide interactions were evaluated using SDS, 

urea and DTT, respectively. The particles suspension was mixed with the same volume of the 

dissociating agents at different concentrations. The mixtures were adjusted to pH 9 and vortexed 

10 s and after 6 h, their turbidity were measured at 600 nm using the UV/VIS spectrophotometer. 

The turbidity of the mixtures was compared to that of initial particles suspension. Decrease of the 

turbidity of the mixtures was considered as an indicator of the degree of particles dissociation 

(Schmitt et al., 2010).  

4.2.5.  Effect of the particles on cell viability 

Toxicity of the prepared particles on Caco-2 cells was assessed using MTT method. The MTT test 

measures the activity of dehydrogenase enzyme, which can convert MTT to insoluble purple 

formazan in Caco-2 cells. The formazan is dissolved in DMSO and the intensity of formed purple 

color determines the enzymes activity and cell viability. Caco-2 cells were seeded (50,000 cell/mL) 

in high-glucose and L-glutamine DMEM medium supplemented with 10% FBS, 1% non-essential 

amino acids, 1% penicillin and streptomycin, and 2.5% HEPES in a 96-well plate (200 µL/cell) 

and incubated at 37°C in a humidified incubator with 5% CO2 for 24h. After incubation, the media 

in the wells was replaced with freshly prepared particles suspended in the DMEM medium at 

different concentrations of 0.5, 1.5, and 2.5 mg/mL. DMEM without nanoparticles was used as 

control. After 24h incubation, the particles were gently washed three times with PBS from the 

cells. 15 µL MTT (5 mg/mL in PBS) and 185 µL medium were added to the cells and incubated 

for 4h. Medium was removed and the formed formazan crystals were dissolved in 150 µL DMSO. 

Absorbance was measured at 570 nm using a microplate reader (GENios, Tecan, Mannedorf, 

Switzerland). Relative cell viability (%) was calculated comparing the absorbance of particle cells 

with that of control cells (Slutter et al., 2009).  
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4.2.6.  Cell uptake of particles 

To study the cell uptake of nanoparticles in Caco-2 cells, coumarin 6 (C6), as a fluorescent marker, 

was encapsulated into the Cru/Ca nanoparticles. The cellular uptake of C6-loaded Cru/Ca was 

compared with free C6 (not encapsulated). In brief, 0.5 mL C6 solution in ethanol with 

concentrations ranging from 0.08 to 80 µg/mL was added to 9 mL of 10 mg/mL heated cruciferin 

solution (pH 9). After diluting the protein/C6 solution with 6 mL water (pH 9), 3 mL of 9 mM 

CaCl2 was added dropwise to the solution while stirring. After 2 h stirring, the suspension was 

centrifuged at 40000 ×g and 4 °C for 30 min, and the loaded particles pellet was collected, washed 

twice with water and centrifuged to remove free C6. The labelled particles were re-suspended in 

DMEM medium at concentrations of 0.05 and 0.5 mg/mL. Caco-2 cells (105 cells/well) were 

seeded on cover glasses placed in 6-well plates (Costar, Corning, NY), and incubated until cells 

were about 80% confluent (Luo et al., 2013). 2.5 mL labelled-particles suspensions or free C6 

solution in DMEM medium was added to each well and incubated for 6 h at 37 °C. Then, the cells 

were washed three times with PBS to remove free nanoparticles and C6. Cell membranes were 

stained with 10 µg/mL Alexa Fluor 594-Concanavalin A conjugate in PBS for 10 min. After three-

time washing with PBS, the cells were fixed using ice-cold solution of 3.7% formaldehyde for 30 

min. Cell nuclei were also stained with 0.3 µg/mL DAPI for 10 min and three times washing with 

PBS. The coverslips covered with fixed cells were removes from the wells, inverted on slides 

containing 40 µL of 90% glycerol in PBS, then dried overnight in dark and room temperature, and 

kept at 4 °C. The cells were observed with a CLSM 510 Meta confocal laser scanning microscope 

(Carl Zeiss Microscopy, Jena, Germany) using an oil immersion objective (63×) and wavelengths 

of 405, 561 and 488 nm to visualize cell nuclei, membranes and labelled particles, respectively. 

Images were processed with ZEN 2011 LE software (Carl Zeiss, AG, Oberkochen, Germany) 

(Gaumet et al., 2009; He et al., 2013).        

4.2.7.  Encapsulation of model compounds 

Encapsulation capacity of the particles was assessed using both water-soluble and water-insoluble 

compounds. 

4.2.7.1. Encapsulation of a water-soluble model compound 

Brilliant Blue (BB) was used as a water-soluble model drug. BB encapsulated Cru/Ca particles 

were prepared by adding 12 mL BB solution (1 mg/mL) containing 0.06% (w/v) sodium azide to 
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18 mL cruciferin solution (10 mg/mL, pH 9), and then 6 mL 9 mM CaCl2 was added (final 

concentration 1.5 mM) to induce BB-loaded Cru/Ca particles. After stirring for 30 min, the particle 

suspension was centrifuged at 40,000 ×g and 4 °C for 30 min, and the particle pellet was collected, 

washed twice with water (the same pH as suspension), and  centrifuged to remove the adsorbed 

BB on the particle surface. The content of free BB in the combined supernatants was measured 

using the spectrophotometer at 590 nm. Encapsulation efficiency (EE) and loading capacity (LC) 

were calculated using the following equations.  

EE(%) = 100×(A-B)/A   

LC(%) = 100 × (A-B)/C 

where, A is mg of the model compound added to the initial suspension, B is mg of free compound 

(unencapsulated), and C is the weight of dried loaded particles (mg).  

4.2.7.2. Encapsulation of a water-insoluble model compound 

β-carotene was loaded in the particles using a solvent displacement technique (Chu et al., 2007). 

Due to its light sensitivity, all β-carotene-involved experiments were conducted in the dark. In 

preparing Cru/Ca particles, 6 mL β-carotene ethanol solution (0.5 mg/mL) was added to 18 mL 

cruciferin solution (10 mg/mL) at pH 9. The cruciferin solution was previously solubilized at pH 

12 and heated at 120 °C. After diluting the protein/ β-carotene solution with 10 mL water (pH 9), 

6 mL 9 mM CaCl2 was added dropwise to the solution. After stirring 30 min, the suspension was 

concentrated to 30 mL using a rotary vacuum evaporator (Heidolph 2-Collegiate, Germany) at 50 

°C. 1 mL of the concentrated suspension containing the loaded particles was mixed with 5 mL 

hexane, vortexed for 10 sec and then centrifuged at 10,000 rpm for 20 min at 4°C. The β-carotene 

extracted in the organic phase represented both unencapsulated and loosely-adsorbed β-carotene 

on the surface of particles. Absorbance of the organic phases was measured at 450 nm using the 

UV–VIS spectrometer and EE and LC were calculated (Mensi et al., 2013).  

4.2.8.  Simulated gastro-intestinal release study  

Release experiments were performed in simulated gastric fluid (SGF) followed by simulated 

intestinal fluid (SIF) (Chen and Subirade, 2005; Mensi et al., 2013). BB- and β-carotene-

encapsulated Cru/Ca particles separated from 18 mL particles suspensions (previously described) 

were re-suspended in 20 mL water pH 1.2 and 0.5 mg/mL pepsin. To study the effect of the enzyme 

on the release of encapsulated compounds in SGF, the release experiment was also performed in 
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the absence of pepsin. The release experiments were conducted at 37 °C in a water bath and under 

100 rpm agitation. 0.5 mL-samples from the release media were withdrawn at predetermined 

intervals. 0.25 mL 1M sodium bicarbonate was added to the samples to increase pH to 7.4 and 

inactivate pepsin. BB-containing samples were centrifuged and released BB in supernatant was 

measured. β-carotene was extracted from the withdrawn samples using 2.5 mL hexane  and 

quantified using the same method previously described. After 2 h incubation in SGF, pepsin was 

inactivated by raising pH to 7.4 using 10 mL 1M sodium bicarbonate and release study was 

followed in SIF medium by adding 5 ml 200 mM phosphate buffer pH 7.4 in the absence and 

presence of 0.5 mg/mL pancreatin. 0.5 mL samples were withdrawn at predetermined intervals. 

To stop pancreatin activity after sampling, BB-containing samples were heated at 90 °C for 5 min 

while for β-carotene samples, free β-carotene was immediately extracted using hexane. The 

concentrations of released BB and β-carotene in SGF and following SIF media were measured and 

their cumulative percentages were calculated based on the total amount of the initial loaded 

compounds.  

4.2.9.  Study of polypeptide profile of particles in release conditions   

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) of unheated and heated 

cruciferin and Cru/Ca particles was carried out as described by Uruakpa and Arntfield (2006). 

Particles samples were withdrawn after 0.5, 2, 3, 5 and 7 h incubation in SGF and SIF (in the 

presence and absence of pepsin or cruciferin). The samples (50 µg protein) were run on Mini-

Protean gels (4-20% gradient gels) and the gels were scanned using an Alpha Innotech gel scanner 

(Alpha Innotech Corp., San Leandro, CA) and the bands were analysed by FluorChem SP 

software. 

4.2.10.  Binding of β-carotene to particles 

The interaction between encapsulated β-carotene and Cru/Ca particles was studied using the 

fluorescence quenching effect of β-carotene on the intrinsic fluorescence of tryptophan residue in 

cruciferin (Zimet and Livney, 2009). In brief, different concentrations of β-carotene, soluble in 

ethanol, were encapsulated in Cru/Ca particles as previously was explained. The intrinsic 

fluorescence of β-carotene-loaded particles, with β-carotene final concentration of 0.006 - 0.11 

mg/mL, was measured using an excitation wavelength of 295 nm. The emission spectra were 
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recorded from of 300 to 600 nm wavelength. The emission intensities at 365 nm were also plotted 

as a function of β-carotene concentrations. 

 

4.2.11.  Stability of encapsulated β-carotene 

The heat stability of encapsulated β-carotene in Cru/Ca particles was compared with free β-

carotene. 6 mL of suspensions of free β-carotene or the β-carotene-encapsulated particles were 

adjusted to pH 7 or 4 using 3 mL 500 mM phosphate or citrate buffers, respectively. The mixtures 

were subjected to heat treatment at 75 °C for 30 min. β-carotene was extracted from the heated 

suspensions using the solvent extraction and then quantified using UV–visible spectroscopy 

method (Mensi et al., 2013; Saiz-Abajo et al., 2013). 

4.2.12.  Statistical analysis  

Experiments were carried out in triplicates and results were statistically analysed using ANOVA 

and Duncan tests (version 9.2, SAS Institute Inc., Cary, NC, USA). 

 

4.3. Results and discussion  

4.3.1.  Preparation of Cru/Ca particles  

Since the denaturation temperatures of cruciferin and napin are 91 and 110°C, respectively (Wu 

and Muir, 2008), the preheating temperatures were performed at either 95 or 120°C. Our 

preliminary study showed that napin particles was not formed at all conditions tested, while 

preheating the cruciferin solution at 120°C, but not 95°C, followed by adding 1.5 and 3 mM CaCl2 

at pHs 8, 9 and 10 resulted in stable suspensions. As shown in Table 4.1, repulsion forces among 

particles due to the negative charges are responsible for the stable suspension. As will be explained 

later, soluble aggregates were first formed after heat treatment, due to the negative charge at pHs 

over 8, small networks were developed in the presence of Ca2+, and, particles were formed resultant 

from aggregation of the networks. Since the charge of the soluble aggregates after 120°C 

preheating was higher than that after 95°C preheating (Supplementary Table 4.1), the formed 

particles at higher temperature were more stable due to enhanced repulsion forces compared to the 

particles after 95°C heat treatment. Since napin didn’t form soluble aggregate after heating, no 

napin particle was formed in the presence of Ca2+ ions.  

Further effects of cruciferin concentrations (5, 10, 15, and 20 mg/mL) on the particle formation 

were studied. The particles prepared from 20 mg/mL cruciferin were not stable and precipitated. 
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Since particles increased the turbidity of suspensions, a 50% increase in the suspension turbidity 

compared to initial protein solution was used as an indicator for an appropriate particles formation. 

Increased turbidity of the particles suspensions obtained from 5 mg/mL cruciferin was less, while 

those of 10 and 15 mg/mL cruciferin suspensions increased the turbidity more than 50%; therefore, 

concentrations of 10 and 15 mg/mL were chosen for measuring size and PDI. 

  

Table 4.1. Effect of preheating (120°C) and adding CaCl2 on zeta-potential (mV) of unheated, 

heated cruciferin and Cru/Ca particles (10 mg/mL) at different pH values. Values with different 

lowercase letters in the same column are significantly (p<0.05) different. 

 Suspension pH 

Samples 8 9 10 12 

Unheated -24.2±1.9 
c
 -27.6±1.2

 c
 -29.5±1.6

 c
 -41.4±5.8

 b
 

Heated  (without CaCl2) -37.7±1.4
 a

 -40.4±2.0
 a

 -43.1±2.2
 a

 -69.8±2.9
 a

 

Heating + 1.5 mM CaCl2 -29.2±2.1
 b

 -33.0±2.1
 b

 -38.4±1.3
 b

 --- 

Heating + 3 mM CaCl2 -21.3±1.4
 c

 -25.1±1.2
 d

 -26.8±1.2
 d

 --- 

 

 

4.3.2. Particle characterization 

4.3.2.1. Zeta potential and particle size of particles 

Surface charge of particles is an important parameter affecting their stability as well as their 

interactions with other particles. In this study, since the solubilising pH (pH 12) was higher than 

isoelectric point of cruciferin (7.1), unheated samples showed negative charge. Heat treatment of 

the cruciferin solutions at pH 12 increased deprotonation of amine and carboxylic groups (Sek, 

2013) and exposed more charged groups leading to increasing negative charge. Ryan et al. (2012) 

also showed that negative charge of whey proteins and β-lacoglobulin increased after heating. As 

shown in Table 4.1, the negative charges of particles significantly increased at increasing pHs, due 

to the pH moved further away from the isoelectric point. Adding positively charged ions (Ca2+) 

shielded the negatively charged carboxylic groups in the soluble aggregates and decreased their 

surface charge; therefore the negative charge of cruciferin particles significantly decreased at 

increasing CaCl2 concentrations (Table 4.1). Multi-way ANOVA analysis also showed that there 

were significant interactions between pH and CaCl2 concentrations in terms of influence on 

particles charge.  
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Depending on the pH, cruciferin and CaCl2 concentrations, the size of particles ranged from 175 

to 255 nm (Table 4.2). While no trend was observed in the size at various pHs, a higher CaCl2 

concentration tended to increase the particles size. Ca2+ ions played an important role in 

networking of soluble aggregates which eventually formed particles. Negative charge of the 

particles providing repulsion forces was the main force to prevent precipitation of the particles. As 

previously shown, the surface charge of soluble networks decreased with increasing Ca2+ 

concentration, leading to more aggregation and increased particle size. At a concentration to 15 

mg/mL, the particle size was not affected by pH at 1.5 mM CaCl2; however particles precipitated 

at 3 mM CaCl2.  

 

Table 4.2. Effect of cruciferin concentration, CaCl2 concentration, and pH on the suspension 

turbidity, particle size and PDI of Cru/Ca nanoparticles. Values with different lowercase letters 

in the same column are significantly (p<0.05) different.  

Cruciferin Conc. 

(mg/mL) 

CaCl2 concentration 

(mM) 
pH Increasing turbidity (%)  Size (nm) PDI 

10 1.5 8 56±0.6* 
175±2

 e
 0.42±0.02

 b
 

 9 79±0.1 207±5 
d
 0.27±0.01

 e
 

 10 74±5 222±13
 c

 0.26±0.02
 e

 

     

3 8 99±4** 
241±9 

b
 0.57±0.07

 a
 

 9 100±0.8* 
255±4

 a
 0.38±0.03

 c
 

 10  26±0.5*** --- --- 

      

15 1.5 8 Precipitated particles**** --- --- 

 9 78±1.9 215±1
 c

 0.44±0.02
 b

 

 10 76±5 218±3
 c

 0.31±0.02
 d

 

     

* The particles were stable for less than 8 days; ** the particles were stable less than 2 days; *** 

Low turbidity of particles suspension **** Particles precipitated in 2 h. 

 

In general, increasing pHs improved the stability of particles due to increasing particles surface 

charge. However, particles were less stable when 3 mM CaCl2 was used (lower surface charge). 

PDI (polydispersity index), a parameter showing the “uniformity” of particles, is another important 

factor affecting particles physicochemical properties, biodistribution, bioavailability and potential 

biological fates in the body (Balogh et al., 2007; Lodhia et al., 2010; McClements, 2013). Since 

particles with lower PDI values are desirable, particles prepared at pHs 9 and 10 with lower PDI 
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were considered as appropriate pHs. Since pH 9 is relatedly mild for encapsulation of sensitive 

compounds, conditions were established at the pH of 9, concentration of 10 mg/mL cruciferin and 

1.5 mM CaCl2 to prepare stable (more than 3 weeks at 4°C) and uniform particles with ~200 nm 

diameter. Previous study suggested that M-cell rich layer in the small intestine, the most common 

route for particles uptake, can transfer particles in the range of 200-500 nm (He et al., 2012; Powell 

et al., 2010). 

  

4.3.2.2. Conformational structures 

Conformational changes of cruciferin structures (unheated, heated and particles) were studies 

using CD, FTIR and intrinsic fluorescence. Changes in CD spectra of the cruciferin samples were 

shown in Figure 4.1A. The presence of a zero-crossing spectrum at near 200 nm as well as a 

negative peak at 208 nm indicated that α-helix is the main secondary structure for the unheated 

cruciferin. After heat treatment, shift of the strong negative band from 208 nm to 200 nm suggested 

an increase in disordered structure (Nagano et al., 1995); this was complemented by a decreased 

α-helix indicated by increased negative ellipticity values at 208 nm. He et al. (2014) reported 

similar results for rapeseed protein isolate. Compared to the heated sample, in Cru/Ca particles, 

the disordered structure was increased slightly. Since the accuracy of CD for measuring turns and 

β-sheets are as low as 50 to 75% (compared to 97% for helices and 89% for other structures) 

(Ranjbar and Gill, 2009), secondary structures of the samples were also studied using FTIR. 

