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Abstract 

Many protein and lipid based nanoparticles have been developed to encapsulate hydrophilic nature 

health products (NHPs) with the purpose to improve their oral bioavailability. However, the 

efficacy of these nanoparticles was usually compromised due to low encapsulation efficiency, low 

physical stability or poor release behaviour in the gastrointestinal tract. This work aims to combine 

protein and lipid to develop novel protein-lipid composite nanoparticles for hydrophilic NHP 

delivery. Specifically, vitamin B12 was focused which is essential for human life. The absorption 

of vitamin B12 is an intrinsic factor mediated and cubilin receptor dependent process. 

Gastrointestinal problems can impair the absorption pathway and lead to vitamin B12 deficiency. 

Thus, in this work the developed protein-lipid composite nanoparticles were applied as vehicles to 

load vitamin B12 and improve its absorption through alternative pathways in vivo. 

The first part of the thesis introduces the design, preparation and characterization of the protein-

lipid composite nanoparticles. The nanoparticles were prepared using a modified double emulsion 

solvent evaporation method and the transmission electron microscope (TEM) demonstrated their 

unique three-layer structure (phospholipid layer, α-tocopherol layer and barley protein shell) and 

inner water compartments for loading of vitamin B12. In addition, the nanoparticles had 

homogeneous size distribution (size 243 nm, polydispersity index 0.17) and high encapsulation 

efficiency of vitamin B12 (69%). Such nanoparticles could also resist the gastric digestion, with 

only 10.4% of vitamin B12 released into the simulated gastric fluid after 2 h incubation. This is 

because the mechanical pressure treatment enhanced the formation of intermolecular β-sheets in 

barley protein, leading to solid interfacial films that could resist the harsh stomach environment. 

Also, protein hydrophobic groups were “locked” in the compact interfacial network. This greatly 
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limited the gastric degradation of nanoparticles by pepsin which preferentially attacked the 

hydrophobic sites of proteins. Whereas in the simulated intestinal fluid, quicker degradation of 

nanoparticles was observed, with 65.8% vitamin B12 found in the release medium after 6 h. 

In the second study, the performance of these nanoparticles was improved by modifying the protein 

shell through succinylation, which significantly increased the particle surface charge, 

hydrodynamic diameter and decreased the surface hydrophobicity. The modified nanoparticles still 

maintained the favorable three-layer structure and high vitamin B12 encapsulation efficiency. The 

increased surface charge and spatial extension of succinate chain on nanoparticle surface improved 

the nanoparticle stability in both physiological buffer and water. The crosslinking by succinate 

minimized the leakage of vitamin B12 to 4.5% during one month of storage. Moreover, 

succinylation slowed down the pancreatic digestion of protein shell because the succinyl-lysyl-

peptide bond was resistant to the tryptic hydrolysis. As a result, the modified nanoparticles 

demonstrated more sustainable release behavior in the simulated intestinal fluid, with around 

62.1% vitamin B12 released in 10 h.  

In the last study, the biological responses of original and modified nanoparticles were evaluated. 

Both nanoparticles could enter the Caco-2 cells through non-specific endocytosis (clathrin 

mediated endocytosis and macropinocytosis) and increased the uptake efficiency of vitamin B12 

over 20 folds. The original and modified nanoparticles also showed good mucoadhesive capacities 

(over 29.1%) which potentially prolonged the residence time of vitamin B12 in the intestine. A 14-

day in vivo toxicity study showed no evidence of toxicity in rats. In vivo efficacy study showed 

that the developed vitamin B12 loaded nanoparticles could increase the serum vitamin B12 level 

and decrease the methylmalonic acid level more efficiently than the free form in a vitamin B12 

deficiency rat model.  
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Overall, this research represented the development of novel protein-lipid composite nanoparticles 

with elaborated design. Nanoparticles had many desired physicochemical properties (e.g. high 

encapsulation efficiency, good stability, controlled release behavior) and good biological 

responses (enhanced mucoadhesive property, increased vitamin B12 absorption), which overcame 

the limitations of sole protein and lipid based nanoparticles. Therefore, such nanoparticles have 

significant potential to improve the absorption of vitamin B12 in humans, especially those suffering 

from vitamin B12 malabsorption. This system could also be applied as a platform to deliver many 

other hydrophilic NHPs.
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Chapter 1-Introduction 

1.1 Brief introduction of NHP delivery 

Natural health products (NHPs), by the definition from health Canada [1], are “a class of health 

products which include: vitamin and mineral supplements, herbal preparations, traditional and 

homeopathic medicines, probiotics and enzymes”. NHPs usually demonstrate physiological 

benefits and can be used to “restore or maintain good health”. However, many of them suffer from 

low bioavailability due to low solubility, low stability, and/or poor intestinal permeability. 

Bioavailability is a pharmacokinetic parameter that measures the percentage of orally administered 

dose that enter the systemic circulation unchanged [2]. Factors that limit NHP’s oral availability 

are similar to those in pharmaceutical science and can be categorized into three major classes: 

solubility, permeability and stability (including degradation and metabolism) [3]. The first factor, 

“solubility”, is related to the physical form of NHPs in the intestine. Hydrophilic NHPs could 

directly dissolve in the intestinal fluid for absorption. But hydrophobic NHPs, like Coenzyme Q10 

[4], α-lipoic acid [5], and resveratrol [6], need to solubilize in the micelles formed by bile salts and 

phospholipids before they can be absorbed. Poor dissolution of hydrophobic NHPs in the intestine 

could be a bottleneck in absorption. The second factor, “permeability”, is related to NHP’s capacity 

in passing through the intestinal epithelium. Intestinal epithelium is the major barrier that controls 

the absorption of NHPs. NHPs can travel across the epithelial layer via transcellular and 

paracellular pathways [7]. The transcellular pathway allows NHPs to enter epithelial cells through 

active cellular uptake or passive diffusion and then infuse into the circulation. While in the 

paracellular pathway, NHPs are directly transported across the space between epithelial cells. Low 

transepithelial capacity can lead to low bioavailability of NHPs. The third factor, “stability”, is 

related to the degradation and metabolism of NHPs in human body. Many NHPs, like peptides, 
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enzymes, probiotics, unsaturated fatty acids, could be degraded, denatured or oxidized by low pH 

and digestive enzymes in the gastrointestinal tract and show reduced bioactivity [8, 9]. Enzymes 

in the enterocytes and liver can also degrade some NHPs or convert them to metabolites with low 

bioactivity, which is known as the first-pass effect [10]. For example, decursin, a nature plant 

extract with cancer prevention property [11], was extensively converted to a much less active 

metabolite, decursinol [12] after oral administration because of the first-pass effect. Therefore, an 

oral delivery system is required to help NHPs overcome these limitations and absorption barriers.  