Deconvoluted FTIR spectra of amide I band region of the samples were compared with the 

previously established wavenumber ranges (Kong and Yu, 2007; Pelton and McLean, 2000). The 

strong absorption of IR at 1658 cm-1 indicated that α-helix was predominant in unheated cruciferin, 

although bands of 1637, 1692 and 1676 cm-1 presenting β-sheets and turns were also observed 

(Figure 4.1B). Due to using a high pH for cruciferin solubilisation, it is possible that some 

secondary structures might be lost; as a result, a few structures were detected in the spectra. In the 

heat treatment, α-helix peak was disappeared and two peaks at 1663 and 1610 cm-1 were appeared 

which have been assigned to 310–helices/unordered structured and β-sheet, respectively (Kong 

and Yu, 2007). In Cru/Ca particles spectrum, the intensity of the unordered structured peak 

increased and also two new structures of β-sheet (1623 cm-1) and β-turn (1685 cm-1) were 

appeared. The band of 1623 cm-1 is assigned to intermolecular β-sheets resulting from hydrogen 

bonds formed in the particle aggregation (Gilbert et al., 2005). Results from CD and FTIR analysis 
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suggested that α-helix was decreased and the predominant structures were disordered structure and 

β-sheets/turns in the heated samples and particles, respectively. Therefore, the denatured cruciferin 

structures (due to high pH and temperature) were reorganized during the heat treatment and the 

preparation of particles.  

 

 

Figure 4.1. Far-UV CD spectra (A) and deconvoluted FTIR spectra (B) of unheated and heated 

cruciferin and Cru/Ca particles 
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The intrinsic fluorescence of a protein strongly depends on the conformations that the protein 

adopts in response to bulk solution conditions. Intrinsic fluorescence property of a protein is due 

to the presence of aromatic amino acids which can mostly be excited at 280 nm. Tryptophan, the 

dominant intrinsic fluorophore, is the only residue in the protein structure which can be excited at 

295 nm (Gorinstein et al., 2000). The intrinsic fluorescence property of cruciferin solutions before 

and after heating and particle formation were studied using wavelengths of 280 and 295 nm (Figure 

4.2A). Both unheated and heated cruciferin spectra showed the maximum emissions at 475 nm 

and the fluorescence intensity of heated sample was higher (using 295 nm). The increase of 

fluorescence intensity of tryptophan in the heated structures showed that the polarity of 

surrounding microenvironment changed to “less-polar” (Jiang et al., 2009). It means the structure 

of unheated samples, which was unfolded due to the high pH, started to refold after the heat 

treatment and cooling, and as a result, less tryptophan residues were exposed to aqueous media. 

The appearance of a shoulder at 360 nm in heated sample spectrum also showed that the emission 

λmax started to switch to a smaller wavelength (blue shift) which is also an indicator for a less-polar 

environment. This shoulder might represent few tryptophan residues which were buried after 

refolding and before aggregation (Duy and Fitter, 2006). After particles formation, the 

fluorescence intensity of tryptophan dramatically increased and the emission λmax switched to 365 

nm. This revealed that more tryptophan residues were further buried in less-polar interior protein 

structures due to the aggregation process of the refolded cruciferin structures. The results of 

intrinsic fluorescence confirmed the conformational changes previously represented by CD and 

FTIR.  

           

4.3.2.3. Surface hydrophobicity 

The surface hydrophobicity (S0) of unheated sample was more than four times higher than that of 

heated samples at different pHs (Figure 4.2B). Similar results were observed using another 

fluorescent probe (Rose Bengal) (Supplementary Figure 4.1). However, adding CaCl2 in preparing 

particles did not affect S0. Relkin (1998) showed that surface hydrophobicity of β-lactoglobulin 

increased in a thermal treatment. Ryan et al. (2012) also reported that adding NaCl didn’t influence 

the S0 of whey protein soluble aggregates. The dramatic decrease of S0 in heated samples indicated 

that unheated proteins were already unfolded due to the high pH of protein solubilisation. After 
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the heat treatment and cooling, refolding and/or aggregation of the proteins happened and due to 

the buried hydrophobic residues in the interior structures, S0 decreased.  

 

 

 

Figure 4.2. Intrinsic emission fluorescence spectra (excitation wavelength: 295 nm) (A) and 

changes in the surface hydrophobicity (probe: ANS) (B) of unheated and heated cruciferin and 

Cru/Ca particles. Values with different lowercase letters are significantly (p<0.05) different. 

 

As we showed in intrinsic fluorescence study, the aggregation and/or conformational changes of 

proteins continued after adding CaCl2; however, surface hydrophobicity didn’t change 

significantly in the prepared particles. In other words, the surface hydrophobicity study showed 

A 
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that most hydrophobic groups were buried after heating and cooling, but in intrinsic study, 

dramatic increase in tryptophan fluorescence happened after particle formation. This could be 

explained that the unheated proteins (with high S0) formed soluble aggregates (with low S0) after 

heat treatment mainly through hydrophobic interactions (Ryan et al., 2012). After adding CaCl2, 

the soluble aggregates formed small networks using Ca2+ bridges. Although due to the formation 

of these small compacted protein networks, microenvironment of around tryptophan changed to 

less-polar and increased tryptophan fluorescence (Duy and Fitter, 2006); however, S0 of the 

proteins forming the compact networks didn’t change significantly compared to soluble aggregates 

since the hydrophobic residues were already buried in heated samples. 

   

4.3.2.4. Morphology of particles 

Morphology of cruciferin samples (before and after heating, as well as Cru/Ca particles) were 

assessed using TEM.  No specific structure was observed in unheated cruciferin solution due to 

the high solubilising pH (Figure 4.3A). Soluble aggregates formed after heating are shown in 

Figure 4.3B. Cru/Ca nanoparticles (Figure 4.3C) were mostly observed in spherical shapes with ~ 

200 nm diameter and smooth surface.  

 

4.3.2.5. Driving forces involving the particles formation 

Different interactions such as electrostatic, disulfide, hydrophobic and hydrogen bonding could 

affect the particles formation. As described before, formation of soluble aggregates from denatured 

proteins and preparation of networks from the aggregates using Ca2+ bridges were two main steps 

in the Cru/Ca particles formation. The 4-time decrease of the surface hydrophobicity of proteins 

after heating indicated that hydrophobic interaction is the major force for formation of soluble 

aggregates. Adding CaCl2 to the soluble aggregates decreased the proteins zeta potentials due to 

formation of electrostatic interactions between positively charged calcium and negatively charged 

proteins. Particle size increased at increasing CaCl2 concentrations suggested that electrostatic 

interaction is another force which plays an important role in the particles formation. To study the 

role of hydrophobic, disulfide and hydrogen interactions, the particles suspensions were 

dissociated using different concentrations of SDS, DTT and urea. Dissociation of the particles in 

the presence of the reagents decreased the suspensions turbidity. Comparison of the relative 

decreases of the turbidity could be an indicator to show the importance of the interactions in the 
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particles formation. The turbidity of the suspensions decreased 89, 36 and 24% using SDS, DTT 

and urea, respectively (Figure 4.3D-F). As it was expected, the results showed that hydrophobic 

interaction was the major driving force for the particle formation compared to disulfide and 

hydrogen forces. Although hydrophobic and electrostatic forces played the main roles in the 

particles formations, disulfide and hydrogen forces might influence the compactness and interior 

structures of the particles. Ren et al. (2009) reported that hydrophobic and hydrogen interactions 

are the major forces for soy protein particles.     

 

 

 

 

Figure 4.3. TEM images of unheated (A) and heated (B) cruciferin solutions (10 mg/mL) and 

Cru/Ca nanoparticles (10 mg/mL cruciferin and 1.5 mM CaCl2) (C). Effect of SDS (D), DTT (E) 

and urea (F) on decrease of the turbidity of Cru/Ca particle dispersions. 

 

4.3.3. In vitro cytotoxicity of particles 

The potent cytotoxicity of the particles on Caco-2 cells was assessed using the MTT assay. 

Incubation of Cru/Ca particles at three concentrations of 0.5, 1.5, and 2.5 mg/mL for 24 h didn’t 
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show any significant change in the cellular viability compared to control (Figure 4.4A). As cell 

viabilities values more than 80% are considered as non-toxic (Niamprem et al., 2014), the high-

concentrated particle suspensions were not toxic.  

 

 

Figure 4.4. Effect of Cru/Ca nanoparticles on Caco-2 cells survival after 24 h incubation at 37°C 

(compared to control) (A). Confocal microscopic images of Caco-2 cells after 6 h incubation with 

coumarin 6-labelled Cru/Ca nanoparticles (green) (B) and free coumarin 6 (C). The cell membrane 

and nucleus were stained using Alexa 594 and DAPI, respectively. 
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4.3.4. Cell uptake of particles  

Uptake of C6-labelled Cru/Ca particles into Caco-2 monolayer was shown in Figure 4.4. 

Nanoparticles at a concentration of 0.5 mg/mL in DMEM medium (final C6 concentration of 40 

µg/mL) were internalised throughout the cytoplasm surrounding the nucleus (Figure 4.4B). The 

fluorescence intensity of loaded C6 showed that the particles successfully delivered C6 into 

cytoplasm whereas free C6 wasn’t directly uptaken (Win and Feng, 2005) and the negligible 

detected fluorescence in control cells (Figure 4.4C) was due to leakage of free C6. The results 

showed that Cru/Ca particles have ability to internalise cell cytoplasm and deliver loaded 

compounds.  

 

4.3.5. Encapsulation and in vitro release of the model compounds 

4.3.5.1. Encapsulation of BB and β-carotene in particles 

Encapsulation property and release behaviour, two important factors affecting the efficiency of a 

delivery system, were studied for Cru/Ca particles. BB and β-carotene, a hydrophilic and 

hydrophobic model compound, respectively, were encapsulated in the Cru/Ca particles. While EE 

and LC of BB were 19.4%±0.8 and 11.7%±0.4, those for β-carotene were 86.2%±2.3 and 

14.7%±1.5, respectively. Chen and Subirade (2005) showed that BB with EE of 15-22% was 

encapsulated in chitosan-β-lactoglobulin nanoparticles. EE of β-carotene in chitosan-alginate 

beads and sodium caseinate sub-micelles were reported 54.7% and 87.6%, respectively (Chu et 

al., 2007; Donhowe et al., 2014). The high EE and LC of β-carotene in Cru/Ca particles might be 

due to the presence of hydrophobic residues in cruciferin providing high affinity of the particles 

toward β-carotene (Chu et al., 2007). Figure 4.5 shows a schematic illustration of the particle 

formation and encapsulation of model compounds.   

 

Figure 4.5. A scheme of Cru/Ca particle formation and encapsulation of model compounds   
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4.3.5.2. Binding of β-carotene to particles 

Binding of β-carotene to Cru/Ca particles can be characterized by determination of intrinsic 

fluorescence of tryptophan in cruciferin structure. Changes in the fluorescence intensity of 

tryptophan could be resulted from binding-induced quenching of the intrinsic fluorescence (Perez 

et al., 2014; Zimet and Livney, 2009).  

 

 

 

Figure 4.6. Effect of encapsulated β-carotene concentration on the fluorescence intensity (A) 

and shift of maximum emission wavelength (B) of cruciferin in Cru/Ca particles. 

 

As in Figure 4.6A shown, the fluorescence intensity of β-carotene-loaded cruciferin particles 

decreased dose-dependently at increasing β-carotene concentrations, indicating that binding 

occurred. The fluorescence emission spectra of β-carotene-loaded cruciferin particles in different 
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β-carotene concentration showed that although the fluorescence intensity decreased but no red-

shift occurred in the emission λmax (Figure 4.6B). An emission λmax red-shift (toward longer 

wavelength) happens upon unfolding of a protein structure and when tryptophan residues replace 

from the less-polar interior of the protein to polar environment. Since the red-shift was not 

observed in the spectra, the folded/aggregated forms the particles might be kept and β-carotene 

was trapped inside of the aggregates. Therefore, the decrease of fluorescence intensity of the 

particles proteins might be due to the quenching effect of β-carotene on tryptophan residues.  

 

4.3.5.3. Release of BB and β-carotene from particles 

In vitro release behaviour of BB and β-carotene from Cru/Ca particles was studied using 2h 

incubation in SGF followed by 6h in SIF with and without pepsin and pancreatin, respectively. In 

SGF, about 13% and 14% of encapsulated BB and β-carotene were rapidly released at the first 30 

min which might be due to release of the weakly-attached compounds to the surface of the 

particles; prolonged incubation to 2 h did not change their release rates either in the presence or 

absence of pepsin (Figure 4.7A and B), which suggested the resistance of the particles to both low 

pH and pepsin. The particles resistance to the low pH revealed that particles have compact 

structures. Due to the low pH of 1.2 in SGF, cruciferin amine groups were protonated and formed 

strong electrostatic interactions with negatively charged carboxylic groups and as result, increased 

the compactness of the protein networks which were not affected in SGF. The pepsin resistance 

might be attributed to the presence of 30-35 % hydrophobic residues in cruciferin (Chabanon et 

al., 2007) which could block active peptide bonds hydrolysable by pepsin and as a result, Cru/Ca 

particles were not degraded by the enzyme. Bos et al. (2007) also reported that cruciferin was 

indigestible in the stomach and our results showed that the pretreatments before particle formation 

(high-pH solubilisation and heat treatment) also didn’t decrease the resistance of the protein in 

SGF. Lee et al. (2012) showed that denatured β-lactoglobulin was pepsin resistant and was used 

for coating chitosan particles.       

In SIF however, the release profiles showed different trends (Figure 4.7A and B). As the pH of the 

media was increased to 7.4, which was close to cruciferin isoelectric point (7.1), deprotonation of 

amine and carboxylic groups increased and due to decreased electrostatic interactions (Sek, 2013) 

the compact particles structures were unfolded. The unfolded particles structure allowed water to 

diffuse into the network and released the entrapped compounds.  
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Figure 4.7. Release profiles of brilliant blue (A) and β-carotene (B) from Cru/Ca particles in 

simulated gastric fluid (SGF) followed by simulated intestinal fluid (SIF) in the presence and 

absence of pepsin and pancreatin, respectively. SDS-PAGE of cruciferin samples (lanes 1 and 8, 

unheated protein; lane 2, heated protein; lanes 3 and 9, Cru/Ca particles; lanes 4 and 6 after 0.5 

and 2h incubation in SGF without pepsin; lanes 5 and 7 after 0.5 and 2h incubation in SGF with 

pepsin; lanes 10, 12 and 14 after 3, 5 and 7 h incubation in SIF without pancreatin; lanes 11, 13 

and 15 after 3, 5 and 7 h incubation in SIF with pancreatin) (C) 

 

The release was faster in the presence of pancreatin. For example, the particles released 54% of 

the encapsulated BB after 1.5 h incubation with the enzyme, compared to 31% in the absence of 
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enzyme. Almost similar trends were observed for β-carotene release study; while released β-

carotene were 65% and 74% after 1 and 6 h incubation without the enzyme, those were 85% and 

93% in the enzyme treatment. The faster release of the compounds in the presence of pancreatin 

indicated that cruciferin particles were degraded by the enzyme. The results revealed that Cru/Ca 

particles protected sensitive compounds in SGF and release them in SIF. In addition, the particles 

not only were appropriate for water-soluble compounds but also can carry water-insoluble 

molecules in an oil-free system. 

 

4.3.5.4. Study of polypeptide profile of particles in release conditions 

SDS-PAGE of unheated and heated cruciferin and incubated Cru/Ca particles in SGF and SIF were 

shown in Figure 4.7C. Two major polypeptide bands with estimated molecular weights of 18 and 

30 kDa were detected in unheated sample (lanes 1 and 8). Wu and Muir (2008) reported four main 

polypeptides with MW of 20 to 50 kDa for cruciferin, while some bands in the unheated sample 

were disappeared or their intensities decreased due to the use of a high pH condition. Most bands 

were dissociated after heating the samples, leading to the appearance of a high-intense band around 

10 kDa (lane 2). SDS-PAGE of Cru/Ca particles (lanes 3 and 9) showed that polypeptide profile 

didn’t change significantly compared to the heated samples. Incubation of particles in the absence 

of pepsin in SGF (lanes 4 and 6) and in the presence of pepsin (lanes 5 and 7) showed that the 

particles were resistant to degradation by pepsin, which confirmed the results of our release 

studies. However, the particles were completely degraded in the presence of pancreatin after 3, 5 

and 7 h incubation in the SIF (lanes 11, 13 and 15) compared to lanes 10, 12 and 14 (in the absence 

of pancreatin). The degradation of particles confirmed the release of 93% encapsulated β-carotene 

in the intestine (observed in release study). Bos et al. (2007) and Valette et al. (1993) also reported 

that cruciferin was resistant to pepsin but digestible by pancreatin. 

    

4.3.6. Stability of encapsulated β-carotene  

β-carotene, an unstable molecule, is sensitive to oxidation, pH and temperature (Courraud et al., 

2013; Rodriguez-Amaya, 1999). Encapsulation is a feasible approach for protection of β-carotene 

in food processing which could be an important progress in fortification of foods and beverages. 

Cruciferin with denaturation temperature of as high as 91 °C could be an appropriate material for 

delivery of sensitive compounds in food heat processing. To study the potential of Cru/Ca particles 
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for protection of the compounds in food systems, β-carotene-loaded Cru/Cs particles were 

subjected to a heat treatment and the stability of encapsulated and free β-carotene were compared. 

The results showed that after heating at 75 °C for 30 min at pH 4 and 7, 20% to 25% of free β-

carotene was degraded, while the degradation of encapsulated β-carotene was only 5% (Figure 

4.8). Saiz-Abajo et al. (2013) showed that 14.1% of encapsulated β-carotene in re-assembled 

casein micelles was degraded after 30 min heating at 80 °C compared to 39% degradation of 

unencapsulated compound. Mensi et al. (2013) and Qian et al. (2012) reported that β-lactoglobulin 

aggregates and β-Lactoglobulin-coated lipid droplets stabilised β-carotene in different conditions.  

 

Figure 4.8. Heat stability of encapsulated β-carotene in Cru/Ca particles compared to its free form 

in a heat treatment (30 min heating at 75ºC and pHs 4 and 7). Values with different lowercase 

letters are significantly (p<0.05) different. 

 

4.4. Conclusions 

 The main goals of encapsulation are to protect sensitive bioactive compounds in the harsh 

conditions such as food processing and GI tract, to increase their solubility in aqueous media, and 

to improve their bioavailability. In this study, cruciferin particles were successfully developed for 

the first time using the cold gelation method. The main driving forces for the particle formations 

were hydrophobic interaction and electrostatic forces. These Cru/Ca particles were not toxic at the 

concentrations of up to 2.5 mg/mL and could be up-taken by Caco-2 monolayer. The potential of 

using Cru/Ca particles for the delivery of bioactive compounds was demonstrated. Our results 
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suggested that cruciferin can be used as a material for preparing particles and delivery of bioactive 

food components. 
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4.6. Appendix B: Supplementary Information 

Supplementary Table 4.1. Effect of preheating (95°C) and adding CaCl2 on zeta-potential (mV) 

of unheated, heated cruciferin and Cru/Ca particles (10 mg/mL) at different pH values 

 Suspension pH 

Samples 8 9 10 12 

Unheated -24.2±1.9 -27.6±1.2 -29.5±1.6 -41.4±5.8 

Heated (without CaCl2) -23.4±2.1 -30.8±1.8 -33.4±1.4 -51.7±3.2 

Heating + 1.5 mM CaCl2 -22.7±1.3 -28.7±1.4 -27.4±3.3 --- 

Heating + 3 mM CaCl2 -19.3±2.5 -23.6±1.3 -25.5±1.9 --- 

 

 

 

Supplementary Figure 4.1. Changes in the surface hydrophobicity (probe: Rose Bengal) of 

unheated and heated cruciferin, and Cru/Ca particles 
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CHAPTER 5- Cruciferin coating improves the stability of chitosan 

nanoparticles at low pHs 
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5.1. Introduction 

Functional foods and nutraceuticals have great potential to improve human health and wellness; 

however the low bioavailability of many bioactive food compounds makes this potential health 

benefit impaired (Bouwmeester et al., 2009). Encapsulation of bioactive compounds is widely 

recognized as an effective approach to improve the bioavailability through providing protection 

against food processing and digestion in the gastrointestinal (GI) tract, improving their solubility 

and/or permeability in the GI tract (Teng et al., 2013). Chitosan, a cationic carbohydrate derived 

from chitin of fungi cell walls or exoskeleton of crabs and shrimps, has been extensively explored 

as wall material for preparing particles due to its unique mucoadhesive and permeation enhancing 

properties. However, degradation at low pH stomach is the main drawback of chitosan particles in 

oral delivery (Makhlof et al., 2011). To overcome this hurdle, chitosan particles are often coated 

with synthetic co-polymers like different types of Eudragits (Chourasia and Jain, 2003). However, 

in food uses, natural polymers such as food proteins, are more desirable compared to the synthetic 

ones (Elzoghby et al., 2012). Cruciferin is the major canola protein (12S globulin) accounting for 

~65% of total canola proteins. Canola/rapeseed, with an annual production of 70 million metric 

tonnes, now ranks as the second most abundant oilseed in the world (USDA, 2013). The meal after 

oil extraction contains 35-40% proteins; canola proteins are potential food proteins as they contains 

a well-balanced amino acid composition, high contents of lysine (6.0%) and sulfur-containing 

amino acids (3 to 4%), and a high protein efficiency ratio (Wu and Muir, 2008; Tan et al., 2011). 

Furthermore, canola proteins were reported to show good emulsifying and gelling properties, and 

as a precursor of bioactive peptides (Wu and Muir, 2008; Wu et al., 2009; Yamada et al., 2010; 

Yoshie-Stark et al., 2008; Pinterits and Arntfield, 2008). Cruciferin, with an isoelectric point (pI) 

of around 7.2 and a molecular weight of 300 kDa, is composed of six subunits and is resistant to 

gastric digestion (Bos et al., 2007). We hypothesized that cruciferin coating would improve the 

stability of chitosan-nanoparticles at low pH.  

To the best of our knowledge, the potential use of canola proteins in delivery systems has not been 

explored. Most food proteins form heat-induced aggregations at temperatures above 70°C where 

different compounds can be entrapped and slowly be released (Elzoghby et al., 2011). Since heat-

set hydrogels may not be suitable for encapsulation of heat-sensitive compounds, an alternative 

method, cold gelation, in which proteins form gel using multivalent ions or in combination with 

other polymers, will be applied. The objective of this study was to prepare cruciferin-coated 
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chitosan particles with improved stability at low-pH. The particles were characterized, and their 

encapsulation and release properties were studied. 

 

5.2. Materials and methods 

5.2.1. Materials 

Commercial canola meal, obtained from Richardson Oilseed Company (Lethbridge, AB, Canada) 

was ground, passed through a 35-mesh screen and stored at -20 °C for further use. Caco-2 cells 

(HTB37) were obtained at passage 19 from the American type culture collection (Manassas, VA). 

Dulbecco’s modified eagle medium (DMEM), 0.25% (w/v) trypsin-0.53 mM EDTA, 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), fetal bovine serum, 1% nonessential 

amino acids, and 1% antibiotics were all procured from Gibco Invitrogen (Burlington, ON, 

Canada). (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT), dimethyl 

sulfoxide (DMSO), coomassie brilliant blue G-250, β-carotene, chitosan (molecular weight of 140-

220 kDa and degree of acetylation ≤40%), urea, sodium dodecyl sulfate (SDS), dithiothreitol 

(DTT), pepsin, pancreatin, Coumarin 6 and 4',6-diamidino-2-phenylindole (DAPI) were obtained 

from Sigma (Oakville, ON, Canada). 

5.2.2. Canola protein extraction 

Cruciferin was extracted using the method we previously developed (Akbari and Wu, 2015). A 

slurry of canola meal:water (1:10, W:V) was acidified to pH 4, stirred for 2 h and centrifuged at 

10,000 rpm for 20 min at 4°C. The resultant pellet was mixed with 10X volume of water, and the 

pH was adjusted to 12 while stirring at room temperature for 1h. After centrifugation, the 

supernatant was adjusted to pH 4 to precipitate proteins. The collected precipitate was washed 

twice with acidified water (pH 4), centrifuged and freeze-dried as cruciferin isolate.  

5.2.3. Preparation of particles 

Cruciferin was used to prepare nanoparticles based on the method developed by Makhlof et al. 

(2011) with some modifications. 18 mL of cruciferin solution at different protein concentrations 

(2, 3, 5, 7.5, and 10 mg/mL) and pH 12 was dropwise added to 18 mL chitosan solution (2 mg/mL 

in 0.1 M acetic acid) containing 0.04% w/v sodium azide while stirring. The pH of the suspensions 

was adjusted to 3.5, 4.5, 5.5, 6.5, and 7.5, and the suspensions were stirred for 1 h. The stability 

and turbidity of the particle suspensions were used to assess conditions for particles formation. 
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The stability of the particles was studied for a period of 3 weeks stored at 4°C. The turbidity was 

measured at 600 nm using a UV/VIS spectrophotometer (V-530 Jasco, Japan) (Lee et al., 2012). 

The dispersions containing stable particles with at least 50% increase in turbidity compared to 

initial protein solution turbidity were considered as appropriate dispersions.  

5.2.4. Particles characterization  

5.2.4.1. Size, surface charge and morphology of particles  

Size of the particles was determined by dynamic light scattering (DLS) using Malvern Nanosizer 

ZS (Malvern, Worcestershire, UK). Zeta potential of the particles was also measured by laser 

doppler velocimetry using the Nanosizer. Prior to measurement, samples were diluted in 10 mM 

phosphate buffers (the same pH of particle suspensions) to obtain a slight opalescent dispersion to 

prevent multiple scattering effects. Morphology of the prepared particles was studied using a 

transmission electron microscopy (TEM, Philips Morgagni 268, FEI Company, The Netherlands) 

at 80 kV. The particles were freshly prepared at the cruciferin:chitosan ratio of 5:2 and pH 5.5, 

diluted 10 times, put on Formvar-covered copper grids, negatively stained with 2% 

phosphotungstic acid for 20 S, and then air dried.  

5.2.4.2. Surface hydrophobicity 

The surface hydrophobicity of cruciferin and the particles was determined using ANS fluorescent 

probe (Alizadeh-Pasdar and Li-Chan, 2000). Briefly, the samples were diluted to ten 

concentrations ranging from 0.0025 to 0.1 mg/mL using 0.1 M citrate buffers at pH 5. Then, 20 

µL of 8 mM ANS solution prepared in the same buffer was added to 4 mL of the diluted samples 

and the fluorescence intensity was measured at emission and excitation wavelengths of 470 nm 

and 390 nm, respectively, at a slit width of 5 nm using a 1-cm path length quartz cell on Shimadzu 

RF-5301PC spectrofluorophotometer (Kyoto, Japan). The buffer containing ANS and diluted 

samples (in the absence of ANS), as blanks, was subtracted from the measured fluorescence values. 

The slope of the linear plot of net fluorescence values versus protein concentrations was used as 

an index of the protein surface hydrophobicity. 

5.2.4.3. Intrinsic fluorescence study 

The intrinsic fluorescence emissions of cruciferin and the particles were measured using a 

Shimadzu RF-5301PC spectrofluorophotometer (Kyoto, Japan) equipped with a 1-cm path length 

quartz cell. The protein concentration and pH of the samples were adjusted to 0.005 mg/mL and 
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pH 5.5 using 10 mM citrate buffer. The fluorescence measurements were performed using the 

excitation wavelength of 295 nm and the emission wavelengths of 300 to 650 nm, both at a slit 

width of 5 nm (Perez et al., 2014). The interactions between encapsulated β-carotene and the 

particles were also studied using the intrinsic fluorescence property (Zimet and Livney, 2009). In 

brief, different concentrations of β-carotene, soluble in ethanol, were encapsulated in the particles 

as will be explained in 2.7.2 section. The intrinsic fluorescence of the β-carotene-loaded particles, 

at final β-carotene concentrations of 0.002-0.06 mg/mL, was also measured using 295 nm 

excitation wavelength. The emission spectra were recorded from of 300 to 650 nm.  

5.2.4.4. Driving forces involving the particles formation 

The importance of hydrophobic, electrostatic, hydrogen and disulfide interactions in forming the 

particles were evaluated using SDS, NaCl, urea and DTT, respectively. The particles suspension 

was mixed with the same volume of each dissociating agent at different concentrations. The 

mixtures were adjusted to pH 5.5 and vortexed 10 s and after 6 h, their turbidity were measured at 

600 nm using the UV/VIS spectrophotometer. The turbidity of the mixtures was compared to that 

of initial particles suspension. Decrease in the turbidity of the mixtures was considered as an 

indicator of the degree of particles dissociation (Schmitt et al., 2010).  

5.2.4.5. Thermal property study 

Freeze-dried samples were dried in a vacuum desiccator using phosphorous pentoxide for 48 h. 

The dried samples (~5 mg) were weighed in hermetically sealed aluminium pans, sealed and 

loaded into a differential scanning calorimeter (Q2000-DSC, TA Instruments, New Castle, DE, 

USA). The samples were heated at a scanning rate of 10°C /min from 15 to 300°C under inert 

nitrogen atmosphere. An empty aluminium pan was used as a reference.  

5.2.4.6. FTIR study 

Freeze-dried samples were dried in the vacuum desiccator before FTIR analysis. The milled 

samples in KBr (~10 mg) were loaded on a Thermo Nicolet 8700 FTIR spectrometer (Madison, 

WI, USA). A background spectrum in air was obtained before running the samples. The infrared 

spectra were collected from the wavenumber of 400 to 4000 cm−1 at a resolution of 4 cm−1. Each 

sample was subjected to 64 repeated scans. The spectra were smoothed and standardized, and their 

baselines were calibrated using Omnic 8.1 software (Madison, WI, USA). The recorded spectra 

were also deconvoluted in amide I band region (1700-1600 cm-1) using the software at a bandwidth 
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of 25 cm-1 and an enhancement factor of 2.5. The detected amide I bands in the spectra were 

assigned to protein secondary structures using previously established wavenumber ranges (Pelton 

and McLean, 2000; Kong and Yu, 2007).  

5.2.5. Effect of the particles on cell viability 

Toxicity of the prepared particles on Caco-2 cells was assessed using MTT method. The MTT test 

measures the activity of dehydrogenase enzyme, which can convert MTT to insoluble purple 

formazan in Caco-2 cells. The formazan is dissolved in DMSO and the intensity of formed purple 

color determines the enzyme activity and cell viability. Caco-2 cells were seeded (50,000 cell/mL) 

in high-glucose and L-glutamine DMEM medium supplemented with 10% FBS, 1% non-essential 

amino acids, 1% penicillin and streptomycin, and 2.5% HEPS in a 96-well plate (200 µl/cell) and 

incubated at 37°C in a humidified incubator with 5% CO2 for 24h. After incubation, the media in 

the cells was replaced with freshly prepared particles suspended in the DMEM medium at different 

concentrations of 0.5, 1.5, and 2.5 mg/mL. DMEM without nanoparticles was used as control. 

After 24h incubation, the wells were gently washed three times with PBS from the cells, and then 

15 µl MTT (5 mg/mL in PBS) and 185 µl medium were added to the cells and incubated for 4h. 

Medium was removed and the formed formazan crystals were dissolved in 150 µl DMSO. 

Absorbance was measured at 570 nm using a microplate reader (GENios, Tecan, Mannedorf, 

Switzerland). Relative cell viability (%) was calculated by comparing the absorbance of the 

particle samples with that of the control (Slutter et al., 2009). 

5.2.6. Cell uptake of the particles 

To study the cell uptake of nanoparticles in Caco-2 cells, coumarin-6, as a fluorescent marker, was 

encapsulated into the nanoparticles. The cellular uptake of coumarin-6-loaded nanoparticles was 

compared to free coumarin-6 (not encapsulated). In brief, 1 mL of coumarin-6 solution in ethanol 

at concentrations ranging from 10 to 400 µg/mL was mixed with 9 mL 2 mg/mL chitosan solution 

in 0.1 M acetic acid. 9 mL of 5 mg/mL cruciferin solution (solubilized at pH 12) was added 

dropwise to the solution while stirring. The pH of the suspension was adjusted to 5.5, stirred for 2 

h and then was centrifuged at 40000 g and 4 °C for 30 min. Loaded particles pellet was collected, 

washed twice with water and centrifuged to remove free coumarin-6. The labelled particles were 

re-suspended in DMEM medium at concentrations of 0.1, 0.5 and 1 mg/mL. The size and zeta 

potential of the re-suspended particles were measured. Caco-2 cells (105 cells/well) were seeded 
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on cover glasses placed in 6-well plates (Costar, Corning, NY), and incubated until cells were 

about 80% confluence (Luo et al., 2013). 2.5 mL of labelled-particles suspensions or free 

coumarin-6 solution in DMEM medium was added to each well and incubated for 6 h at 37 °C. 

Then, the cells were washed three times with PBS to remove free nanoparticles and coumarin-6. 

Cell membranes were stained with 10 µg/mL Alexa Fluor 594-Concanavalin A conjugate in PBS 

for 10 min. After three washings with PBS, the cells were fixed using ice-cold solution of 3.7% 

formaldehyde for 30 min. Cell nuclei were also stained with 0.3 µg/mL DAPI for 10 min and then 

washed with PBS. The coverslips covered with fixed cells were removed from the wells, inverted 

on slides containing 40 µL (90% glycerol in PBS), then dried overnight in dark at room 

temperature, and kept at 4 °C. The cells were observed with a CLSM 510 Meta confocal laser 

scanning microscope (Carl Zeiss Microscopy, Jena, Germany) using an oil immersion objective 

(63×) at wavelengths of 405, 561 and 488 nm to visualize cell nuclei, membranes and labelled 

particles, respectively. Images were processed with ZEN 2011 LE software (Carl Zeiss, AG, 

Oberkochen, Germany) (He et al., 2013; Gaumet et al., 2009).  

5.2.7. Encapsulation of model compounds 

The encapsulation capacity of the particles was assessed using both water-soluble and water-

insoluble compounds. 

5.2.7.1. Encapsulation of a water-soluble model compound 

Brilliant blue-loaded particles were prepared by adding dropwise 18 mL of cruciferin solution (pH 

12) to 18 mL chitosan solution (2 mg/mL in 0.1 M acetic acid) containing brilliant blue (1 mg/mL) 

and 0.04% (w/v) sodium azide, and then the pH was adjusted to 5.5. After stirring for 30 min, the 

particle suspension was centrifuged at 40000 g, 4 °C for 30 min, and the particle pellet was 

collected, washed twice with water (the same pH as suspension), and  centrifuged to remove the 

adsorbed brilliant blue on the particle surface. The content of free brilliant blue in the combined 

supernatants was measured using the spectrophotometer at 590 nm. Encapsulation efficiency (EE), 

loading capacity (LC), and particle preparation yield (PPY) were calculated using the following 

equations:  

EE (%) = 100 × (A-B)/A   

LC (%) = 100 × (A-B)/C 

PPY (%) = 100 × C/D 
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Where, A is mg model compound added to the initial suspension, B is mg free compound 

(unencapsulated), C is the weight (mg) of dried loaded particles, and D is the total initial dry weight 

(mg) of all the compounds forming the particles. 

5.2.7.2. Encapsulation of a water-insoluble model compound 

Encapsulating β-carotene in particles was performed by slowly adding 2 mL β-carotene ethanol 

solution (0.5 mg/mL) to 18 mL chitosan (2 mg/mL in 0.1 M acetic acid), and then 18 mL of 

cruciferin solution (solubilized at pH 12) was added dropwise, the pH of the suspension was 

adjusted to 5.5, stirred for 30 min, and then concentrated to 30 mL using a rotary vacuum 

evaporator (Heidolph 2-Collegiate, Germany) at 50 °C. 1 mL of the concentrated suspension 

containing the loaded particles was mixed with 5 mL hexane, vortexed for 10 sec and then 

centrifuged at 10,000 rpm for 20 min at 4°C. The β-carotene extracted in the organic phase 

represented both unencapsulated and loosely-adsorbed β-carotene on the surface of particles. 

Absorbance of the organic phases was measured at 450 nm using the UV–VIS spectrometer and 

EE, LC and PPY were calculated (Mensi et al., 2013).  

5.2.8. Simulated gastro-intestinal release study  

Release experiments were performed in simulated gastric fluid (SGF) followed by simulated 

intestinal fluid (SIF) (Mensi et al., 2013; Chen and Subirade, 2005). Brilliant blue- and β-carotene-

loaded particles were prepared using the previously described method. To simulate gastric 

condition, 20 mL of above suspensions was adjusted to pH 1.4 using 10 mL of 0.05M HCl 

containing 1 mg/mL pepsin and was agitated at 100 rpm and 37 °C in a water bath. Release studies 

were also performed at pH 1.4 and in the absence of pepsin. 0.5 mL samples were withdrawn from 

the release media at predetermined intervals. 0.25 mL of 1M sodium bicarbonate was added to the 

samples to increase pH to 7.4 and inactivate pepsin. Brilliant blue -containing samples were 

centrifuged (40000 g) and released brilliant blue in supernatant was measured. β-carotene was 

extracted from the withdrawn samples using 2.5 mL hexane and quantified using the same method 

previously described. After 2 h incubation in SGF, pepsin was inactivated by raising pH to 7.4 

using 10 mL of 1M sodium bicarbonate and release studies were followed in SIF medium by 

adding 5 ml of 200 mM phosphate buffer pH 7.4 in the absence and presence of 2 mg/mL 

pancreatin. 0.5 mL samples were withdrawn at predetermined intervals. To stop pancreatin activity 

after sampling, brilliant blue -containing samples were heated at 90 °C for 5 min while for β-
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carotene samples, free β-carotene was immediately extracted using hexane. The concentrations of 

released brilliant blue and β-carotene in SGF and following SIF media were measured and their 

cumulative percentages were calculated based on the total amount of the initial loaded compounds 

and the released compounds in recovery studies. 