1.2 Introduction to vitamin B12 (VB12) 

1.2.1 Chemical structure of VB12 

Figure 1.1 Chemical structure of VB12, from Ref [13]. R could be adenosyl group, methyl group, hydroxyl group or 

cyanide group. The molecular weight of cyanocobalamin is 1355 g/mol. 

VB12 is a water-soluble vitamin with low intestinal permeability. Generally, VB12 can be 

considered in three parts (Fig. 1.1), the upper ligand “R”; the central corrin ring, and the lower 
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ligand, 5,6-dimethylbenzimidazole. VB12 by definition should be restricted to cyanocobalamin, 

while in a broad sense, VB12 can also refer to all forms of cobalamin with different upper ligands, 

like adenosylcobalamin, methylcobalamin, and hydroxocobalamin. Commercial VB12 is 

exclusively produced by bacteria and archaea. Adenosylcobalamin, methylcobalamin and 

hydroxocobalamin are main products from these microorganisms, but they are unstable upon 

exposure to light[14]. To stabilize these cobalamin forms, industry uses cyanide to form a stable 

molecule of cyanocobalamin. Therefore, cyanocobalamin is widely applied in food and 

pharmaceutical industry [15]. 

1.2.2 Source of VB12 

Daily recommended VB12 intake is 2.4 µg for adult, and more VB12 is required for pregnant and 

breastfeeding women [16]. Human cannot get sufficient VB12 supplement from plant based foods. 

Very small amount of VB12 (<0.1 µg/100 g) can be found in certain vegetables like broccoli, 

asparagus, Japanese butterbur [17]. Meats, like cooked beef liver (83 µg/100 g), lean meat (3 

µg/100 g), and turkey (33 µg/100 g), have high VB12 content. Milk (0.3-0.4 µg/100g), egg (0.9-

1.4 µg/100 g), shellfish (10 µg/100 g), fish (3.0 to 8.9 µg/100 g) also contribute to human daily 

VB12 intake [17]. Although VB12 is produced in human large intestine by gut microbes, it cannot 

be considered as a resource of VB12 for human [18]. This is mainly because VB12 produced by 

gut microbes is too low to meet the daily VB12 requirement [19]. Moreover, VB12 from gut 

microbes is mainly produced in the colon, where microbial numbers are the highest. It cannot reach 

the VB12 receptors in the distal ileum, which locate in the upstream of colon [19].  

1.2.3 VB12 absorption, circulation and excretion in human body 

1.2.3.1 Physiology of VB12 absorption 
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The absorption of VB12 is a multistep process that involves stomach, pancreas and small intestine 

[13, 20, 21]. After ingestion, dietary VB12 is released from food protein by gastric digestion and 

binds with haptocorrin (Hc) in stomach. Hc is a glycoprotein that can bind with all VB12 analogs 

and primarily presents in the saliva and gastric fluid. The Hc-VB12 complex is degraded by 

pancreatic enzymes in the duodenum and the released VB12 will further bind with intrinsic factor 

(IF). IF is also a glycoprotein, mainly secreted by the gastric parietal cells in the human gastric 

mucosa in the fundus and body of the stomach. IF has a weaker binding capacity with VB12 in the 

acidic environment (stomach) but stronger in the neutral pH (intestine). Meanwhile, the IF is not 

sensitive to pancreatic enzymes, especially when it is bound with VB12. Afterwards IF-VB12 

complex goes through the small intestine to the distal ileum, where the complex is specifically 

recognized by a cubilin receptor (CUBN) and transported into the intestinal epithelial cell. Upon 

internalization, IF-VB12 dissociates from CUBN in the early endosome and then reaches the 

lysosome where the IF is degraded. After lysosomal digestion, free VB12 will be released into 

cytoplasm, bind with intracellular transcobalamin (TC) and enter the circulation [13, 20]. The 

absorption of VB12 in infant is a little different. Infant’s gastrointestinal tract is not mature 

therefore the IF secretion is lower than adult. However, IF receptors are expressed along the whole 

small intestine in infant, not limited in the distal ileum. Hc receptors are also found in infant 

intestine, suggesting Hc-mediated VB12 absorption may play an critical role in the early stage of 

human life [20, 22]. 

1.2.3.2 VB12 circulation and excretion 

After going into the blood circulation, VB12 binds with two different proteins [13, 20, 21]. Plasma 

Hc is the protein that the majority of VB12 (70-80%) binds with. This protein has a long half-life 

(9-10 days) therefore can maintain the normal circulating level of VB12. The other protein is 
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plasma TC. It binds with around 10-20% of total VB12 in plasma. Though its half-life time is short 

(60-90 min), it plays an essential role in VB12 cellular uptake because the TC receptors are 

expressed on all cells and the transportation of VB12 into cells is dependent on these receptors.    

VB12 is excreted through bile duct and kidney at the rate of around 2-5 µg/day, which is 

corresponding to 0.1–0.2% of total VB12 storage in the body [23]. The biliary excretion of VB12 

(0.5-5 μg/day) is reabsorbed in the distal ileum through intrinsic factor mediated active transport. 

The enterohepatic circulation of VB12 is very effective so that around 65-75% of biliary excretion 

of VB12 can be re-utilized by human body. VB12 lost from kidney is minimal, around 0.25 µg/day, 

and this amount of VB12 is thought to be derived from the tubular epithelial cell and lymph. 

1.2.4 VB12 Malabsorption and current treatment 

VB12 malabsorption can be caused either by gastric or intestinal problems [21]. For example, 

gastritis or gastrectomy can result in reduced production of stomach acid to digest food protein to 

have VB12 released, or/and generating less IF that is necessary for VB12 uptake in the small 

intestine. Since the distal ileum is the site for physiological IF-mediated VB12 absorption, any 

disease that affects the health of distal ileum will reduce the absorption of VB12. Ileitis, ileal 

resection or radiation therapy can damage the ileal epithelium which leads to the loss of IF 

receptors. Under this condition, the absorption of orally administrated VB12 becomes very low. 