5.2.9. Statistical analysis  

Experiments were carried out in triplicates and results were statistically analyzed using ANOVA 

and Duncan tests (version 9.2, SAS Institute Inc., Cary, NC, USA). 

 

5.3. Results and discussion  

5.3.1. Preparation of the particles 

To prepare the particles, cruciferin and chitosan were solubilized at different concentrations at 

alkaline (pH 12) and acidic (pH 3) conditions, respectively, and then the cruciferin solution was 

dropwise added to the chitosan solution to achieve a pH ~ 4.5. The pH of the mixture was adjusted 

to different pHs and the formed particles suspensions were studied. Since the formation of particles 

would increase the turbidity of the suspensions, an indicator of 50% increase in the turbidity 

compared to initial protein solution was used to determine an appropriate particles formation. Our 

results showed that the mixtures didn’t form particles at pHs 3.5 and 4.5 (low turbidity) due to 

high repulsive forces between positively-charged cruciferin and chitosan, likely formed at pHs 5.5 

and 6.5 but depended on the ratio of cruciferin:chitosan, precipitated at pH 7.5. At pHs 5.5 and 

6.5, in general, the appearance of the particles suspensions changed from clear to opaque at 

increasing cruciferin concentrations. Whereas the mixtures didn’t form highly-turbid suspension 

at the ratio of 2:2, the particles prepared at the ratios of 7.5:2 and 10:2 were not stable and 

precipitated; the particles prepared at the ratios of 3:2 and 5:2 were stable and therefore used for 

further studies. 

5.3.2. Particles characterization 

5.3.2.1. Size, zeta potential and morphology of the particles 

In general, the particle size increased at increasing pHs from 5.5 to 6.5 due to decreased 

protonation of chitosan (pKa~6.4) and cruciferin (pI ~7.2) (Table 5.1), which would decrease 

repulsion forces between chitosan and cruciferin, leading to particle aggregation and even 

precipitation at increasing cruciferin and chitosan ratio above 5:2. The zeta potential of particles 
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was not affected. Similar trend was reported for chitosan/tripolyphosphate and 

chitosan/hydroxypropyl methylcellulose phthalate by Makhlof et al. (2011). Polydispersity index 

(PDI) of the particles sizes was ~ 0.35, revealing satisfactory particles uniformity. Therefore, the 

particles prepared at the cruciferin:chitosan ratios of 3:2 and 5:2 at pH 5.5 were appropriate, and 

the ratio of 5:2 was chosen to prepare particles for further studies. Morphology of cruciferin and 

chitosan solutions and the particles were examined using TEM. The different structures observed 

in figure 1c compared to figures 1a and b, revealed that new spherical complexes formed through 

interaction between cruciferin and chitosan. The size of the structures was estimated in the range 

of 150-200 nm which is in aggrement with our results in particle size determination by DLS.     

Table 5.1. Effect of cruciferin:chitosan ratio and pH of particles preparation on increasing the 

turbidity of particles suspension, and size and zeta potential of prepared particles. Values with 

different lowercase letters in the same column are significantly (p<0.05) different. 

cruciferin:chitosan 

ratio 
pH Increasing turbidity (%) Size (nm) 

Zeta potential 

(mV) 

3:2 5.5 190±4 c 157±8 b +20±1.6 a 

6.5 281±1 a 175±10 a +15.1±2.4 a 

     

5:2 5.5 204±1 b 165±3 ab +18.2±1.3 a 

6.5 Precipitated particles --- --- 

 

 

Figure 5.1. TEM images of cruciferin solution (5 mg/mL) (a); chitosan solution (2 mg/mL) (b); 

cruciferin/chitosan particles suspension (c). Samples were diluted 10 times before observation.  



115 

 

5.3.2.2. Surface hydrophobicity study  

The surface hydrophobicity (S0) of cruciferin was not affected before and after particle formation 

(8613±3 and 8421±34, respectively) (Supplementary Figure 5.1), which indicated that the particle 

formation process didn’t affect protein folding/unfolding and/or the availability of hydrophobic 

groups on the protein surface. Unlike Boeris et al. (2011) who reported chitosan decreased the S0 

of the pepsin/chitosan complex due to blocking the surface hydrophobic groups; the unchanged S0 

during particle formation suggested that either S0 of cruciferin in the coating layer was not affected 

by chitosan, or the coating layer was just composed of cruciferin. 

 

5.3.2.3. Intrinsic fluorescence study 

The intrinsic fluorescence of a protein strongly depends on the conformation that the protein adopts 

in response to bulk solution conditions. Intrinsic fluorescence property of a protein is due to the 

presence of aromatic amino acids such as tryptophan and tyrosine (Gorinstein et al., 2000). The 

intensity of intrinsic fluorescence property of the particles at 594 nm was lower than that of 

cruciferin (Figure 5.2). Since no shift occurred in the emission λmax of cruciferin before and after 

the complex formation, suggesting that the polarity of the environment surrounding tryptophan 

residues didn’t change and therefore folding/unfolding process didn’t happen in the particles 

formation process, which is in agreement with surface hydrophobicity results. There are two 

possibilities for the lower intrinsic fluorescence intensity of the particles: 1) the increased 

suspension turbidity resulting from the particles formation which could reduce the exciting and/or 

emitted radiations and 2) binding-induced quenching effect (van de Weert and Stella, 2011). 

However, the effect of the turbidity on emission intensity would be negligible due to the use of 

extensively diluted samples (×100 times). Therefore, binding-induced quenching effect resulted 

from interaction between chitosan and cruciferin might be responsible for the decreased intrinsic 

emission fluorescence of tryptophan during particle formation. Similar results were reported by 

van de Weert and Stella (2011) and Zimet and Livney (2009).  

 

5.3.2.4. Driving forces involving the particles formation  

As described in the materials and methods section, adding alkaline cruciferin solution (negatively-

charged) into acidic chitosan solution (positively-charged) led to a pH value of ~ 4.5, which was 

lower than pI of cruciferin (~7.2) and pKa of chitosan (~6.4); therefore, both cruciferin and 
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chitosan polymers were positively-charged which would prevent the particle formation due to the 

presence of repulsive forces. At increasing pHs to 5.5-6, the decreased protonation of the polymers 

also decreased their repulsive forces, enabling them come closer to form different interactions.  

 

Figure 5.2. Intrinsic fluorescence intensity of cruciferin and cruciferi/chitosan particles. 

 

The formation of particles could be affected by a number of interactions such as electrostatic, 

disulfide, hydrophobic and hydrogen bonding. To understand the responsible force for the particle 

formation, effects of dissociating agents, namely SDS, DTT, urea and NaCl, on the suspensions 

turbidity were determined. The suspension turbidity was decreased by 89 and 14% in the presence 

of urea and NaCl, respectively, but was not affected by DTT (Figure 5.3); SDS precipitated the 

particles due to the attractive interaction with the positively charged particles. The results showed 

that although electrostatic interaction could influence the particles formation due to the presence 

of amine and carboxyl groups in chitosan and cruciferin, hydrogen bonding was the major driving 

force for the particle preparation. Qin et al. (2011) and Xu and Du (2003) also reported that 

hydrogen bonding was the main force for chitosan particles formation (Qin et al., 2011; Xu and 

Du, 2003). As it was expected, disulfide bond and hydrophobic interactions were not important in 

the particles formation due to the absence of sulfhydryl and hydrophobic groups in chitosan. 

However, it was interesting to note that protein-protein interactions (i.e., hydrophobic forces) 

didn’t play critical roles in the particles preparation. 
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Figure 5.3. The effect of DTT (a), urea (b) and NaCl (c) on the turbidity of the nanoparticles 

dispersions 

5.3.2.5. Thermal property study  

The denaturation temperature of cruciferin powder was recorded at 174 °C (Figure 5.4) whereas it 

was previously reported 91 °C at 10% cruciferin solution (Wu and Muir, 2008). The presence of 

the moisture might be the reason for the difference observed in the thermal properties (Bier et al., 

2014). Similar results were reported for dry sunflower protein isolate (181 °C) (Rouilly et al., 

2001), lysozyme (200 °C), ovalbumin (208 °C) and bovine serum albumin (195 °C) (Carpenter et 

al., 2009) whereas the denaturation of these proteins occurred below 100 °C in aqueous solution. 

The midpoint of protein denaturation peaks is often called protein’s melting temperature, drawing 

an analogy with melting points in solids (Bier et al., 2014). The melting points of chitosan and the 

particles were also observed at 159 and 209 °C, respectively (Figure 5.4a). The remarkable 

increase of melting point of the particles compared to cruciferin and chitosan suggested formation 
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of a new structure with enhanced thermal stability; the stability might be due to strong interactions 

between cruciferin and chitosan. Improvement in the thermal stability was also previously shown 

for the complexes of soy protein and chitosan (Huang et al., 2012) and carboxy methylcellulose 

and β-lactoglobulin (Capitani et al., 2007). The presence of a small peak at 166 °C in the particles 

thermogram could be attributed to the free form of cruciferin and/or chitosan which didn’t 

contribute in the cruciferin-chitosan interactions.  

 

Figure 5.4. DSC thermograms of cruciferin, chitosan and cruciferin/chitosan particles: melting 

points (a) and water evaporation temperatures (b) 
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In the range of 15-160 °C (prior to the melting points), the DSC thermograms showed endothermic 

peaks corresponding to bound water evaporation temperatures from the polymer molecules (Figure 

5.4b). While bound water was evaporated in the range of 139-142 °C from cruciferin and chitosan 

powders, the evaporation peak was recorded at 146 °C for the particles. Similar results were also 

reported for catechin-loaded chitosan particles (Dudhani and Kosaraju, 2010). The increased water 

evaporation temperature in the particles’ thermograms might be due to the presence of more 

hydrophilic groups which strengthened the affinity of water binding to the particles (Luo et al., 

2011). 

5.3.2.6. FTIR study 

In FTIR spectra, amide I (1600-1700 cm−1) and amide II (1480-1545 cm−1), corresponding 

respectively to C=O stretching and N−H bending, provide useful information about structural 

changes in polymers (Kong and Yu, 2007). In comparison with amide I, amide II has much less 

sensitivity to conformational changes but it is more sensitive to hydrogen-bonding changes in the 

environment of N-H groups (Almutawah et al., 2007; Ullah et al., 2011). In our study, while amide 

I band in the spectra of cruciferin, chitosan and the particles shifted in a small range of 1654-1656 

cm−1, amide II peak shifted from 1537 cm−1 wavenumber in cruciferin spectrum to 1558 cm−1 in 

the particles (Figure 5.5a). The blue shift of amide II peak indicated enhanced hydrogen bonding 

in the formation of cruciferin and chitosan particles, which was in agreement with our driving 

forces study showing that hydrogen bonding is the main driving force involved in the particles 

formation. However, the very small shift observed between the amide I bands of cruciferin and the 

particles revealed that the conformation of cruciferin didn’t significantly change in particles 

formation. The result is also supported by our surface hydrophobicity and intrinsic fluorescence 

studies. The intensity of the peak at 1405 cm-1, which is a joint contribution of vibration of –OH 

and –CH (Huang et al., 2012), increased in the particles spectrum compared to that in cruciferin 

spectrum. The increased intensity might be also due to formation of hydrogen bonding between 

cruciferin and chitosan. To study the small conformational changes, the secondary structure of 

cruciferin powder and the particles were also evaluated using deconvoluted FTIR spectra of amide 

I band, and were compared to the previously established wavenumber ranges (Kong and Yu, 2007; 

Pelton and McLean, 2000). The strong absorption at 1658 cm-1 indicated that α-helix was 

predominant in cruciferin, although the bands of 1637, 1692 and 1678 cm-1 representing β-sheets 

and turns were also observed (Figure 5.5b).  
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Figure 5.5. FTIR spectra (a) and deconvoluted FTIR spectra (b) of cruciferin, chitosan and 

cruciferin/chitosan particles  

 

In complex with chitosan, the intensity of the β-turn peak (1678 cm-1) increased and new peaks 

were appeared at 1625 and 1666 cm-1 assigning to the new structures of β-sheet and turns, 

respectively (Kong and Yu, 2007; Pelton and McLean, 2000) which are mainly formed through 

hydrogen bonding (Gilbert et al., 2005). The appearance of the new peaks indicated an ordered 

structure formed in the particles due mainly to enhanced hydrogen bonding. 
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5.3.3. In vitro cytotoxicity of the particles 

The potential cytotoxicity of the particles on Caco-2 cells was assessed using the MTT assay. 

Incubation of the particles at three concentrations of 0.5, 1.5, and 2.5 mg/mL for 24 h didn’t show 

any significant change in the cellular viability compared to the control (Figure 5.6), suggesting 

that the particles were not toxic to the cells. 

 

Figure 5.6. Effect of cruciferin/chitosan nanoparticles on Caco-2 cells survival after 24 h 

incubation at 37°C (compared to control). 

 

5.3.4. Cell uptake of the particles  

Confocal microscopy images of Caco-2 cells after 6h incubation with coumarin-6-loaded particles 

and free coumarin-6 were shown in figures 5.7A and B. The final concentration of the particles 

and coumarin-6 in the incubating DMEM medium were 0.5 mg/mL and 2.5 µg/mL, respectively. 

The size and zeta potential of the re-suspended particles were 304±41 nm and +7.9±2.2 mV, 

respectively. Since the pH of the suspension was close to cruciferin isoelectric point (pH 7.2), the 

zeta potential of the particles decreased, and probably due to the decrease of repulsive forces, the 

size of particles increased. While remarkable fluorescence intensity was observed within the cells 

treated with the loaded particles, no noticeable signal was detected in the cells incubated with free 

coumarin-6. The results showed that the particles were uptaken by cells and mostly delivered into 

the cells cytoplasm. This implied that the particles might be an appropriate carrier for delivery of 

encapsulated compounds to the cells.  
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Figure 5.7. Confocal microscopic images of Caco-2 cells after 6 h incubation with coumarin 6-

loaded cruciferin/chitosan nanoparticles (green) (A) and free coumarin-6 (B). The cell membrane 

and nucleus were stained using Alexa 594 and DAPI, respectively. 

 

5.3.5. Encapsulation and in vitro release of the model compounds 

Encapsulation property and release behaviour, two important factors affecting the efficiency of a 

delivery system, were studied for the particles. Brilliant blue and β-carotene, representing 

hydrophilic and hydrophobic model compounds, were encapsulated in the particles. While the 

encapsulation efficiency (EE), loading capacity (LC) and particle preparation yield (PPY) of 

brilliant blue were 72.4%±0.7, 16.3%±0.8 and 55.5%±2.6, those for β-carotene were 98.8%±0.2, 

7.7%±0.2 and 44.5%±1.1, respectively. Previously the EE of β-carotene was reported to be 

39.5%±0.3 in chitosan-β-lactoglobulin nanoparticles (Lee et al., 2012), 54.7% and 87.6%, 

respectively, in chitosan-alginate beads and sodium caseinate sub-micelles (Chu et al., 2007; 

Donhowe et al., 2014). The higher EE of the particles suggested that the particles are appropriate 

carriers for both water-soluble and -insoluble compounds. Figure 5.8 shows a schematic 

illustration of the particle formation and encapsulation of model compounds.   
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Figure 5.8. A scheme of Cru/Cs particle formation and encapsulation of model compounds 

 

In vitro release of brilliant blue and β-carotene from the particles was studied using 2 h incubation 

in SGF followed by 6 h in SIF with and without pepsin and pancreatin, respectively (Figure 5.9). 

In SGF (in the presence or absence of pepsin), less than 10% and 5% of encapsulated brilliant blue 

and β-carotene were released in the first 2 h, due to the weakly attached compounds on the surface 

of the particles. These results suggested that the particles were resistant to both low pH and pepsin. 

Since chitosan is degraded at low pH (Makhlof et al., 2011), the particles resistance in the SGF 

further supported that chitosan was coated by cruciferin layers. The coating layer might be a 

monolayer of cruciferin but not a complex of cruciferin and chitosan since the complex can be 

degraded at pH 1.2 due to high protonation of chitosan (pKa~6.4) and cruciferin (pI ~7.2) and 

increased repulsive forces. This result further bolstered our previous surface hydrophobicity results 

showing the presence of a cruciferin layer on the particles surface. The indigestibility of cruciferin 

in the stomach was reported in our previous study (Akbari and Wu, 2016) and also by Bos et al. 

(2007). Our results suggested that cruciferin could be applied as a protective polymer for coating 

chitosan particles and its protection effect is comparable with other coating polymers such as 

hydroxypropyl methylcellulose phthalate (a pH-sensitive polymer); where, 25% of encapsulated 

insulin was released from chitosan/hydroxypropyl methylcellulose phthalate particles (Makhlof et 

al., 2011). 
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Figure 5.9. Release profiles of brilliant blue (a) and β-carotene (b) from cruciferin/chitosan 

particles in simulated gastric fluid (SGF) followed by simulated intestinal fluid (SIF) in the 

presence and absence of pepsin and pancreatin, respectively 

 

In SIF (pH 7.4) and in the absence of pancreatin, the particles stayed resistant and only less than 

5-10% of encapsulated brilliant blue and Β-carotene were released (Figure 5.9). However, in the 

presence of pancreatin, the previously released brilliant blue (during in SGF) was re-adsorbed by 
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the particles and precipitated along with particles after centrifugation. The reason might be due to 

the degradation of the cruciferin layer by pancreatin which released positively-charged amine 

groups of chitosan and then bound to the previously released negatively-charged brilliant blue. 

Similar results were reported by Chen and Subirade (2005).  

However, unlike brilliant blue-loaded particles, degradation of the cruciferin layer by pancreatin 

released ~15% of β-carotene in SIF. The released β-carotene from enzymatic-hydrolyzed particles 

might be related to the β-carotene which was entrapped in the cruciferin coating layer. Afterward, 

the remaining encapsulated β-carotene, entrapped in the chitosan-based core, was not released 

since the used chitosan was resistant in SIF. The release profile of encapsulated compounds from 

chitosan particles depends on chitosan characteristics such as molecular weight and degree of 

deacetylation. For instance, the release rate of the compounds from high-molecular weight 

chitosan (HMC) is lower than that of low-molecular weight chitosan (LMC) (Xu and Du, 2003). 