Only around 1% of VB12 can pass the intestinal epithelium and enter the circulation, which finally 

leads to VB12 deficiency [24].  

Nowadays, VB12 deficiency has been a world-wide problem [24, 25]. Notably, high prevalence 

of VB12 deficiency was found in the aging population [26, 27] and over half of them were 

associated with food VB12 malabsorption (intrinsic factor deficiency or hypochlorhydria) [26-29]. 
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Severe VB12 deficiency can further result in pernicious anemia and irreversible neurological 

disorders, which usually requires VB12 intramuscular injection treatment [30]. Oral administration 

and intranasal spray of VB12 in high dose have been used as an alternative treatment, but the 

bioavailability of VB12 from both routes is low (<5%) because VB12 has large molecule weight 

(>1000 Da) which limits its passive diffusion through intestinal/nasal epithelial membrane [31-

33]. Nanoparticles can enhance the absorption of encapsulated compounds through non-specific 

endocytosis in the small intestine [34], thus developing oral nanoencapsulation of VB12 could be 

a potential strategy to improve VB12 absorption. However, research regarding VB12 

nanoencapsulation is still limited (see section 1.4.3).  

1.3 Nanoparticles improve the oral bioavailability of encapsulated NHPs 

Nanoparticles have great potential to increase the bioavailability of NHPs [35]. Because of their 

small size and large surface area, nanoparticles can adhere to the surface of digestive tract which 

prolongs the residence time of encapsulated NHPs [36, 37]. The small size also favors the direct 

uptake of nanoparticles by endocytosis, which improves the absorption of core ingredients through 

intestine [34, 38]. Moreover, through specific design and modulation, nanoparticles can release 

encapsulated compounds to specific location in a desired rate. This property can protect core 

ingredients from undesired degradation and premature release before reaching the physiological 

site for absorption [39]. Details of these advantages are reviewed below. 

1.3.1 Controlled release behavior 

NHPs need to reach a desired range of concentration in the human body to produce health benefits. 

However, some NHPs have quick eliminating rate in the circulation so frequent dosing is usually 

required. Nanoparticles enable the delivery of NHPs to human body in a sustainable manor which 
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potentially avoids repeated administration of NHPs [40]. Nanoparticles have two major release 

mechanisms: 1) NHP diffusion from nanoparticles and 2) nanoparticle degradation/erosion [41]. 

In a diffusion-controlled system, NHPs are released from nanoparticles primarily by passive 

diffusion. While in an erosion-controlled system, NHP release is mainly triggered and accelerated 

by nanoparticle degradation and erosion. Size is an important factor impacting the release kinetics 

of the nanoparticles. Generally, nanoparticles with smaller size have a larger surface area to 

volume ratio, which increased the contact area between particles and the release medium, leading 

to quicker diffusion of encapsulated compounds and faster degradation of nanoparticles [42, 43]. 

However, research to understand how particle size may impact the release behavior of food 

nanoencapsulation in the gastrointestinal environment is still limited. Further investigation in this 

area is required to optimize the NHP release kinetics. 

Material selection and structure design can also modulate the release behavior of nanoparticles by 

controlling NHP diffusion and/or matrix degradation. For example, Li et al. [44] loaded 

epigallocatechin gallate (EGCG), a green tea extract with anti-inflammatory and anti-cancer 

properties, into bovine serum albumin (BSA) nanoparticles. The release of EGCG from BSA 

nanoparticles reached 53% in the simulated gastric fluid with pepsin after 0.5 h and 69% in the 

simulated intestinal fluid with pancreatin after 2 h. The diffusion of EGCG from the nanoparticles 

into release media was a factor determining the release rate. The loss of nanoparticle structural 

integrity under protease digestion further accelerated the EGCG release. In order to improve the 

release behavior, poly-lysine was used to coat the surface of nanoparticles. As a barrier, the poly-

lysine coating reduced the permeability of water which decreased the diffusion rate of EGCG. It 

also made the BSA nanoparticles less digestible in the gastrointestinal tract. As a result, the release 

of EGCG reduced to 33% in the simulated gastric environment after 0.5 h and 45% in the simulated 
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intestinal environment after 2 h. More sustainable release behavior allows a single-oral-dose 

administration of EGCG to exert health benefits for a longer period of time.  

For protein nanoparticles, the protein conformation can affect the response of nanoparticles to 

environment factors, like pH and digestive enzymes, resulting in different release behavior in 

different sections of the digestive tract. This property allows protein nanoparticles to release 

encapsulated NHPs to the active site of absorption, like intestine, and protect them during 

transportation, which is especially useful in the delivery of NHPs that are unstable and degradable 

in the stomach. For example, after high-pressure homogenization and spray drying treatment, both 

barley protein nanoparticles [45] and casein nanoparticle [46] could reduce the exposure of 

hydrophobic amino acids. This change made them resistant to the digestion of pepsin which 

preferably attacks hydrophobic domains of the protein [47]. Meanwhile, their digestibility in 

intestine was not affected because hydrophilic lysine and/or arginine residues were still readily 

available on the nanoparticle surface, and trypsin from pancreatin can attack these residues to 

hydrolyze protein nanoparticles [48]. As a result, both nanoparticles showed minimum release of 

encapsulated NHPs in the simulated gastric environment and enhanced release in the simulated 

intestinal fluid.  

1.3.2 Mucoadhesive property  

Mucoadhesive property is another critical factor for nanoparticles to maximize their benefit effect. 

Mucoadhesive property allows nanoparticles to resist the self-cleaning mechanisms of mucosal 

tissues and slow down their transit in the intestine [49], which in turn increases the intestinal 

residence time of nanoparticles and encapsulated NHPs. Size can substantially influence the 

mucoadhesive behavior of nanoparticles. It was found that nanoparticles with hydrodynamic 

diameter no larger than 500 nm could efficiently diffuse into the mucus layer. While beyond this 
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range, the diffusion of nanoparticles was significantly slowed down due to the steric hindrance, 

resulting in reduced contact between nanoparticles and the mucosal tissue [50]. Surface properties 

can also affect the mucoadhesive properties of nanoparticles. Generally, nanoparticles that can 

generate non-specific interaction(s) (e.g. electric interaction hydrophobic interaction, hydrogen 

bond) or specific interaction(s) (e.g. ligand binding) with mucosa can enhance nanoparticles’ 

mucoadhesive capacity [51]. Positive charge improves nanoparticle’s mucoadhesive capacity. 