Since the chitosan core in this study didn’t release the compounds, the release profile was not 

affected by cruciferin coating. However, if LMC is used as a particle core, the composition of 

coating layers might influence the release rate from whole particles.  Similar results were reported 

in a chitosan dispersed system coated with aminoalkyl methacrylate copolymer RS (Eudragit RS) 

(Shimono et al., 2002) and lactose-sodium alginate-chitosan composite particles (Takeuchi et al., 

2005). Therefore, the particles are promising carriers for delivery of sensitive compounds to both 

gastric and intestinal conditions such as protein-based bioactive compounds. 

5.3.6. Interaction between β-carotene and the particles  

The encapsulated β-carotene might affect the thermal property and structure of the particles. In the 

study of the DSC thermograms, pure crystalline β-carotene showed two melting peaks at 168 and 

176 °C (Figure 5.10a).  
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Figure 5.10. DSC thermograms of β-carotene, cruciferin/chitosan particles and β-carotene-loaded 

particles: melting points (a) and water evaporation temperatures (b) 

 

After dissolving β-carotene in ethanol and encapsulation in the particles, its melting point 

decreased to 160 °C. The melting point of loaded particles was 205 °C compared to 209 °C of 

empty particles indicating less crystalline structure in the loaded particles. Transition of β-carotene 

molecules from crystalline powder to its amorphous form during encapsulation process might be 

the reason for the decreased melting point. Similar melting points of 178-180 °C and 150-160 °C 

were also reported by Coronel-Aguilera and Martín Gonzalez (2015) and de Paz et al. (2012) for 

pure (crystalline) and encapsulated (amorphous) forms of β-carotene, respectively. 
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At the temperature range of 15-160 °C (prior to the melting points), endothermic water evaporation 

peaks were presented at 146 °C and 140 °C for empty and β-carotene-loaded particles, respectively 

(Figure 5.10b). The decrease in the water evaporation temperature might be due to the presence of 

β-carotene aliphatic chain and its hydrophobic groups which had less affinity to water and 

decreased the evaporation temperature. Similar observations were also reported by Luo et al. 

(2011) and Paula et al. (2011) in encapsulation of vitamin D3 and essential oils, respectively.  

To study the effect of the encapsulation on the structure of the particles, the FTIR spectra of β-

carotene, particles and β-carotene-loaded particles were compared in Figure 5.11. Two strong 

peaks were observed at 965 and 2925 cm−1 in the β-carotene spectrum representing trans 

conjugated alkene CH and CH stretching vibration, respectively (Yi et al., 2015; Schlucker et al., 

2003). The disappearance of 965 and 1724 cm−1 peaks in the β-carotene-loaded particles spectrum 

indicated successful encapsulation of β-carotene in the particles. Similar result was shown by Teng 

et al. (2013) in encapsulation of D3 in chitosan/soy protein complex. Evaluation of the spectrum 

of β-carotene-loaded particles also showed that no shift was observed in the amide I peak compared 

to that of particles, indicating that the incorporation of β-carotene didn’t affect the conformation 

of the protein. However, a redshift of amide II band of loaded-particles compared to that of empty 

particles (from 1558 to 1537 cm−1) revealed that the environment of N-H groups changed 

favouring weaker hydrogen bonding. The intensity of 1405 cm-1 peak was also decreased after β-

carotene incorporation, further supporting decreased hydrogen bonding. The decreased hydrogen 

bonding in the loaded particles might be due to the presence of long aliphatic chain of β-carotene 

which weakened the initial hydrogen interactions present in the particles. Luo et al. (2011) also 

reported that amide I and II in the spectrum of α-tocopherol-loaded zein particles redshifted to 

lower frequencies compared to those in zein spectrum. They suggested that electrostatic interaction 

is involved in the α-tocopherol encapsulation. However, Yi et al. (2015) showed that the 

incorporation of β-carotene in casein, whey and soy protein particles shifted amide I and amide II 

respectively to lower and higher frequencies compared to empty particles.  
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Figure 5.11. FTIR spectra of cruciferin/chitosan particles, β-carotene and β-carotene -loaded 

particles  

 

Binding of β-carotene to the particles can also be characterized by determination of intrinsic 

fluorescence of tryptophan residues in cruciferin structure. The intensity of particles was initially 

decreased after encapsulation of 100 mg/mL β-carotene (Figure 5.12). However, unlike the results 

reported by Perez et al. (2014) and Zimet and Livney (2009) showing that the fluorescence 

intensity of loaded particles decreased does-dependently at increasing loaded compounds 

concentrations due to the quenching effect, the emission intensity of β-carotene-loaded particles 

didn’t change at increasing concentrations of loaded β-carotene. The initial decrease observed in 

the intensity after adding β-carotene suggested that a small part of β-carotene was bound to 

cruciferin coating and led to quenching effect; while, most of loaded β-carotene didn’t interact 

with cruciferin and the binding occurred in chitosan core part and in other words, β-carotene was 

loaded in chitosan-based core of the particles. This confirms that the 15% released β-carotene in 
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SIF (with enzyme) was released from cruciferin coating layer and the remaining 80-85% β-

carotene was entrapped in chitosan core which was not affected by the enzyme and/or pH 7.4.  

 

Figure 5.12. Effect of encapsulation of different β-carotene concentrations on intrinsic 

fluorescence intensity of cruciferin/chitosan particles 

 

5.4. Conclusion 

Cruciferin/chitosan nanoparticles with average size of 165 nm were prepared at pH of 5.5 and a 

cruciferin: chitosan ratio of 5:2. The particles were not toxic to Caco-2 cells and were uptaken 

after 6 h of incubation. The particles had ability to encapsulate both hydrophilic and hydrophobic 

model compounds. Our study demonstrated that chitosan particles coated with a single cruciferin 

layer have enhanced stability at low pH, thus circumventing the common degradation of uncoated-

chitosan particles at low pH stomach and strengthening their applicability in food uses. Therefore, 

the nanoparticles would be promising carriers for sensitive compounds to stomach and intestine 

conditions. The nano-sized particles might be also absorbed directly by cells with improved 

bioavailability due to the mucoadhesive and paracellular permeation enhancing properties of 

chitosan. Moreover, the complex might act as colon targeting delivery systems since chitosan is 

degraded in the colon and release the encapsulated compounds in the target sites. Since cruciferin 

is a GRAS natural polymer, bioactive-loaded particles might be used for food fortification; this is 
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the advantage of the particles compared to synthetic polymers-coated chitosan particles which are 

applicable for drugs.   
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5.6. Appendix C: Supplementary Information 

 

 

Supplementary Figure 5.1. Surface hydrophobicity (S0) of cruciferin and cruciferin/chitosan 

particles 
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CHAPTER 6- Cellular uptake and trans-cellular transport of cruciferin-

based nanoparticles in Caco-2 and its co-culture with /HT29-MTX cells 
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6.1. Introduction 

In addition to providing protection to bioactive compounds from harsh conditions of processing 

and gastrointestinal (GI) tract, encapsulation is a promising strategy to improve absorption and 

bioavailability (McClements, 2015; MaHam et al., 2009). Absorption is affected by the 

composition of the delivery systems and their physicochemical properties such as size, shape, 

charge and surface hydrophobicity (Martins et al., 2015). In the case of size, whereas Chithrani et 

al. (2006) revealed that within 1-100 nm range, 50 nm gold particles show the maximum uptake 

in HeLa cells, Roger et al. (2009) showed no significant difference in Caco-2 cellular uptake of 

lipid particles at size of 25-130 nm. Zhang et al. (2015a) also demonstrated that the uptake of 100 

nm soy protein particles in Caco-2 cells was higher than that of 30 and 180 nm. Win and Feng 

(2005) reported that 100 nm polystyrene particles had 2.3-folds greater uptake in Caco-2 cells 

compared to that of 50 nm particles, 1.3-folds to that of 500 nm particles, about 1.8 folds that of 

1000 nm particles. They concluded that nanoparticles of 100-200 nm size acquired the best 

properties for cellular uptake. He et al. (2012) and Thorek and Tsourkas (2008) demonstrated that 

the uptake of carboxylated chitosan and superparamagnetic iron oxide particles with size < 300 

nm was higher than larger particles in Caco-2 and T cells, respectively. Awaad et al. (2012) also 

showed that in the range of 50-500 nm thiol-organosilica particles, 95-200 nm is the ideal size for 

increased uptake in M cells.  

However, the influence of surface charge on cellular uptake of particles is highly controversial. 

While some researchers concluded that positively-charged particles, due to attractive forces to 

negatively-charge cell membrane have higher cellular uptake (Karlsson et al., 1999; Foged et al., 

2005), others believed that negatively-charged particles showed greater cellular uptake due to 

formation of particle clusters at some positive sites present on the cell membrane  (He et al., 2010; 

Patil et al., 2007). In terms of surface hydrophobicity of particles, a balance between hydrophobic 

and hydrophilic groups is important; Zhang et al. (2015b) and Han et al. (2014) revealed that the 

increased hydrophobicity could improve cellular uptake of particles. Han et al. (2006) and 

Chithrani et al. (2006) reported that spherical particles internalized substantially faster than 

asymmetrically shaped particles.  

In addition to the physicochemical properties of particles, study of the mechanisms by which the 

particles are uptaken into the cells is also important. When nanoparticles place in cell external 

milieu, they might enter inside the cells through different endocytosis mechanisms. In general, 
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membrane-bound vesicles (endosomes) are formed surrounding the particles. Cells contain various 

endosomes which deliver the particles to specialized vesicular structures to sort towards different 

destinations. Finally, different intracellular compartments either recycle the particles to the 

extracellular milieu or deliver them across cells (transcytosis). Generally, endocytosis can be 

classified into two broad categories of phagocytosis and pinocytosis. Phagocytosis is specific for 

macrophages, neutrophils, monocytes and dendritic cells, pinocytosis is present in all types of cells 

and has multiple forms (Sahay et al., 2010). To transport particles through intestinal epithelial 

cells, in addition to the transcellular delivery mechanisms, paracellular pathway might be used in 

which particles pass through tight junctions, the spaces between adjacent cells. Paracellular, a 

passive transport, is an appropriate route for hydrophilic molecules which are not able to pass 

through the cell bilayer membrane (Murugan et al., 2015).   

To simulate the cellular uptake and transcellular delivery of particles through intestinal epithelial 

cells, Caco-2 cells, derived from intestinal absorptive cell, are widely employed. The use of only 

Caco-2 cells however is criticized for the lack of mucus-secreting goblet cells. Mucus, a semi-

permeable barrier, hinders entry of bacteria and pathogens into the body, but allows exchange of 

nutrients, water, gases, odorants and hormones (Chen et al., 2010; Lai et al., 2009b). Co-culture of 

Caco-2 and HT29-MTX cell, derived from intestinal goblet cells, has been applied to study the 

influence of presence of mucus on absorption of peptide drugs, Glucagon like peptide-1 and insulin 

(Antunes et al., 2013; Araújo et al., 2014; Jin et al., 2012). 

Mucus might have both positive and negative effects on the efficiency of delivery systems. 

Mucoadhesion is a phenomenon in which the micro- and nano-based delivery systems adhere to 

mucus and as a result, the residence and release time of the systems are prolonged, leading to 

increased concentration of the released compounds. Otherwise, along with intestinal chyme, the 

delivery systems would pass the intestine and have no sufficient time to release bioactive 

compounds. However, due to the mucoadhesion property, the particle residence time is limited to 

mucus turnover time. Use of mucus-penetrating nanoparticle is a new strategy which could 

overcome this limitation (Lai et al., 2009a). Although the mucoadhesion and mucus-penetrating 

property have been studied for synthetic polymers, very few researches have been performed on 

the properties of edible biopolymer-based delivery systems.   

Among different edible biopolymers, food proteins, in addition to appropriate biocompatibility, 

biodegradability, emulsifying and gelling properties, possess different functional groups to bind 
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with encapsulated compounds (Elzoghby et al., 2012). In our previous studies, for the first time, 

cruciferin, a major canola protein, was used to prepare cruciferin/calcium (Cru/Ca) and 

cruciferin/chitosan (Cru/Cs) nanoparticles. Cruciferin’s resistance to gastric enzymes (Bos, et al., 

2007) may find its unique application to encapsulate bioactive compounds against gastric harsh 

conditions and also coat and protect chitosan material against degradation at low stomach pH 

(Makhlof et al., 2011). Cru/Ca particles released encapsulated compounds in intestinal conditions 

while Cru/Cs particle were stable in both stomach and intestine (Akbari and Wu, 2016; Chapter 

5).  

Therefore, the objective of this study was to compare the in vitro cellular uptake and trans-cellular 

transport of Cru/Ca and Cru/Cs particles which are approximately similar in size (165-200nm 

diameter), spherical shape and the composition of particle surface (cruciferin protein), but different 

in surface charge (negatively-charged Cru/Ca and positively-charged Cru/Cs particles). Two cell 

systems of Caco-2 and Caco-2/HT29 co-culture were used to simulate the effect of mucus on the 

intestinal cellular uptake and transport of the undigested and digested particles.  

 

6.2.Materials and methods 

6.2.1. Materials 

Defatted canola meal, obtained from Richardson Oilseed Company (Lethbridge, AB, Canada) was 

ground, passed through a 35-mesh screen and stored at -20 °C for further use. Caco-2 (HTB37) 

and HT29-MTX-E12 cells were obtained from the American type culture collection (Manassas, 

VA) and Sigma-Aldrich (Oakville, ON, Canada), respectively. Dulbecco’s modified eagle medium 

(DMEM), 0.25% (w/v) trypsin-0.53 mM EDTA, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES), Hanks’ balanced salt solution (HBSS), phosphate buffer saline (PBS), fetal bovine 

serum (FBS), 1% nonessential amino acids, and 1% antibiotics were all procured from Gibco 

Invitrogen (Burlington, ON, Canada). Alcian blue, sodium dodecyl sulfate (SDS), dithiothreitol 

(DTT), pepsin, pancreatin, coumarin 6, basic fuchsin, periodic acid, sodium meta-bisulphite, triton 

X-100, trypan blue, sodium azide, chlorpromazine, quercetin, indomethacin, β-cyclodextrin and 

amiloride were obtained from Sigma-Aldrich (Oakville, ON, Canada). 

6.2.2. Preparation of coumarin 6-loaded particles 

To study the cellular uptake and transport, coumarin-6, a fluorescent marker, was loaded in the 

particles. 1 mL coumarin-6 solution in ethanol (at concentrations of 2- 400 µg/mL) was added to 
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9 mL of 10 mg/mL heated cruciferin solution (pH 9). After diluting the protein/coumarin-6 

solution with 6 mL water (pH 9), 3 mL of 9 mM CaCl2 was added dropwise while stirring to 

prepare coumarin 6-loaded Cru/Ca particles (Akbari and Wu, 2016). To load coumarin 6 in Cru/Cs 

particles, 1 mL of the coumarin-6 solution was added to 9 mL of 2 mg/mL chitosan solution in 0.1 

M acetic acid. 9 mL of 5 mg/mL cruciferin solution (solubilized at pH 12) was added dropwise 

while stirring and pH of the suspension was adjusted to 5.5. (Chapter 5). The Cru/Ca and Cru/Cs 

particles were centrifuged (40000 g and 4 °C for 30 min) and washed twice to remove free 

coumarin-6. 

6.2.3. In vitro digestion of particles 

The coumarin 6-loaded particles, undigested forms or after digestion in simulated gastric and 

intestinal fluids, were used for uptake or transport studies. To simulate gastric conditions, the 

loaded particles were re-suspended at 20 mL water (pH 1.2) containing pepsin (10% of protein 

concentration) and was agitated at 100 rpm and 37 °C for 2 h in a water bath. Then, pepsin was 

inactivated by raising pH to 7.4 using 10 mL of 1M sodium bicarbonate and digestion was followed 

in simulated intestinal medium by adding 5 ml of 200 mM phosphate buffer pH 7.4 containing 

pancreatin (10% of protein concentration). After 4 h intestinal digestion, pancreatin was 

inactivated using trypsin inhibitors. Therefore, a portion of the particles was dissociated after the 

digestion, and a mixture of encapsulated and free coumarin-6 was obtained in the digested 

particles, while coumarin-6 remained encapsulated in the undigested particles.   

6.2.4. Size and surface charge particles  

Size of the particles was determined by dynamic light scattering using Malvern Nanosizer ZS 

(Malvern, Worcestershire, UK). Zeta potential of the particles was also measured by laser doppler 

velocimetry using the Nanosizer. Prior to measurement, samples were diluted in 10 mM phosphate 

buffers (the same pH of particle suspensions) to obtain a slight opalescent dispersion to prevent 

multiple scattering effects. 

6.2.5. Cell cultures 

Caco-2 (passage #25-64) and HT29-MTX (passage #30-67) cells were separately cultured at a 

density of 0.5 × 10-5 in 75 cm2 flasks using high-glucose and L-glutamine DMEM medium 

supplemented with 10% FBS, 1% non-essential amino acids, 1% penicillin and streptomycin, and 
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2.5% HEPS. The cells were incubated at 37°C in a humidified incubator with 5% and the culture 

medium was refreshed every other day. 

6.2.6. Mucus staining 

Caco-2 cells and Caco-2/HT29 co-culture (8:2 ratio) were seeded at a density of 0.8 × 10-5 cells/mL 

on 6-well plates and incubated for 4, 7, 14 and 21 days. To visualize secreted mucus, it was stained 

using Alcian blue. In brief, culture media were aspirated and the cells were washed once by PBS; 

1% Alican blue in 3% acetic acid was added to the cell cultures. After 20 min incubation at room 

temperature, extra Alician blue was removed by three-time washing using PBS. The stained mucus 

was observed by an inverted microscope (Primo Vert, Zeiss, Oberkochen, Germany) (Leonard et 

al., 2010).    

6.2.7. Mucus quantification 

Secreted mucus in the cultures was quantified using the periodic acid/Schiff reagent method 

modified by Leonard et al. (2010). Schiff reagent was prepared by dissolving 0.1% fuchsin in 

boiling water; 20 mL of 1M HCl was added to 50 °C-fuchsin solution. Before experiment, 1.66 g 

sodium meta-bisulphite was added to the solution and incubate at 37 °C until the solution was 

colorless or pale red. Periodic acid solution was also prepared by adding 10 μL of 50% of periodic 

acid to 10 mL of 7% acetic acid. The media were carefully removed from the cell cultures, and the 

cells were lysed using 1 mL of 1% Triton-X in PBS. The samples were then incubated with 100 

μL of the periodic acid solution at 37 °C for 2 h. Afterward, 100 μL of the schiff reagent was added 

and samples were incubated at room temperature for 30 min. Absorbance of the samples was 

measure at 555 nm using Spectramax M3. Porcine mucin was used to prepare a standard curve 

(Leonard et al., 2010).  