Teng et al. developed polyethyleneimine conjugated β-lactoglobulin nanoparticles for NHP 

delivery. Different from regular β-lactoglobulin nanoparticles which carried a negative charge (-

42.6 mV), the new synthesized nanoparticles had a strong positive charge (+39.9 mV), which 

facilitated the binding of nanoparticles with negatively charged mucin, resulting in a 40-fold 

increase in the mucoadhesive capacity. Besides charge, the surface hydrophobicity can also 

modulate nanoparticle’s mucoadhesive property. Arangoa et al. investigated the mucoadhesive 

property of gliadin based nanoparticles [36]. As gliadin has high amount of nonpolar amino 

acids(~40%) [52], nanoparticles based on gliadin demonstrated high hydrophobicity and low 

negative charge. High surface hydrophobicity allowed nanoparticles to bind to intestinal mucosa 

through hydrophobic interaction, and the low negative charge reduced the repulsive force between 

nanoparticles and mucosa. In the mucoadhesive study, over 40% of gliadin based nanoparticles 

adhered to the intestinal mucosa after 0.5 h of incubation. Whereas when gliadin nanoparticles 

were coated with hydrophilic protein such as bovine serum albumin, the mucoadhesive capacity 

was reduced by around 60%. This could be explained by the decreased hydrophobicity and 

increased surface charge of nanoparticles at the physiological pH. Lectins are carbohydrate-

binding proteins that can provide specific binding to sugar residues on the surface of epithelial 

cells [53]. Such specific interaction could also increase the mucoadhesive capacity of 
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nanoparticles. Arbos et al. found the mean residence time of nanoparticles in the intestine was 

increased by 35 min after lectin coating compared to those without surface coating [37]. 

1.3.3 Epithelial membrane translocation 

Nanoparticles can enhance the absorption of encapsulated compounds through active endocytic 

pathways (Fig. 1.2). There are three major endocytic pathways [54]: clathrin-mediated endocytosis 

(CME), caveolae-mediated endocytosis (CvME), and macropinocytosis. CME is the most 

extensively investigated endocytosis pathway, which mediates a wide range of cargo transport in 

all mammalian cells. In this pathway, clathrins are assembled on the cytosolic side of cell 

membrane and form a pit with extracellular compounds (like nanoparticle) inside. Then the pit 

becomes invaginated and detached from the membrane. The endocytosed vesicles are trafficked 

into endosomes and finally merge into lysosomes [55]. Generally, clathrin-mediated endocytosis 

can internalize nanoparticles with size no larger than 200 nm [56]. However, in certain cell line, 

like the Caco-2 cell line, it was able to transport nanoparticles over 400 nm in diameter [57]. CvME 

has similar cargo formation process like CME and also presents in many types of cells. The cargo 

in CvME is formed by a different structural protein, caveolin. CvME does not contribute to bulk 

transport across epithelium because of its small cargo size (50-60 nm in diameter). Moreover, 

CvME has alternative endocytic pathways to the Golgi and endoplasmic reticulum, suggesting the 

compounds in CvME cargo have a chance to avoid lysosomal degradation [58]. Macropinocytosis 

mediates the uptake of a large amount of extracellular fluid. Macropinocytosis can transport 

particles up to several micrometers [59]. In macropinocytosis, actins rearrange at the cell 

membrane and form ruffles. Ruffles fold back and fuse with cell membrane, leading to the 

formation of macropinosomes with extracellular fluid entrapped. Similar to CME, the content in 

macropinosomes will finally merge into lysosome and be digested [60].  
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Figure 1.2 Different endocytic pathways that can potentially be used for nanoparticle uptake. From ref. [59] 

Nanoparticle’s physiochemical properties have significant impact on their cellular uptake 

efficiency. The effect of size has been extensively investigated. Generally, nanoparticles with 

diameter at around 50-200 nm are optimal for cellular uptake [61-63]. Surface properties are also 

critical in modulating the internalization rate of nanoparticles. The properties that enhance the 

nanoparticle-cell attractive interaction can increase the uptake efficiency. For example, positively 

charged nanoparticles generally demonstrate higher uptake efficiency than negatively charged 

ones because of the electrostatic attraction between cationic nanoparticle surface and anionic cell 

membrane [64]. However, nanoparticles with positive charge could cause perturbation of cell 

membrane and inhibit the proliferation of cells [65], which may damage the intestine. 

Nanoparticles conjugated with targeting ligands on the surface can also enhance the uptake 

efficiency because ligands provide extra binding force between nanoparticles and cell membrane 

[66]. While nanoparticles with highly negative charged surface normally show lower 

internalization rate because of the strong repulsion forces between nanoparticles and cells [67]. 

Decreased negative charge could reduce such repulsion force therefore favor the endocytosis of 

nanoparticles [68]. The shape of nanoparticle is another factor that affects the cellular uptake of 
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nanoparticles. However, because most nanoparticles designed for oral delivery are spherical, less 

attention has been paid to nanoparticle’s geometry design and its related interaction with cells. 

Banerjee et al. reported that rod and disc shaped nanoparticles showed significantly higher uptake 

efficiency than spherical ones in Caco-2 cells [66]. And no difference was observed between rod 

and disc shaped nanoparticles. Similarly, Huang et al. found that rod shaped nanoparticles had 

higher probability to enter cells than spherical shaped ones in A375 cells [69]. But Chithrani et al. 

suggested that spherical nanoparticles could internalize into Hela cells more efficiently than rod 

shaped ones [70]. So far, no conclusion can be made regarding the effect of particle shape on their 

cellular uptake efficiency. This question requires more extensive investigation. 