6.2.8. Cell uptake of particles 

Cellular uptake of undigested and digested Cru/Ca and Cru/Cs particles was studied using Caco-2 

culture and Caco-2/HT29 co-culture. Two methods of uptake efficiency and fluorescence intensity 

of the cells uptaking the particles were used to quantify cellular uptake.  

6.2.8.1. Uptake efficiency of particles 

Caco-2 and Caco-2/HT29 (8:2 ratio) cells were seeded at density of 0.8 × 10-5 cells/mL on black 

96-well plates and incubated to be confluent (A clear 96-well plate was used to visualize the cell 
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confluency). Culture media were replaced with 200 μL/well HBSS (buffered with 30 mM HEPES) 

and the cells were incubated at 37 °C for 30 min and then HBSS was removed. The pre-incubated 

cells were incubated with 100 μL/well HBSS containing 10, 40 and 100 μg/mL undigested and 

digested particles for 4 h at 37 °C. After three-time washing the particles using HBSS, extra-

cellular fluorescence was quenched with 100 μL/well 0.2% Trypan blue in HBSS for 10 min. 

HBSS was used for three-time washing and then cell membrane was permeabilized and the 

particles were dissociated using 100 μL/well of 1% Triton X-100/1% SDS in 0.4N NaOH. After 

3h, the fluorescence intensity of the cellular uptaken particles was measured at excitation and 

emission wavelength of 467 and 502 nm using Spectramax M3. The fluorescence intensity of the 

cells along with all loaded particles (without washing) was measured and the uptake efficiency 

was calculated compared to the total fluorescence intensity of the cells and loaded particles. 

Control experiment was carried out for the cells without the particles. Free coumarin-6 (equivalent 

to loaded coumarin-6 in 40 μg/mL particles) was also loaded on the cells and cellular uptake was 

measured (Win and Feng, 2005).  

6.2.8.2. Flow cytometry of the cells uptaking particles 

Caco-2 and Caco-2/HT29 cells were cultured on 6-well plates and incubated up to confluence. The 

cells were incubated with 2 mL/well HBSS containing 1.2 and 2.5 μg/mL undigested and digested 

particles for 4 h at 37 °C. After three-time washing the particles and treatment with the Trypan 

blue solution, the cells were detached from the plate using 1 mL of 0.25% Trypsine-EDTA. 

Trypsin was inactivated using 3 mL cold DMEM containing 10% FBS and the cells were 

transferred to centrifuge tubes and centrifuged at 500 g for 5min. The cell pellet was washed with 

FCS buffer (PBS containing 2mM EDTA, 0.05 sodium azide and 0.5% FBS) and centrifuged. The 

cells were fixed using 4% cold formaldehyde for 20 min and centrifuged. The cell pellet was re-

suspended in 0.5-0.8 mL flow cytometry standard (FCS) buffer and transferred to FACS tubes. 

Mean fluorescence intensity (MFI) and % positive cells were measured using BD FACS Canto II 

flow cytometry (Becton Dickinson, San Jose, CA, USA) (Li et al., 2011).     

6.2.9. Mechanism of the particle cell uptake 

The possible pathways of cellular uptake of the particles were studied using specific endocytosis 

inhibitors and then fluorescence intensity was measured by flow cytometry. Caco-2 cells were 

seeded at a density of 0.8 × 10-5 cells/mL on 6-well plates and incubated to be confluent. The cells 



145 

 

were pre-incubated with chlorpromazine (20 µg/mL), quercetin (20 µg/mL), indomethacin (100 

µg/mL), β-cyclodextrin (2 mg/mL), amiloride (40 µg/mL) and sodium azide (100 mM) for 1 h at 

37◦C. Afterward, 1 mL HBSS containing 2.5 µg/mL digested and undigested particles was added 

to the cells and incubated at 37 °C for 4 h (the concentration of the inhibitors was constant). To 

study the uptake mechanism at 4 °C, Caco-2 cells were also pre-incubated at 4 °C for 1 h and then 

incubated with the particles at 4 °C for 4 h. After washing the particles and inhibitors, extra-cellular 

fluorescence was quenched, the cells were harvested and fixed, and MFI was measured by flow 

cytometry as described previously (Wang et al., 2015). 

6.2.10. Transport studies 

Transport of the undigested and digested particles through intestinal epithelial cells were simulated 

by seeding Caco-2 and Caco-2/HT29 (8:2 ratio) cells at density of 2.5 × 10-5 cells/mL on Corning 

trans-well plates (pore size 3 µm, surface area 1.12 cm2 ). The cells were incubated at 37 °C for 21 

days. Cell medium was refreshed every other day in the first week, and then every day in the 

second and third weeks. The integrity of the cell monolayers was determined by measuring trans-

epithelial electrical resistance (TEER) using epithelial tissue voltohmmeter (EVOM2, World 

Precision Instruments, Saratosa, FL, USA). Transport studies were performed on the cell 

monolayers with TEER values starting 750 Ω cm2. Prior transport studies, cell medium was 

replaced with HBSS (buffered with 30 mM HEPES) at pH 7.4 and incubated at 37 °C for 30 min. 

The HBSS in the apical side of the trans-wells was removed and 0.5 mL HBSS containing 40 

µg/mL coumarin-6 loaded particles was loaded on the surface of the cell monolayers. Transport 

study was conducted at 37 °C for 6 h, and then samples were drawn from basolateral side. 

Transferred particles were dissociated and fluorescence intensity was measured as described 

previously. The apparent permeability coefficient (Papp) was calculated as: 

Papp = dQ/dt × 1/AC0 

where, dQ/dt is the permeability rate, A is the surface area of the membrane filter, and C0 is the 

initial concentration of coumarin-6 in the apical compartment (He et al., 2013; Luo et al., 2013). 

6.2.11.  Statistical analysis 

Experiments were performed in triplicate and are represented as mean ± standard deviation (SD). 

One-way analysis of variance (ANOVA) and Duncan test (version 9.2, SAS Institute Inc., Cary, 
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NC, USA) were used to analyse the data. The level of significance was set at probabilities of *p < 

0.05, **p < 0.01, and ***p < 0.001. 

 

6.3. Results and discussion  

6.3.1. Mucus staining and quantitation 

To confirm the secretion of mucus on the surface of the Caco-2 culture and Caco-2/HT29 co-

culture, the mucus was stained by Alcian blue over different incubation times. Co-culture cells 

showed a higher intensity of resultant blue than that of Caco-2 cells, indicating the secretion of 

mucus by HT29 cells (Figure 6.1). Using this method, Antunes et al. (2013) and Chen et al. (2010) 

also showed that HT29 cells produced mucus in co-culture with Caco-2 cells.  

 

Figure 6.1. Caco-2 and Caco-2/HT29 co-culture cells stained with Alcian blue after different cell 

incubation times 
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The periodic acid/Schiff reagent method was used to measure the aldehyde groups of 

carbohydrates present in mucus glycoprotein (Leonard, et al., 2010). Although mucin was detected 

in Caco-2 line, the concentration of mucin in the Caco-2/HT29 co-culture was significantly higher 

than that of Caco-2 culture, and it increased over cell incubation (Figure 6.2).  

 

Figure 6.2. Mucus quantification in Caco-2 and Caco-2/HT29 co-culture cells using periodic 

acid/Schiff stain colorimetric assay. Data shown as means ± SD (n = 3-5). *: P < 0.05, **: P < 

0.01, ***: P < 0.001. 

 

6.3.2. Cell uptake of particles  

Cell internalization of particles was observed using confocal microscopy (Akbari and Wu, 2016); 

cell uptake of coumarin 6-loaded particles was quantified using fluorescence and flow cytometry 

methods with/out simulated gastrointestinal (GI) digestion.  

6.3.2.1. Uptake efficiency of the particles 

The size of the re-suspended Cru/Ca and Cru/Cs particles in HBSS increased from 207±5 and 

165±3 to 280±34 and 334±41 nm, while that of the surface charge were decreased from -33.0±2.1  

and +18.2±1.3  to -14.3±1.8 mV and +7.9±2.2 mV, respectively. Since the pH of the suspensions 

was close to cruciferin isoelectric point (pH 7.2), the zeta potential of the particles decreased. The 

increased particles size might be due to the decreased surface charges, which led to reduced 
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repulsive forces between the particles. The reduced repulsive forces resulted in association of the 

particles and formation of larger particles.   

The results of cellular uptake efficiency of Cru/Ca and Cru/Cs particles (Figure 6.3) showed that 

at increasing particles concentrations, their uptake efficiency decreased. This revealed that the 

uptake of the particles was a saturable process.  

 

 

 

 

Figure 6.3. Cellular uptake efficiency of Cru/Ca (a) and Cru/Cs (b) particles in Caco-2 and Caco-

2/HT29 co-culture cells. Data shown as means ± SD (n = 3-5). *: P < 0.05, **: P < 0.01, ***: P < 

0.001. 
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As shown in Figure 6.3a, the uptake efficiency of digested Cru/Ca particles in both Caco-2 and 

Caco-2/HT29 co-culture cells were significantly lower (p < 0.001) compared to their undigested 

forms. Digestion of Cru/Ca particles led to release of ~ 84% encapsulated coumarin-6; since the 

cell uptake of released coumarin-6, in the free form, was negligible (Figure 6.3a), MFI of the cells 

treated with digested Cru/Ca particles decreased. This confirmed our previous results revealing 

that 70-90% of Cru/Ca particles were degraded in simulated intestinal fluid (SIF) (Akbari and Wu, 

2016). Win and Feng (2005) also reported that free coumarin-6 is not directly uptaken by cells. 

Although the uptake efficiency of 10 µg/mL undigested Cru/Ca particles in Caco-2 cells was 

higher (p < 0.05) than that in the co-culture, no difference was observed between the two cell 

cultures at particle concentrations of 40 and 100 µg/mL (Figure 6.3a). The results revealed that the 

presence of mucus secreted by HT29 cells in the co-culture system did not affect the cell update 

of the particles. 

The uptake efficiency of digested Cru/Cs particles was higher (p < 0.001) than that of undigested 

Cru/Cs particles, which was in contrast with that of Cru/Ca particles (Figure 6.3). As shown in 

chapter 5, cruciferin coating of the particles was digested in SIF, but the chitosan core, entrapping 

encapsulated compound, was not degraded and encapsulated compounds were not released. 

Therefore, compared to undigested particles, a higher proportion of digested Cru/Cs particles was 

internalized to the cells in both Caco-2 and Caco-2/HT29 co-culture. The increase of the uptake 

efficiency of digested particles might be due to decreases size of particles to 58±11 nm (compared 

to 165 nm diameter of undigested particles). However, similar to Cru/Ca particles, there was no 

difference between the two cell culture systems to uptake undigested Cru/Cs particles (Figure 6.3b) 

revealing that the particles were not hindered by secreted mucus in Caco-2/HT29 co-culture.  

Since the cellular uptake of both Cru/Ca and Cru/Cs particles was not affected by the presence of 

mucus in the co-culture, it can be proposed that the particles traversed the mucus layers and 

reached the underlying epithelial cells. In general, particles with ability to pass across mucus layers 

are known as mucus-penetrating particles. To improve delivery of bioactive compounds to 

epithelial cells and increase their absorption, two particle types are prepared: mucoadhesive 

particles and mucus-penetrating particles. Conventional mucoadhesive particles are mostly 

immobilized in luminal mucus layer, the surface layer which is rapidly cleared, while mucus-

penetrating particles easily penetrate the luminal layer and enter the underlying adherent mucus 

layer where is slowly cleared. Therefore, mucus-penetrating particles have higher chance to reach 
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the underlying epithelial cells to be uptaken and/or efficiently release their encapsulated 

compounds close to absorptive cells (Lai et al., 2009a).  

Lai et al. (2007) reported that large nanoparticles (200 and 500 nm in diameter) densely coated 

with polyethylene glycol showed near-neutral surface charge and negligible mucoadhesion 

property. The particles penetrated through mucus with an effective diffusion coefficient (Deff) 

only 6- and 4-fold lower than that in water (Lai et al., 2007). The particles were actually 

synthesized by mimicking the surface properties of viruses which allow them to avoid 

mucoadhesion. The viruses are densely coated with both positively and negatively charged 

functional groups, leading to a densely charged yet net neutral surface (Lai et al., 2009a). 

Therefore, the proposed mucus-penetrating property of our particles might also follow the same 

phenomenon. This property might be due to the presence of a high number of amino and carboxyl 

groups in the structure of cruciferin covering the particles surface. In addition, the presence of 

slight negative (-14.3 mV) and positive (+7.9 mV) charges in Cru/Ca and Cru/Cs respectively, 

didn’t cause significant mucoadhesion for the particles.   

In the case of undigested particles, the uptake efficiency of Cru/Ca particles was 2.5-6 times higher 

than that of Cru/Cs particles. Since the secretion of mucus had negligible effect on the cell uptake 

of the particles, therefore, the difference observed might be due to the difference in the cell 

internalisation of the particles. Since the size and shape of the particles were similar, the surface 

charge of the particles should play a key role for the different cellular internalisation. Although 

negatively-charged particles might be repelled by large negatively-charged domains of cell 

membranes, there are a few cationic sites for adsorption of the negatively charged particles. There 

is an assumption suggesting that the negatively charged particles bind at the cationic sites in the 

form of clusters. The presence of the particle clusters and non-specific adsorption process might 

be the driving forces for particle adsorption (He, et al., 2010; Patil, et al., 2007).  Therefore, the 

negatively-charged undigested Cru/Ca particles showed higher cellular uptake compared to 

positively-charged undigested Cru/Cs particles. He et al. (2010) and Patil et al. (2007) also reported 

that the particles with slight negative charge were uptaken more efficiently than positively-charged 

particles. 
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6.3.2.2. Flow cytometry of cells uptaking particles 

Flow cytometry can directly quantify particle uptake. The mean fluorescence intensity (MFI) of 

the cells uptaking digested Cru/Ca particles was dramatically lower than that of undigested 

particles (Figure 6.4a). The results were in agreement with our particle uptake efficiency study, 

confirming degradation of the particles in SIF (chapter 5). In addition, the presence of mucus in 

the co-culture system did not affect the uptake of undigested Cru/Ca and Cru/Cs particles (Figure 

6.4 a & b). This confirmed our previous results in the uptake efficiency study, and also supported 

the possible mucus-penetrating property of the undigested particles.  

 

 

Figure 6.4. Mean fluorescence intensity (MFI) of the cells uptaking Cru/Ca (a) and Cru/Cs (b) 

particles in Caco-2 and Caco-2/HT29 co-culture cells (measured by flow cytometry). Data shown 

as means ± SD (n = 3-5). *: P < 0.05, **: P < 0.01, ***: P < 0.001. 
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Interestingly, the MFI of the cells uptaking digested Cru/Cs particles was six times higher than 

that of undigested particles, similar to the results of uptake efficient study. It should be noted that 

the MFI of digested Cru/Cs particles in the co-culture was lower than that of Caco-2 cultur, which 

suggested that the presence of mucus in co-culture system hindered the update of the digested 

particles, which might be due to mucoadhesive property of exposed chitosan-based core after 

digestion of cruciferin coating. Although the chitosan core was small in size, because of 

mucoadhesion property of chitosan, their ability to pass mucus layers was reduced. The difference 

in uptake was not detected between Caco-2 and Caco-2/HT29 in uptake efficiency study (Figure 

6.3b). The reason might be related to the method of washing un-uptaken particles. In uptake 

efficiency study, even after washing, a part of mucus along with some particles might remain with 

Caco-2/HT29 cells and the particles were considered as uptaken particles. However, three-time 

centrifugation in flow cytometry method completely removed mucus and un-uptaken attached 

particles. 

The MFI of negatively-charged undigested Cru/Ca particles was 3-time higher than that of 

positively-charged Cru/Cs particles, confirming the previous uptake efficiency study.  

The percentage of positive cells is another parameter to show the proportion of the cells uptaking 

particles to total measured cells. In Figure 6.5, the percentages of positive Caco-2 cells uptaking 

2.5 µg/mL undigested/digested Cru/Ca and Cru/Cs particles are compared. These results 

confirmed that the two particles had completely different stability in GI tract; while Cru/Ca 

particles were dissociated, degradation of coating of Cru/Cs particles increased their cellular 

uptake. In addition, these results showed that the number of the cells uptaking the particles was 

also very effective in the particle uptake.     

 

Figure 6.5. The percentage of positive cells (cells uptaking the particles). Data shown as means ± 

SD (n = 3-5). 
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6.3.3. Mechanism of cell uptake of particles 

Potential endocytosis pathways including active endocytosis, clathrin–mediated endocytosis, 

caveolae-mediated endocytosis, lipid raft/caveolae-dependent endocytosis, clathrin- and caveolin–

independent endocytosis, and micropinocytosis were studied using their respective blockers such 

as sodium azide, chlorpromazine, indomethacin, β-cyclodextrin, quercetin, and amiloride, 

respectively. The cell uptake of particles incubated at 4 °C was also compared with that of 37 °C 

to study the effect of energy-mediated pathways.          

Clathrin-mediated endocytosis is the main uptake route for essential nutrients such as cholesterol 

and iron which are carried into cells through low density lipoprotein (LDL) and transferrin 

receptors, respectively (Sahay et al., 2010). Caveolae-mediated endocytosis is mainly due to the 

presence of caveolin proteins which form caveolar endocytic vesicles through oligomerization of 

their domains (Sahay et al., 2010). Unlike clathrin–mediated endocytosis, the uptaken compounds 

in the caveolar vesicles are not degraded which is important for protection of bioactive compounds 

(del Pozo-Rodriguez et al., 2009). Particles can also be regulated by lipid rafts/caveolaes 

endocytosis, cholesterol/sphingolipids-rich membrane-bound microdomains, and then enter a 

specific vesicle named as caveosome (He et al., 2013). Like caveolae-dependent endocytosis, lipid 

raft-mediated endocytosis avoids the lysosomal pathway and its consequent vector degradation. 

The presence of caveolin-1 in caveolaes, which stabilizes these domains in the plasma membrane, 

is the only difference between caveolaes and lipid rafts. Whereas some researchers consider 

caveolae-mediated endocytosis as a subclass of lipid raft-mediated endocytosis, others use the 

same categorization for both mechanisms (caveolae/raft-dependent endocytosis) (del Pozo-

Rodriguez et al., 2009). In clathrin- and caveolin-independent endocytosis, four different types of 

receptor-ligand interactions of Arf6-dependent, flotillin-dependent, Cdc42-dependent and RhoA-

dependent are involved (Mao et al., 2013; Wang et al., 2015). Macropinocytosis, an actin-

dependent process initiated from surface membrane ruffles, is a non-selective uptake of solute 

molecules, nutrients and particles. Either degradation at the late endosome/lysosome or recycling 

back to the plasma membrane are two possible fates of the content uptaken by macropinosomes 

(Lim and Gleeson, 2011). 
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Figure 6.6. Mean fluorescence intensity (MFI) of the cells uptaking undigested Cru/Ca and Cru/Cs 

particles (a) and undigested and digested Cru/Cs particles (b) after 4 h incubation in the presence 

of different uptake mechanism inhibitors. In comparison of the treatments using Duncan test, 

values with different letters are significantly (p<0.05) different. Data shown as means ± SD (n = 

3-5). *: P < 0.05, **: P < 0.01, ***: P < 0.001. 
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The cellular uptake of Cru/Ca and Cru/CS particles was not affected when the cells were treated 

with chlorpromazine and quercetin, revealing that clathrin-mediated endocytosis and clathrin- and 

caveolin-independent endocytosis mechanisms were not involved or had negligible effect on the 

uptake of the particles (Figure 6.6a). However, sodium azide, a metabolic inhibitor blocking ATP 

production in cells, decreased 80-85% of the uptake of both Cru/Ca and Cru/Cs particles, which 

implied that active- or energy-mediated mechanisms are the major endocytosis pathways for 

uptake of the particles. Incubation of the cells at 4 °C, which limits cell metabolisms and decreases 

the fluidity of the cell membrane, led to 60-65% decrease in the uptake of Cru/Ca and Cru/Cs 

particles, further supporting the active-mediated mechanisms of uptake. The presence of uptake at 

4 °C was possibly due to limited active-based mechanisms or passive diffusion. 

Caveolin-, and lipid raft/caveolae-dependent endocytosis, as well as micropinocytosis, three 

energy-mediated mechanisms, were further studied using their respective blockers, indomethacin, 

β-cyclodextrin, and amiloride, respectively. Whereas there was no difference between the uptake 

of Cru/Ca and Cru/Cs particles by caveolin-dependent endocytosis and micropinocytosis (42-55% 

of the control uptake), lipid raft/caveolae endocytosis played a greater role in uptaking of Cru/Cs 

particles. The higher surface hydrophobicity of Cru/Cs particles compared to that of Cru/Ca 

particles (Akbari and Wu, 2016; Chapter 5), might be the reason for the greater role of lipid raft in 

uptaking of Cru/Cs particles. Lipid raft/caveolae pathway was previously reported as the major 

mechanism for uptake of lipid nano-carriers (Roger et al., 2009). 

The mechanisms involved in the uptake of digested Cru/Cs particles were also studied and 

compared with undigested particles (Figure 6.6b). Like undigested particles, energy-mediated 

mechanisms were the major pathways for uptake of the digested particles, whereas clathrin–

mediated endocytosis was not involved. Blocking lipid raft/caveolae endocytosis resulted in 84% 

reduction of uptake for undigested particles, in comparison to 30% reduction for digested particles. 

As previously mentioned, the greater role of the lipid raft in uptaking of undigested Cru/Cs 

particles might be due to their high surface hydrophobicity, but after digestion and expose of the 

chitosan core, surface hydrophobicity dramatically decreased leading to lowering the role of the 

lipid raft for uptake of digested particles. These results revealed that energy-dependent 

mechanisms were dominated in digested Cru/Cs particle uptake.  
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6.3.4. Transport studies     

Transcellular delivery of particles through intestinal epithelial monolayers of Caco-2 and Caco-

2/HT29 co-culture was studied. The initial TEER values of both cell monolayers ranged from 750 

to 1000 Ω cm2.  Chen et al. (2010) also showed that the ratio of Caco-2 to HT29 had no significant 

influence on TEER. TEER of the cell monolayers decreased 5-15% after 6 h incubation with 

undigested and digested particles, implying the integrity of the monolayer cells during the transport 

study. Transport studies showed that undigested Cru/Ca particles had higher permeability 

compared to the digested particles (Figure 6.7a); these results confirmed our cellular uptake 

studies. The decrease was due to the degradation of 75-90% of the particles which released the 

encapsulated coumarin-6 (Akbari and Wu, 2016). Free coumarin-6 showed negligible permeability 

compared to its encapsulated form.  

   

 

 

Figure 6.7. Transport of Cru/Ca (a) and Cru/Cs (b) particles through Caco-2 and Caco-2/HT29 co-

culture cells. Data shown as means ± SD (n = 3-5). *: P < 0.05, **: P < 0.01, ***: P < 0.001. 
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There was no difference in the transport of undigested Cru/Ca and Cru/Cs particles across Caco-2 

and co-culture cells (Figure 6.7), which implied that the secretion of mucus in co-culture cells had 

no effect on transport of the particles through mucus and the cell monolayer. These results, in 

agreement with our uptake studies, supporting our proposed mucus-penetrating property of 

undigested Cru/Ca and Cru/Cs particles. The transport of digested Cru/Cs particles across Caco-2 

and co-culture cells significantly increased compared to undigested Cru/Cs particles, which may 

be due to decreased size after digestion (decreased from 165 nm to ~58 nm; this result was in 

agreement with our particle uptake studies. However, the transport of digested Cru/Cs particles 

across co-culture cells significantly decreased compared to that of Caco-2 culture. As previously 

described in flow cytometry study, this might be due to the mucoadhesion property of the chitosan-

based core particles which were exposed to mucus. Since our transport and uptake studies were 

performed in static systems, the adhesion of digested Cru/Cs particles to mucus decreased the 

uptake and transport of the particles. However, in dynamic or in vivo systems, where the particles 

are quickly transported along with intestinal chyme in the intestine, the mucoadhesion property 

could prolong the residence time of the particles in the intestine and increase the concentration of 

released encapsulated compounds on the surface if intestinal epithelial cells, and as result, improve 

the absorption and bioavailability of the compounds. 

 

6.4. Conclusions  

Our results showed that the cellular uptake and transport of the cruciferin-based particles were not 

affected in the presence of mucus in the Caco-2/HT29 co-culture, compared to those in Caco-2 

cells. These results revealed that mucus had negligible influence on particles uptake, implying that 

the particles might have mucus-penetrating property which is important for delivery of bioactive 

compounds through mucus layers. Since the mucus-penetrating property is lost after digestion of 

the particles in GI tract, these particles might be appropriate carriers for drug delivery in non-

digestive mucosal tissues. 

The cell internalisation of negatively-charged Cru/Ca particles was higher than positively-charged 

Cru/Cs particles. The cellular uptake and transport of digested Cru/Ca particles decreased 

compared to undigested form due to dissociation in the simulated digestion. Digested Cru/Cs 

particles, however, enhanced their cellular uptake and transport compared to undigested form, due 
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to reduced size of chitosan-based particle core. Digested Cru/Cs particles also showed 

mucoadhesion property resulted from exposed chitosan core of the particles. Due to an increasing 

interest to use edible biopolymer-based particles in delivery systems, study their cellular uptake 

and intra-cellular transport is a necessary step to develop these systems.  
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 CHAPTER 7- Napin shows a chaperone-like activity through limiting fibril 

formation  
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7.1. Introduction 

Napin, a major canola protein, belongs to 2S albumin family with a molecular mass of 14-15 kDa 

(Tan et al., 2011). Napin is a disulfide-linked complex of two subunits; a small 4.5-kDa and a large 

10-kDa subunit (Barciszewski et al., 2000). Napin, with a high denaturation temperature of 110 

°C (Wu and Muir, 2008), is thermal stabile against thermal-induced aggregation. In terms of 

secondary structure, napin has a high content of α-helical structure (40-46%) and a low content of 

β–sheet conformation (12%) (Tan et al., 2011; Barciszewski, et al., 2000). Napin, a basic protein 

with isoelectric point around 11, contains a large proportion of glutamine, lysine and cysteine 

residues (Jyothi et al., 2007). Although napin is hydrophilic protein, its core is formed by 

hydrophobic interactions between α-helical structures (Wanasundara, 2011). In addition, Folawio 

and Apenten (1996) showed that heating at pH ≤ 7 increased napin surface hydrophobicity more 

than that of pH ≤ 4. Highly positive charge and the increased hydrophobicity during heating could 

provide an amphiphilic property for napin. As a result, the high charge density and low 

hydrophobicity lead to a weakly folded structure which is mostly held by disulfide linkages (Jyothi 

et al., 2007; Wanasundara, 2011). Napin, also contains 6.4% proline (Aider and Barbana, 2011), a 

hydrophobic residue, which provides great flexibility to protein structures (Yong and Foegeding, 

2010). Therefore, the loosely folded and relatively flexible structure of napin, along with highly 

positive charge and presence of surface hydrophobic groups can facilitate its interaction with other 

proteins through electrostatic and/or hydrophobic forces. Napin, due to its high thermal stability, 

has an ability to increase the resistance to aggregation. This property could be similar to anti-

aggregation activity of chaperones.  

Chaperones are a large group of proteins that prevent aggregation and fibrillation of intrinsically 

disordered or partially unfolded proteins (Ellis, 2006; Liberek et al., 2008). Amyloid fibrils, 

morphologically similar to β-sheet-rich protein aggregates, are formed through self-assembly of 

different proteins with various sequence, structure and functional properties (Ehrnhoefer et al., 

2008). The formation of amyloid fibrils is recognized as a major contributing factor in amyloid-

related diseases such as Alzheimer’s and Huntington’s (Ghadami et al., 2011; Khodarahmi et al., 

2009). Amyloid fibrillization is a thermodynamically favored process to form stable structures 

with the lowest free energy level (Liao et al., 2012). Although there are many studies aimed to 

characterize protein aggregation and amyloid formation, our knowledge about the mechanisms is 

limited (Oboroceanu et al., 2010; Ghadami et al., 2011). At least two distinct competitive pathways 
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were proposed: one is reversible non-nucleation growth in which oligomers and worm-like (semi-

flexible) fibrils are rapidly assembled, while the 2nd one is nucleation-dependent, where rigid long-

straight fibrils (amyloids) are formed through lag-phased nucleation and growth. The competing 

pathways can produce a heterogeneous mixture of the fibrils in which the population of each fibril 

type depends on the assembly rate and stability of the fibril in solution conditions (Gosal et al., 

2005; Miti et al., 2015).  

Although protein aggregation is required for some functional properties such as gelling, thickening 

and stabilizing emulsions and foams, they may result in undesirable consequences due to the 

formation of large clusters and precipitates in some high-protein products, in particular beverage 

products (Nicolai and Durand, 2013). As protein has stronger satiety feeling than carbohydrate and 

fat (Bertenshaw et al., 2008), demands for high-protein products for obesity control and body-

weight management are increasing. The high protein beverage products are also used for the 

patients who suffer from developing impaired function in the organs and muscles due to long-term 

hospitalisation (Potter et al., 2001; Saglam et al., 2014). Therefore, protein aggregation should be 

prevented to improve appearance and flow behaviour in high protein beverage products. Ingested 

pre-formed aggregates might also act as fibrillization seeds to trigger extensive aggregation in the 

body (Chiti and Dobson, 2006). Thus, process-induced unfolding, misfolding and aggregation 

need to be controlled in some high protein food products where the presence of aggregates or 

amyloid fibrils is not desired. 

Chaperone-like activity was reported for some protein/non-protein molecules such as casein 

(Librizzi et al., 2014; Kehoe and Foegeding, 2014), poly phenols (Hudson et al., 2009; Singh et 

al., 2013; Wang et al., 2008), cyclodextrin (Machida et al., 2000), Heme-containing proteins 

(Khodarahmi et al., 2009). Librizzi et al. (2014) showed that α-casein sequestered initial oligomers 

of insulin before they can trigger the secondary nucleation to form amyloid fibrils. Kehoe and 

Foegeding (2014) reported that β-casein-β-lactoglobulin heterogeneous aggregates were less prone 

to growth and/or to secondary aggregation.  

Our objective in this research was to study the potential chaperone-like activity of napin. For this 

purpose, the ability of napin to suppress heat aggregation of ovotransferrin (OT) was investigated. 

OT is the most heat-labile protein in egg white proteins which aggregates at lower temperature 

near 60 °C (Matsudomi et al., 2004). The possible mechanism by which napin might limit OT 

aggregation will also be discussed.  
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7.2. Material and methods 

7.2.1. Materials 

Napin isolate was prepared as we previously reported (Akbari and Wu, 2015). Ovotransferrin, 

Thioflavin T and 1-anilinonaphthalene-8-sulfonic acid (ANS) were obtained from Sigma 

(Oakville, ON, Canada). 

7.2.2. Sample preparation, Thioflavin T fluorescence and turbidity studies 

Ovotransferrin (OT) solutions (0.5, 1 and 2 mg/mL) were prepared at pH 10, and then adjusted to 

pH 7 using 0.1 M HCl. Napin was solubilised at pH 7 and then mixed with OT solutions at ratios 

1:1 and 1:0.5 (OT:napin). OT and napin solutions and their mixtures were heated at 85 °C and 100 

rpm shaking for 30 min in a water bath. After cooling to room temperature, the turbidity and 

thioflavin T (Th T) fluorescence intensity of the solutions were determined to monitor protein 

aggregation. The turbidity was measured at 400 nm using a microplate reader (Spectramax M3, 

Molecular Devices, Sunnyvale, CA). Th T fluorescence intensity was determined using the method 

developed by Nielsen et al. (2001) with some modification. In brief, 1 mM Th T stock solution 

was prepared and stored at 4 °C protected from light to prevent quenching until usage. 200 µL 

sample was diluted with 3700 µL water (pH 7), and then 80 µL 1 mM Th T was added and 

incubated for 2 min. Fluorescence intensity was measured at emission wavelength of 482 nm using 

RF-5301PC spectrofluorophotometer (Shimadzu, Kyoto, Japan) equipped with a 1-cm path length 

quartz cell. Excitation wavelength was 450 nm and slit widths were 5 nm for both excitation and 

emission. In addition to the Th T fluorescence property of the protein solutions (before and after 

heating), the fluorescence of dissolving water (with and without Th T) was also measured as blank.    

7.2.3. Zeta potential  

Zeta potential of the solutions was measured by laser doppler velocimetry using a Zetasizer NanoS 

(ZEN1600, Malvern Instruments Ltd., Worcestershire, UK). Prior the measurements, samples 

were diluted to obtain a slight opalescent dispersion and prevent multiple scattering effects.  

7.2.4. Surface hydrophobicity 

Surface hydrophobicity of the protein solutions before and after heating was determined using 

ANS fluorescent probe (Alizadeh-Pasdar and Li-Chan, 2000). Briefly, the samples were diluted to 

eight concentrations ranging from 0.006 to 0.14 mg/mL using water pH 7. After adding 20 µL of 
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8 mM ANS to 4 mL of the diluted protein solutions, fluorescence intensity at emission wavelength 

of 470 nm was measured using the spectrofluorophotometer. Excitation wavelength was 390 nm 

and slit widths were 5 nm for both excitation and emission. The fluorescence intensity of blank 

solution (without protein) and protein solutions without ANS were subtracted from the measured 

fluorescence value of samples. The slope of the linear plot of net fluorescence values versus protein 

concentrations was used as an index of the protein surface hydrophobicity. 

7.2.5. Intrinsic fluorescence 

Intrinsic fluorescence emission of unheated and heated samples was measured using the 

spectrofluorophotometer equipped with a 1-cm path length quartz cell. The protein concentration 

and pH of the samples were adjusted to 1 mg/mL OT and pH 7, respectively. The fluorescence 

measurements were performed using excitation wavelength of 280 nm (slit width=5 nm), and 

emission spectra were recorded from of 290 to 500 nm wavelength (slit width=5 nm) (Perez et al., 

2014).  

7.2.6. CD spectroscopy 

Conformational change of the protein samples before and after heating was characterized using 

Circular Dichroism (CD). The far-UV CD spectra of the protein samples (1 mg/mL) at pH 7 was 

measured using DSM 17 Circular Dichroism (Olis, Bogart, GA, USA).  The path length of the 

quartz cell was 0.2 cm and the spectra represented an average of five scans collected in 1-nm steps 

at a rate of 20 nm/min over the wavelength range of 190-250 nm.  

7.2.7. FTIR       

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) (Nicolet-IS50, Thermo 

Scientific, Waltham, MA, USA) was also used to study the conformational changes in the 

secondary structure of the protein samples. Freeze-dried samples were dried in a vacuum 

desiccator using phosphorous pentoxide for 72 h. FTIR spectrum of the samples was recorded in 

the range of 4000-400 cm-1 using 128 scans at 4 cm-1 resolution. The recorded spectra were 

deconvoluted  in amide I band region (1700-1600 cm_1) using Omnic 8.1 software at a bandwidth 

of 25 cm-1 and an enhancement factor of 2.5. The detected amide I bands in the spectra were 

assigned to protein secondary structures using previously established wavenumber ranges reported 

by Kong and Yu (2007) and Pelton and McLean (2000). 
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7.2.8. Statistical analysis  

The experiments were carried out in triplicates and results were statistically analysed using 

ANOVA and Duncan tests (version 9.2, SAS Institute Inc., Cary, NC, USA). 

 

7.3. Results and discussion 

7.3.1. Th T fluorescence and turbidity studies 

To study the chaperone-like activity of napin, OT solution alone and OT/napin mixture were 

heated at 85 °C for 0.5-6 h. Thioflavin T (ThT) fluorescence and turbidity methods were used to 

monitor fibrillation and random aggregation of the protein solutions, respectively. The 

fluorescence property of Th T, a specific fluorescence probe for detection of protein β-structures, 

has been widely used to study the formation of fibrils (Khodarahmi et al., 2009). 

The fluorescence intensity of the protein solutions at different concentrations was measured before 

and after the heat treatment. Heating OT solution increased fibril concentration ~ 28 times more 

than unheated form (Figure 7.1).  

 

 

 

Figure 7.1. Thioflavin T fluorescence intensity of ovotransferrin solution in the absence and 

presence of different ratio of napin before (a) and after heating (b) at 85 °C for 30min.  

 

However, the Th T fluorescence intensity of heated OT/napin mixture was significantly lower than 

heated OT solution. The chaperone-like activity of napin also depended on the heating 

temperature. Napin decreased ~50% of OT fibril formation after heating at 65 °C (Supplementary 
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Figure 7.1) compared to 20% decrease of 85 °C heating. The reason might be due to formation of 

different intermediates at 85 °C which were not properly suppressed by napin. The decreasing 

effect of napin on OT fibril formation increased over the heating period (Figure 7.2). However, no 

significant difference was observed in the Th T florescence of napin solution before and after 

heating. The resistance of napin to aggregation and/or fibril formation is due to its high 

denaturation temperature at 110 °C (Wu and Muir, 2008).  