Phagocytosis is a different kind of endocytosis that is primarily conducted by immune cells. During 

phagocytosis process, immune cells can change their shape and form cup-like extensions to engulf 

extracellular compounds. This process allows immune cells to uptake large particulates [71]. In 

the intestine, immune cells form lymphoid follicles which are called gut-associated lymphoid 

tissue (GALT). GALT is one of the largest lymphoid organs in the human body and primarily 

locates in the distal ileum [72]. Although it only accounts for 1% of intestinal surface, GALT is 

considered as an important route for nanoparticle based NHP delivery because compounds 

delivered to GALT can bypass the liver and be transported to the circulation system directly 

through lymph node or spleen, which minimizes the first-pass effect on unstable NHPs. Generally, 

compound loaded in nanoparticles has higher chance to enter GALT than its free form, because 

cells with phagocytic activity can internalize antigens in particulate form more efficiently than 

those in soluble form [73]. Aramaki et al. tested the accumulation of Rhodamine with/without 

nano encapsulation in GALT enriched intestine tissue [74]. They found that after liposome 

encapsulation, the concentration of Rhodamine in GALT increased for around three folds.  
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Nanoparticles can also be uptaken through paracellular transport. However, because of very small 

pore size (radius < 7.5 Å) at the tight junctions [75], most of nanoparticles cannot pass through the 

space between epithelial cells. Special materials that can temporarily open the tight junctions are 

required. For example, EDTA can bind with Ca2+ involved in tight junctions to open the space 

between intestine epithelial cells [76]. Thiolated polymers can also expand the tight junctions by 

inhibiting the function of protein tyrosine phosphatase [77]. As most of the nanoparticles do not 

process this specific mechanism, it is not discussed here in detail. 

1.4 Nano-delivery systems (nanoparticles and liposomes) for hydrophilic NHPs 

Recently, many nano-delivery systems have been created to maximize the therapeutic effects and 

minimize the side effects of drug in the biomedical and pharmaceutical area [51, 78, 79]. However, 

among the materials that can be used to fabricate nano-delivery systems, only a few can be used 

for regular food consumption [80]. Nature polymers and lipids are materials that are suitable for 

food application. In this section, protein and lipid based nano-delivery systems designed for 

hydrophilic NHP delivery will be reviewed (Fig. 1.3). Discussion primarily focuses on the 

advantages, challenges as well as preparation methods of these nano-delivery systems. 
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Figure 1.3 Scheme of nanoparticles reviewed in section 2.2. (A) protein nanoparticles; (B) liposomes; (C) multiple 

emulsion; (D) solid lipid nanoparticle. Reproduced from Ref [81-84]. 

1.4.1 Protein based nanoparticles 

Food proteins are nature polymers and digestible in human gut. They have excellent functional 

properties such as emulsifying and gelling capacity which allow them to be converted into delivery 

systems of both hydrophobic and hydrophilic NHPs. Proteins emulsions have been widely used 

for encapsulation of hydrophobic NHPs, such as β-carotene [45, 85], ω-3 polyunsaturated fatty 

acids [86], and vitamin D3 [87]. At the o/w interface, proteins normally undergo unfolding and re-

orientation to have hydrophobic sections directed towards the oil phase and hydrophilic sections 

towards the aqueous phase [88]. This allows proteins to form a viscoelastic network at the oil/water 

interface which provides a structural barrier to droplets rupture and aggregation/coalescence due 

to steric and electrostatic effects [89]. Meanwhile, protein gelation allows the formation of  three-

dimensional networks for the encapsulation and controlled release of both hydrophobic and 

hydrophilic NHPs [35, 90].   
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Many methods have been developed to prepare protein nanoparticles for the delivery of 

hydrophilic NHP compounds. Antisolvent precipitation (desolvation) is one of the most commonly 

used methods which involves of protein precipitation from original solvent using a desolvating 

agent. The solubility of protein in solvents is determined by many factors, including solvent 

polarity, environment pH and ionic strength. Adjusting these factors can control the aggregation 

and precipitation of protein, leading to the formation of protein nanoparticles with various size 

(from ~100 to ~900 nm) [91]. Hydrophilic NHPs can be directly mixed with the nanoparticle 

suspension and then loaded into nanoparticle through electrostatic interaction or hydrophobic 

interaction [44, 92-95]. For example, bovine serum albumin (BSA) nanoparticles were prepared 

by adding excessive amount of ethanol into BSA water solution. The precipitated nanoparticles 

were crosslinked by glutaraldehyde and incubated with epigallocatechin gallate for 0.5 h. The 

epigallocatechin gallate loaded nanoparticles had a size of 186 nm and encapsulation efficiency of 

32.3% [44]. 

Protein nanoparticles can also be produced by cold gelation method [96-98]. This method involves 

a thermal treatment to denature the proteins and have their nonpolar amino acids exposed in the 

aqueous environment, leading to the formation of protein soluble aggregate through hydrophobic 

interaction. The protein aggregates are then associated by adding calcium to form a three-

dimensional network. The NHPs can be added in the soluble protein aggregates suspension at room 

temperature before gelation. To make the nanoparticles, the gel size should be controlled in nano-

range by using a low protein concentration. For example, soy protein nanoparticles were used to 

encapsulate vitamin B12 using a cold gelation method [63]. Protein solution was firstly heated at 

85 oC for 30 min to denature protein molecules. After cooling down to room temperature, VB12 

was introduced into the protein solution and left to react overnight, followed by the addition of 
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CaCl2 to induce the formation of nanoparticles. The obtained nanoparticles had a size of 180 nm 

and encapsulation efficiency of 13.5%. 

Emulsion-templating method (W/O emulsion) is another way to prepare hydrophilic NHP loaded 

protein nanoparticles [99-101]. A protein aqueous solution is dispersed in oil phase to form a W/O 

emulsion. The size of W/O emulsion can be further decreased to nanoscale by high speed 

homogenization or ultrasonication. Then, the proteins in the water droplets will be rigidized by 

crosslinking reagent to form nanoparticles. Hydrophilic NHPs can be added in protein solution 

before nanoparticle formation, or loaded into nanoparticles by adsorption after nanoparticle 

formation. Because hydrophilic NHPs have low solubility in oil, they stay in the aqueous droplets 

exclusively and can be efficiently entrapped in the nanoparticles. Finally, nanoparticles are 

collected by centrifugation and the surface oil can be removed by organic solvent. For example, 

Gupta investigated the potential application of gelatin nanoparticles in the delivery of hydrophilic 

compounds, using fluorescein isothiocyanate-dextran (FITC-Dex) as a model [99]. Briefly, gelatin 

aqueous solution (800 µL) was dispersed in hexane (50 mL) and stabilized by sodium bis (2-

ethylhexyl sulphosuccinate) (0.03 M). The proteins in the W/O emulsion were crosslinked with 

glutaraldehyde to form nanoparticles. FITC-Dex in water solution (20 µL) was added into above 

solution and incubated with nanoparticles overnight to form FITC-Dex loaded nanoparticles. 