 

Figure 7.2. Thioflavin T fluorescence intensity of ovotransferrin solution (1 mg/mL) with and 

without napin over the heat treatment (85 °C) 

 

However, adding napin did not decrease the turbidity of the mixture after heating, but even 

increased the turbidity at low napin concentrations (Figure 7.3). The results indicated that fibril 

formation, but not amorphous aggregation, was inhibited by napin; similar chaperone-like 

activities were reported for polyphenolic compounds (Borana et al. 2014; Ehrnhoefer et al., 2008; 

Porat et al., 2006) and gold nanoparticles (Liao et al., 2012). It was thought that non-covalent 

interactions between aromatic rings of polyphenolic compounds and exposed hydrophobic 

residues of amyloidogenic cores could interfere with the fibril growth and as a result, suppressed 

fibril formation (Porat et al., 2006). Similar non-covalent interactions might also develop between 

napin and OT fibril cores which resulted in decreased fibril formation.  
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Figure 7.3. Turbidity of ovotransferrin and napin solutions and their mixture before and after the 

heat treatment. 

 

Heat denatured OT with a zeta potential of -28.1±0.8 mV tended to form fibrils while at decrease 

of the surface charge of heated mixture to -19.3±1.6 mV, random amorphous aggregates formed. 

With adding positively-charged napin, zeta potential of the mixture decreased and formation of 

random amorphous aggregation increased due to weakened repulsive forces. 

The influence of the attractive and repulsive forces on protein aggregation was previously reported 

by van der Linden and Venema (2007), who reported that protein fibrillar structures are formed at 

low ionic strengths, and pH values far from the protein isoelectric point (PI) while amorphous 

aggregates are more favorable structures at pHs close to protein PI and high ionic strengths (van 

der Linden and Venema, 2007). Formation of amorphous aggregates in the presence of high 

concentration of salts was also reported by Miti et al. (2015) and Foley et al. (2013). However, 

unlike Miti et al. (2015) who showed fibrils are the prevailing aggregate phase at low salt 

concentrations, and sharply switched to amorphous fibril formation at increased salt concentration, 

our results revealed that at increasing napin concentrations, amorphous fibril formation decreased 

compared to that at low napin concentrations. Epigallocatechin gallate, the most important 

polyphenolic compound in green tea extract, also prevented fibril formation through stabilising 

fibril-forming proteins in their native form instead of reordering formed fibrils to 

disordered/amorphous structures (Hudson et al., 2009). 
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7.3.2.  Surface hydrophobicity 

The surface hydrophobicity of napin was not affected while that of OT was dramatically increased 

after heating (Figure 7.4); the rapid increased surface hydrophobicity of OT was due to exposure 

of more hydrophobic groups to surface after denaturation. The increase in surface hydrophobicity 

accrued simultaneously with fibril formation after heating. This similar trend in increase of surface 

hydrophobicity and fibril formation indicated that OT conformation completely changed in the 

aggregation/fibril formation process; and also the aggregates/fibrils possessed more exposed 

hydrophobic groups compared to native OT. Vetri et al. (2007) also showed that the aggregation 

process and in particular formation of amyloid aggregates exposed new hydrophobic regions to 

the protein surface.  

 

 

 

Figure 7.4. Surface hydrophobicity of ovotransferrin and napin solutions and their mixture before 

and after the heat treatment. 

 

After heating, although the surface hydrophobicity of the mixture increased compared to the 

unheated form, it was lower than that of heated OT solution alone. This indicated that less 
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hydrophobic groups were available on the surface of the aggregates, due probably to partial re-

folding of the denatured OT structure in the presence of napin, hydrophobic interaction between 

napin and OT, and/or formation of new aggregate with lower surface hydrophobicity. Curcumin, 

a chaperone-like poly phenolic compound, also decreased the surface hydrophobicity of 

aggregates through interaction with amyloid fibrils (Singh et al., 2013).  

 

7.3.3.  Intrinsic fluorescence 

The intrinsic fluorescence of a protein strongly depends on the conformations that the protein 

adopts in response to bulk solution conditions. Intrinsic fluorescence property of a protein is due 

to the presence of aromatic amino acids (especially tryptophan) which can mostly be excited at 

280 nm (Gorinstein et al., 2000; Duy and Fitter, 2006). As shown in Figure 7.5, no significant 

change was observed in the position of emission λmax and also in the fluorescence intensity of napin 

before and after heating. This confirmed that the conformation of napin didn’t change over the 

heat treatment. However, the red shift in emission λmax (330 to 339 nm), and increased fluorescence 

intensity of denatured OT revealed that OT structure unfolded, and surrounding microenvironment 

changed to “more-polar”. The presence of napin, however, had no effect on the emission spectrum 

of heated OT.  

 

Figure 7.5. Intrinsic fluorescence intensity of ovotransferrin and napin solutions and their mixture 

before and after the heat treatment 
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7.3.4.  CD spectroscopy        

Conformational change of thermal aggregated OT in the presence and absence of napin was also 

studied using CD spectroscopy. Comparison of the spectrum of OT revealed that although random 

coil was the main secondary structure in both heated and unheated protein, the intensity of the 

negative ellipticity peak decreased and the positive part of the peak disappeared after heating 

(Figure 7.6). Similar results were reported by Tong et al. (2012) showing unordered and β-sheet 

structures increased in aggregated OT, while α-helix and β-turn decreased. However, the heat 

treatment had no significant influence on the napin spectrum; the spectra with an intense positive 

band at 190 nm, zero-crossing point near 200 nm and a negative peak at 208 nm (Bulheller et al., 

2007; Ranjbar and Gill, 2009) indicated α-helix was the main secondary structure of napin. 

In the OT/napin mixture, the presence of napin significantly changed the secondary structure of 

OT after heating compared to heated OT itself. The spectrum of the heated mixture was very 

similar to α-helix spectrum. This implied that napin prevented formation of β-sheet and random 

coils (the secondary structures of heated OT), and instead,  the new structure in heated OT/napin 

mixture was re-ordered in favour of α-helix which is napin structure. Librizzi et al. (2014) also 

showed a very similar structure to α-helix for insulin aggregates in the presence of α-casein. 

Therefore the conformational change might be a reason for reducing fibril structures in the 

presence of napin. 

 

Figure 7.6. Far-UV CD spectra of ovotransferrin and napin solutions and their mixture before (a) 

and after the heat treatment (b). 
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7.3.5. FTIR study 

Since the accuracy of CD for measuring turns and β-sheets is as low as 50 to 75% (compared to 

97% for helices and 89% for other structures) (Ranjbar and Gill, 2009), the secondary structures 

of the samples were also studied using FTIR. Deconvoluted FTIR spectra of amide I band region 

of the samples were compared with the previously established wavenumber ranges (Kong and Yu, 

2007; Pelton and McLean, 2000). The strong absorption of IR at 1654-1655 cm-1 indicated that α-

helix was predominant in the secondary structure of unheated and heated napin (Figure 7.7). β-

sheet structures, represented at 1634 and 1639 cm-1, and random coil at 1650 cm-1, were detected 

in unheated OT spectrum, while a mixture of β-sheet (1627 and 1695 cm-1 ), α-helix (1652 cm-1) 

and random structures (1645 cm-1) were observed in the OT aggregates. However, the peaks 

assigned to β-sheet and random structures were disappeared/weakened in the spectrum of heated 

mixture. As a result, α-helix, represented at 1655 cm-1, was the predominant secondary structure 

in the heated OT/napin mixture which confirmed our previous results in the CD study.  

 

 

Figure 7.7. FTIR spectra of ovotransferrin and napin solutions and their mixture before (-) and 

after (+) heating 
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Although the conformational changes and surface hydrophobicity and zeta potential studies 

supported the Th T fluorescence study showing decrease of fibril formation, the chaperone-like 

activity of napin was lower than our expectation, and amorphous aggregates were not decreased 

effectively.   

 

7.4.Conclusions 

Napin shows a chaperone-like activity through limiting fibril formation. The presence of positive 

charges as well as hydrophobic groups could provide napin an amphiphilic nature which is an 

important factor for chaperone-like molecules (Koudelka et al., 2009). The mechanism of action 

might be through forming hydrophobic interactions between napin and OT fibril cores. Decrease 

of the surface hydrophobicity of heated OT/napin mixture compared to heated alone OT might 

confirm the suggested mechanism. With these interactions, the conformation of the aggregates re-

ordered to some structures close to napin. The CD and FTIR results supported the conformational 

changes. Since the re-ordered structures might have low propensity to form fibrils, fibril formation 

was suppressed. The chaperone-like activity of napin might also be concentration-dependent. 

While at low concentrations, napin decreased fibril formation due probably to redirecting 

fibrillation into off-pathways intermediates leading amorphous aggregation; at high 

concentrations, napin decreased fibril formation more efficiently, but amorphous aggregation 

remained stable.  
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7.6. Appendix D: Supplementary Information 

 

Supplementary Figure 7.1. Thioflavin T fluorescence intensity of ovotransferrin solution (in the 

absence and presence of different ratio of napin) after heating at 65 °C for 30min   
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CHAPTER 8-Conclusions and recommendations 

8.1. Conclusion 

The development of colloid-based delivery systems to encapsulate various bioactive compounds 

is a growing field in food industry. In addition to protection of bioactive compounds against harsh 

conditions in food processing and human digestive system, encapsulation can mask unpleasant 

off-flavor of some compounds, increase solubility and as a result, improve their bioavailability 

(Matalanis et al., 2011; Wan et al., 2015; McClements, 2015). The selection of a biopolymer to 

prepare a proper delivery system depends on several factors: 1) the ability of the polymer to form 

the delivery system; 2) the required properties of the system (e.g., charge, size and stability to 

environment conditions); 3) cost, application limits and consistency of the polymers and 

processing operations (Matalanis et al., 2011). Food proteins, GRAS, biocompatible and 

biodegradable biopolymers, possess various active groups which enable them to interact with both 

hydrophilic and hydrophobic compounds. The presence of three-dimensional network, which 

could be altered in different conditions such as temperature, pH and ionic strength, also provides 

an appropriate system to entrap or release bioactive compounds (Elzoghby et al., 2012). After 

successful encapsulation and protection of bioactive compounds, the release of the compounds in 

the target organ is very important which affects their health promoting influence. The absorption 

of the compounds in small intestine, the target organ for most orally-administrated compounds, is 

affected by important parameters such as short transit time, mucus barrier and transport across 

epithelial cells (Boegh and Nielsen, 2015; Martins et al., 2015). Mucoadhesive particles are able 

to prolong the transit time and sustainably release the encapsulated compounds (Smart, 2005), and 

the mucus barrier can be overcome using mucus-penetrating particles (Lai et al., 2009). Study the 

mechanisms of cellular uptake and also the physicochemical properties of particles (e.g. size, shape 

and charge) could help researchers to prepare appropriate carriers to transport the encapsulated 

compounds (Martins et al., 2015; Bernkop-Schnuerch, 2013; Sahay, et al., 2010). However, most 

of these studies have focused on synthetic polymers, while there is an increasing demand for edible 

biopolymer-based delivery systems.  

In this research, for the first time, we prepared two delivery systems using cruciferin, a major 

canola protein. Canola proteins are extracted from an abundant and inexpensive source, canola 

meal, a by-product of oil extraction with global production of 38 million metric which is mainly 

used as animal feed and fertilizer. In addition to good gelling and emulsifying properties 
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(Schwenke et al., 1998; Wu and Muir, 2008b), cruciferin is resistant protein to gastric digestion 

(Bos et al., 2007) with high denaturation temperature of 91 °C (Wu and Muir, 2008b). Therefore, 

in this research, the potential of cruciferin to encapsulate model bioactive compounds against a 

heat treatment and gastric conditions and also to coat and protect chitosan particles at low pH of 

stomach was investigated. Release of encapsulated compounds in intestinal conditions was also 

studied. In the first study of this research, canola proteins were extracted using an integrated 

method. The protein content and yield were respectively 91 and 38.6% for cruciferin isolate, and 

82 and 12.5% for napin product. Afterward, negatively-charged cruciferin/calcium (Cru/Ca) and 

positively-charged cruciferin/Cs (Cru/Cs) particles were prepared. The particles were spherical in 

shape with average size of 160-200 nm. Water-soluble and -insoluble model compounds were 

successfully encapsulated in the particles, and their thermal stability was significantly increased 

compared to un-encapsulated form. However, the resistance of the particles in GI tract was 

different; while Cru/Ca particles were resistant in simulated gastric fluid and released 70-90% of 

encapsulated in simulated intestinal fluids, Cru/Cs particles were resistant in both gastric and 

intestinal fluids and released less than 20% of the compounds. The difference in the stability of 

the particles could provide different applications for the particles. Cru/Ca particles could be an 

appropriate delivery system for encapsulation of sensitive compounds to low pH and/or enzymes 

in stomach. The bioactive compounds are released in small intestine to be absorbed or for treatment 

of intestinal diseases. However, Cru/Cs particles which can protect bioactive compounds against 

pH and enzymatic degradation in both stomach and intestine, are suitable for encapsulation of 

sensitive compounds to digestion in GI tract such as protein-based bioactive compounds. Cru/Cs 

particles might also help the absorption of fat-soluble compounds in the patients who have problem 

in digestion and absorption of the compound due to lack of bile salts. In addition, Cru/Cs particles 

could be a promising colon targeting delivery system for encapsulation and delivery of probiotics, 

protein-based anti-inflammatory and anti-cancer drugs to lower GI tract. Since the surface of 

Cru/Ca and Cru/Cs particles is composed of cruciferin, both particles are resistant in gastric 

conditions; however, their release behavior in intestinal fluid depends on the type of material in 

the interior parts of particles. For instance, the release rate of encapsulated compounds from 

chitosan cores with different molecular weights and degree of deacetylation might be different. 

Furthermore, the cruciferin coating of Cru/Ca and Cru/Cs particles is a single-layer coating, but 

multi-layer coating systems containing cruciferin as one of the layers can also be developed. In 
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comparison, a multi-layer coating has some advantages such as higher loading capacity, controlled 

release of encapsulated compounds, and improved mechanical stability compared to single-layer 

systems. In addition, desirable coating systems can be achieved by tailoring the composition and 

thickness of the multilayer coating (Keeney et al., 2015; Shchukina and Shchukin, 2012).  

The effect of the presence of mucus on cellular uptake and transport of the particles across 

epithelial cells were investigated using Caco-2 and Caco-2/HT29 co-culture. To closely mimic GI 

tract condition, the particles were digested in simulated GI fluids and their cellular uptake and 

transport were compared with those of undigested forms. Our results showed that the cellular 

uptake and transport of the cruciferin-based particles in Caco-2/HT29 co-culture, in the presence 

of mucus, had no significant difference compared to those in Caco-2 cells. These results revealed 

that the presence of mucus had negligible influence on the particles uptake, implying that the 

particles might have mucus-penetrating property. The traverse of the particles across mucus layers 

could improve the absorption of bioactive compounds. The penetrated particles might be uptaken 

by epithelial cells and/or sustainably release the compounds in adherent mucus layer, the layer 

which is slowly cleared. Since the mucus-penetrating property is lost after digestion of the particles 

in GI tract, these particles might be appropriate carriers for drug delivery in non-digestive mucosal 

tissues. 

Unlike undigested Cru/Cs particles which were not affected by mucus layers, the digested particles 

showed mucoadhesion property. The adhesion of digested Cru/Cs particles to mucus layers might 

be due to the exposure of chitosan core which is a well-known mucoadhesive polymer. Therefore, 

Cru/Cs particles after digestion in GI tract have ability to overcome short intestinal transit time 

and prolong residence time which results in release improvement. The mucoadhesion property is 

beneficial for release of compounds in both small and large intestine.    

In the second part of this thesis, the chaperone-like activity of napin, the second major canola 

protein, was investigated. Chaperones, a diverse group of proteins, regulate folding of partially 

unfolded or intrinsically disordered proteins and as a result, inhibit protein misfolding, aggregation 

and fibrillation in the cells (Hartl et al., 2011; Ellis, 2006). The formation of amyloid fibrils is also 

recognized as a major contributing factor in amyloid-related diseases such as Alzheimer’s and 

Huntington’s (Hartl et al., 2011). Although protein aggregation/fibrillation result in new structures 

with different applications such as drug delivery and film formation, the aggregates/fibrils  may 

lead to undesirable appearance and flow behaviour in high protein products (Nicolai and Durand, 
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2013). Ingested pre-formed aggregates might also act as fibrillization seeds to trigger extensive 

aggregation in the body (Chiti and Dobson, 2006).  

Napin limited fibril formation of ovotransferrin (OT). Three key properties might be the reasons 

of napin chaperone-like activity: resistance to thermal denaturation, high positive charge, and 

presence of surface hydrophobic groups. The presence of positive charges and surface hydrophobic 

groups could provide napin an amphiphilic nature which is important for chaperone-like molecules 

(Koudelka et al., 2009). The chaperone-like activity of napin might be due to formation 

hydrophobic and electrostatic interactions between napin and OT fibril cores. Through these 

interactions, napin redirected OT fibrillation into off-pathways intermediates leading to 

amorphous aggregation and as result, fibril formation was decreased. 

Based on the results, both thesis hypothese, encapsulating property of cruciferin and chaperone-

like activity of napin, were accepte. Therefore, development of cruciferin-based delivery systems 

and also further investigation on chaperone-like activity of napin could be starting points to 

produce more value-added products from canola protein which is highly required for development 

of Canadian canola industry.  

 

8.2. Recommendations for future studies: 

To validate the results of in vitro cellular uptake and trans-cellular transport, further in vivo studies 

are needed. The labelled particles can be orally administrated to appropriate animal model, and 

then after sacrificing the animals, the intestinal uptake of the particles will be studied. The fate of 

the particles in the in vivo model can be investigated and quantified after collection of different 

tissues of the sacrificed animals.  

An appropriate drug (insulin) can also be encapsulated in the particles and after oral administration 

to appropriate animal model, the concentration of insulin and glucose in the serum be determined 

and compared with intravenous and orally administration of un-encapsulated insulin. After in vivo 

validation of the delivery systems, the technology might be scaled up to industrial applications. 

Considering the abundant and inexpensive starting material, and also their simple preparation 

methods, the delivery systems could be commercialized.   

Cru/Cs particles might be also a proper delivery system for targeting colon. Cru/Cs particles can 

protect probiotics and bioactive compounds in stomach and intestine and deliver them to colon. 

These bioactive compounds could be protein-based anti-inflammatory or anti-cancer drugs.  
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Napin redirected fibrillation into off-pathways intermediates leading less-toxic amorphous 

aggregates. To study the chaperone-like activity of napin on decrease of neurotoxicity, MTT assay 

can be performed. Chemical modifications such as alkylation and acylation of napin could improve 

chaperone-like activity of napin by adding more hydrophobic groups. 
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