Minimal loss of FITC-Dex (encapsulation efficiency: ~90%) was observed during the preparation 

process and the obtained nanoparticles had their size around 37 nm. 

Electrospraying [102, 103] and nano spray drying [104, 105] are relatively new methods to 

generate protein nanoparticles which had been prepared only for drug delivery currently. In the 

electrospraying method, the hydrophilic NHP and proteins are mixed in the same solvent and 

placed in an electrospinning equipment. The solution is dispensed through a nozzle, passed through 
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a high-voltage electric field, and finally attached onto a target surface under the effect of electric 

field. During this process, solvent is evaporated in the air and proteins/hydrophilic compounds 

aggregate with each other to form nanoparticles. In the electrospraying method, protein 

concentration should be precisely calculated, as inappropriate concentration can result in the 

formation of protein nanofibers, rather than nanoparticles [106]. For example, Gulfam et al. 

prepared cyclophosphamide loaded protein nanoparticles using the electrospraying technology 

[103] . Gelatin was dissolved in 90% acetic acid and gliadin was dissolved in 70% ethanol. 

Cyclophosphamide was added into the mixture of these two solutions (1:1) and sprayed into a high 

voltage electric field (12-14 kV). The sprayed droplets were dried in the air and the formed 

nanoparticles were collected under the effect of electric field. The obtained nanoparticles (size 218 

to 450 nm) had relatively high loading capacity (52.8% to 72.0%). 

Nano spray drying needs to be performed on a spray drying machine [104, 105]. Proteins and 

hydrophilic compounds are dispersed in adequate solvent and sprayed into fine mist (micro/nano 

scaled droplets). The droplets are dried by a heated airflow and proteins/hydrophilic compounds 

in the droplets will bind with each other to form nanosized aggregations (nanoparticles). For 

example, Alfuzosin hydrochloride loaded casein nanoparticles were prepared using a Büchi B-290 

spray drier [105]. Alfuzosin hydrochloride was simply mixed with casein in water, spray dried to 

form nanoparticles, and crosslinked with genipin in ethanol solution. Nanoparticles had small size 

(110 to 260 nm) and high encapsulation efficiency (>92%). 

The most challenging issue for protein nanoparticles as oral NHP delivery systems is their 

instability in gastrointestinal environment. Fu et al. [107] investigated  the digestibility of food 

proteins in the simulated gastrointestinal tract. They found that the majority of food proteins could 

be degraded in stomach within 5 min, except very few ones, like β-lactoglobulin, β-conglycinin 
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(β-subunit) and zein. Therefore, nanoparticles made by food proteins could be highly susceptible 

to peptic digestion, leading to burst leakage of NHPs in the stomach before reaching the small 

intestine where most of the NHPs are absorbed. The second challenge existing in protein 

nanoparticles is related to low encapsulation efficiency of hydrophilic NHPs. The loading capacity 

of protein nanoparticles is largely dependent on the interaction(s) between NHPs and protein 

molecules, such as one or combinations of electrostatic or hydrophobic interactions [108]. Unlike 

lipophilic NHPs which can bind with proteins through strong hydrophobic interaction, many 

hydrophilic NHPs are small and uncharged molecules which have only weak or no interaction with 

proteins. The weak interaction can lead to low encapsulation efficiency of hydrophilic NHPs in 

protein nanoparticles. It also causes rapid diffusion and release of encapsulated NHP in an aqueous 

environment due to the nanoparticle’s large surface to volume ratio. 

1.4.2 Lipid based nano-delivery systems 

1.4.2.1 Liposomes 

Liposomes are phospholipid vesicles consisting of one or more enclosed phospholipid bilayer(s) 

and an aqueous core. Liposomes enable the encapsulation of both hydrophobic and hydrophilic 

NHPs. Hydrophobic NHPs are incorporated in liposome’s phospholipid bilayer(s), and hydrophilic 

NHPs are entrapped in the aqueous core. Many methods have been developed to prepare liposome, 

among which, thin film hydration, ethanol injection, and reverse phase evaporation are the most 

commonly used methods. In the thin film hydration method [109], phospholipids are first dissolved 

in the organic solvent (usually chloroform and/or methanol). The solvent is then removed by a 

rotary evaporator to obtain a dry film, which are formed by stacks of phospholipid bilayer sheets. 

Afterwards, the lipid film is hydrated with NHP loaded buffer solution under stirring. During this 

process, the lipid sheets self-close to form multilamellar vesicles with NHP loaded buffer solution 
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entrapped as aqueous core. The multilamellar vesicles can be extruded through a porous membrane 

or sonicated to form nanoliposomes. Zhou et al. prepared vitamin C loaded liposomes using the 

thin film hydration method [110]. Briefly, soybean phosphatidylcholine and cholesterol were 

dissolved in the ethanol and dried under vacuum to obtain a thin lipid film. This film was hydrated 

with vitamin C solution to form multilamellar liposomes, which were further processed with a 

microfluidizer to form nanoliposomes. The nanoliposomes had a small size (67 nm) and good 

encapsulation efficiency (48%).  

In the ethanol injection method [111], phospholipids are dissolved in the ethanol and injected into 

an aqueous medium where the hydrophilic NHP is dispersed. Because phospholipids have lower 

solubility in aqueous medium than in ethanol, they associate with each other and spontaneously 

form bilayer liposomal structure to minimize the exposure of their hydrophobic groups in the 

aqueous medium. During this process, the NHP loaded aqueous medium is entrapped as aqueous 

core of liposomes.  Finally, ethanol in the system can be removed by a rotary evaporator. Different 

from the thin film hydration method which requires further process to reduce the size, uniformed 

single bilayer nanoliposomes can be directly obtained using this method. For example, salidroside 

was loaded into liposomes using the ethanol injection method [112]. Salidroside was firstly 

dispersed in phosphate buffer under vigorous stirring and the solution was then heated to 60oC. 

Egg phosphatidylcholine and cholesterol in ethanol solution was quickly injected into above 

solution to form salidroside loaded liposomes. After removal of ethanol using a rotary evaporator, 

the liposomes showed a small size (<102 nm) and the encapsulation efficiency was up to 45%. 

The reversed phase evaporation method is specially designed for hydrophilic compounds 

encapsulation [113]. The phospholipids in organic solvent (usually ether or chloroform) are firstly 

mixed with a small amount of hydrophilic NHP in water dispersion and sonicated to form reversed 
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micelles. Then the organic solvent is gradually removed under reduced pressure which leads to the 

disintegration of some micelles and release of free lipids. These lipids merge to the remaining 

reversed micelles and finally form liposomes. Liposomes prepared by this method have large 

internal aqueous space, therefore demonstrate higher encapsulation efficiency for hydrophilic 

compounds. For example, ferrous sulfate was loaded into liposomes using the reversed phase 

evaporation method [114]. In this work, ferrous sulfate solution (10 mL) was added into egg 

phosphatidylcholine in diethyl ether solution (30 mL) and sonicated to form W/O emulsion. The 

organic solvent was gradually removed using a rotary evaporator and ferrous sulfate loaded 

liposomes were formed under the reduced pressure. The obtained liposomes had a large size 

(microns) and the encapsulation efficiency was 67%.  

Although the inner aqueous core allows liposomes to entrap hydrophilic NHPs more efficiently 

than protein nanoparticles, it is still more challenging for liposomes to encapsulate hydrophilic 

NHPs than hydrophobic ones [115]. Hydrophobic NHPs are generally insoluble in the preparation 

medium and can tightly bind with phospholipids through hydrophobic interaction, thus can be 

efficiently loaded in the liposomes. While hydrophilic NHPs are highly soluble in the preparation 

medium and in many circumstances only weak or none attractive interaction exist between 

hydrophilic NHPs and phospholipids. During liposome formation, only part of the preparation 

medium is entrapped as the aqueous core of liposomes. Significant amount of NHPs in the 

preparation medium will be left outside of liposomes, resulting in a lower encapsulation efficiency 

[116]. Challenges in natural phospholipids based liposomes are also associated with their low 

stability in the gastrointestinal environment. Natural phospholipids normally have phase transition 

temperature lower than 37oC [117]. After ingestion, the physical state of phospholipid bilayers can 

switch from ordered gel phase to disordered liquid crystalline phase due to the increased 



21 
 

temperature. This change largely increases the permeability of phospholipid layer, leading to the 

leakage of hydrophilic NHP from liposome’s aqueous core. Low pH can further accelerate the 

leaking process [118]. For example, Liu et al. found that liposome lost over 60% of encapsulated 

compound in the simulated gastric environment within 5 min[119]. Bile salts can also cause the 

lysis of phospholipid bilayer structure [120] and studies showed that bile salt could trigger over 

80% release of encapsulated contents from liposomes within 0.5 h [118, 121]. Ideally sustainable, 

rather than burst, release of NHP in the gastrointestinal tract is preferred for oral NHP delivery 

because this release behavior can help maintain a stable NHP concentration in the body and allow 

the NHP to produce health benefits for a longer time. 

1.4.2.2 Double/multiple emulsions       

Double/multiple emulsions for the delivery of hydrophilic compounds normally consist of a large 

oil-in-water droplet with one or more water-in-oil droplets dispersed inside. Typically, a two-step 

process is required to make double/multiple emulsions. In the first step, an NHP aqueous solution 

(inner aqueous phase) is dispersed in the oil phase with hydrophobic surfactant(s) and 

homogenized to form a W/O emulsion. The W/O emulsion is then mixed with a second water 

phase (outer water phase) containing hydrophilic surfactant(s) to form the W/O/W emulsion. In 

order to keep the integrity of W/O droplets, mild emulsifying condition should be used in the 

second emulsification step. Similar to liposomes, the inner aqueous phase (water-in-oil droplets) 

of the double/multiple emulsions can load various hydrophilic NHPs. Double/multiple emulsions 

can encapsulate hydrophilic NHPs more efficiently than liposomes, with encapsulation efficiency 

reaching as high as 98.4% [122], because almost all the preparation medium with hydrophilic 

NHPs can be incorporated to form the inner aqueous phase (water-in-oil droplets). Moreover, the 

intermediate oil phase in the double/multiple emulsions can effectively isolate the internal aqueous 
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phase from outside environment at body temperature, resulting in minimal diffusion of hydrophilic 

NHPs from double/multiple emulsions and limited access of gastrointestinal fluid to encapsulated 

compounds. This property significantly increases the stability of encapsulated NHPs in the 

gastrointestinal tract [122, 123]. For example, Nayak et al. used a multiple emulsion to encapsulate 

the catechin [124]. Briefly, catechin solution (25%, v/v) was added into olive oil (75%, v/v) with 

polyglycerol polyricinoleate as a hydrophobic surfactant. The mixture was processed with a probe 

sonicator to form a fine O/W emulsion. The O/W emulsion was then added into 1% Tween 80 

solution and sonicated in a milder condition to form a W/O/W emulsion. The multiple emulsion 

had a size of 2.82 µm and high encapsulation efficiency of 97%. 

However, there are also drawbacks associated with these delivery systems. Double/multiple 

emulsions are unstable thermodynamic systems, in which there are two proximal opposite 

interfaces (inner water phase and oil phase, oil phase and outer water phase) stabilized by different 

surfactants. Generally, a hydrophobic surfactant is required to stabilize the interface between inner 

water phase and oil phase; and a hydrophilic surfactant is required to stabilize the interface between 

oil phase and outer water phase. Because these two interfaces are proximal to each other, 

surfactants stabilizing these two interfaces can diffuse across the oil layer which finally leads to 

coalescence[125, 126]. Moreover, most double/multiple emulsions have their size in micron-

scale[127], and nano-scaled double/multiple emulsions (≤ 200 nm) have been seldomly reported. 

A cross linker/photo initializer [128] or specifically synthesized copolypeptide [129] was required 

to stabilize the inner aqueous droplets in the nano-scaled double emulsion. However, it is difficult 

to remove the undesired compound, such as crosslinker (N, N’-methylene-bisacrylamide) [128], 

from the inner aqueous phase of double emulsion.  

1.4.2.3 Solid lipid nanoparticle/nanostructured lipid carrier 
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Solid lipid nanoparticles are designed as an alternative to nanoemulsion, in which a solid lipid with 

melting point higher than body temperature, is used to protect encapsulated compound from 

photodegradation/oxidation [130] and better control the release of encapsulated compounds in the 

digestive tract [131]. However, single lipid can form a highly ordered crystal structure, leading to 

the expulsion of encapsulated compounds from nanoparticles during storage. In order to overcome 

this problem,  blends of solid lipids and liquid lipids are used to produce nanoparticles, which are 

called nanostructured lipid carriers [131]. The blends of lipids still remain solid at the body 

temperature, but they can form imperfect crystal structure which reduces the expulsion of 

encapsulated compound from nanoparticles during storage [132]. Hot and cold homogenization 

methods can be used to make solid lipid nanoparticles/nanostructured lipid carriers [130]. In the 

hot homogenization method, NHP and melted lipids are added to a hot surfactant dispersant and 

mixed by a high-speed homogenizer. The pre-emulsion is then treated by high-pressure 

homogenization to form nanoemulsion. The obtained nanoemulsion is cooled down to room 

temperature, and lipids will recrystallize to form solid nanoparticles. In the cool homogenization 

method, a NHP is firstly dispersed in the melted lipids. Then the mixture is cooled down to room 

temperature and ground to microparticles. The microparticles are added into cold surfactant 

solution and broken into nanoparticles by high-pressure homogenization.  

Solid lipid nanoparticles/nanostructured lipid carriers are primarily designed for hydrophobic 

compound delivery. Due to similar polarity, hydrophobic compounds can be well dissolved in the 

lipid matrix and encapsulated into nanoparticles. However, many hydrophilic NHPs can hardly be 

entrapped in solid lipid nanoparticles/nanostructured lipid carriers due to their high polarity and 

low solubility in the hydrophobic lipid matrix. Therefore, organic solvent or assistant surfactant is 

required to enhance the solubility of hydrophilic compounds in the lipids [133]. For example, 
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Almeida et. al investigated the feasibility of loading lysozyme into solid lipid nanoparticles[134]. 

In order to achieve higher solubility in the lipid, lysozyme was premixed with Poloxamer 182 

(assistant surfactant) in water and then added into melted lipid matrix at 50 oC. The mixture was 

then dried using a rotary evaporator, cooled down to room temperature, grinded into powder, 

dispersed in a 3% (w/w) aqueous surfactant solution (sodium cholate, Poloxamer 188 or Tween 

80) and homogenized to form nanoparticles. It is worth mentioning that despite the use of an 

assistant surfactant, the quantity of lysozyme solubilized in the lipids was still low. Short of lipids 

that can dissolve hydrophilic NHP is the major obstacle in developing solid lipid nanoparticles/ 

nanostructured lipid carriers for hydrophilic NHP delivery. Moreover, the dissolution of NHP in 

lipid(s) needs to be conducted at a relative high temperature (usually >50oC), which is unfavorable 

for the temperature sensitive NHPs [34].  

1.4.3 Nature polymer and lipid based nanoparticles for VB12 delivery 

VB12 have been loaded in microparticles or bulky delivery systems, including yeast glucan 

microparticles [135], nature (e.g. dextran, alginate) and synthetic polymer (e.g. poly(lactic-co-

glycolic acid), Poly(acrylic acid)) microparticles [136-142], double emulsions (>3 µm) [122, 143-

148], bulk hydrogels [149, 150] and mini tablets [151]. Less work has been done in preparing 

nanocarriers for VB12 delivery. Among the limited samples,  some are unsuitable for daily oral 

consumption, such as carbon nanotubes [152] and ion nanoparticles [153], because of the potential 

adverse effects caused by these materials [154-156]. So far, only a limited number of VB12 loaded 

nanoparticles that are suitable for oral administration have been developed. These nanoparticles 

were primarily made from protein, polysaccharide and lipids. The physiochemical properties and 

biological responses of these nanoparticles are briefly reviewed in this section. 
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VB12 loaded soy protein nanoparticles were prepared using a cold gelation method [63]. Soy 

protein was dispersed in an alkaline solution and denatured through heating. After cooling down 

to room temperature and adjusting pH to neutrality, proteins were mixed with VB12 and then 

associated to nanoparticles by the addition of CaCl2. Nanoparticles had relatively small size (30 to 

180 nm) and good uptake efficiency in the Caco-2 cell model. The transport efficiency of VB12 

was increased around 2 to 3 folds after being encapsulated into protein nanoparticles. However, 

both VB12 and soy protein are water soluble compounds carrying negative charge. In an aqueous 

environment, VB12 could only bind with soy protein through moderate hydrophobic interaction 

[157], which led to a low VB12 encapsulation efficiency of soy protein based nanoparticles (up to 

13%).  

Chitosan and its derivative (N,N,N-trimethyl chitosan) based nanoparticles were developed for 

VB12 delivery [158-160]. All the formulas had chitosan or its derivatives dissolved in 1% acetic 

acid and crosslinked with sodium tri-poly phosphate. Obtained nanoparticles had a size of 107 to 

335 nm and exclusively carried positive surface charge (+20 to +29 mV). The highest 

encapsulation efficiency (16%) was obtained at chitosan/VB12 ratio of 100:15, and chitosan based 

nanoparticles showed higher encapsulation efficiency than N,N,N-trimethyl chitosan based 

nanoparticles(4.4%) [159]. Low encapsulation efficiency of these nanoparticles was mainly due to 

lack of interactions between VB12 and chitosan/ chitosan derivatives [159]. 

VB12 loaded nanoliposomes were prepared by Bochicchio [161], Jung [162], and Ohsawa [163]. 

The thin film method was adopted by Bochicchio and Jung for liposome preparation. But VB12 

was loaded into liposomes in different ways. In Bochicchio’s work, the dried phospholipid film 

was directly hydrated with VB12 loaded buffer solution to form multilamellar liposome vesicles 

[161]. The multilamellar liposomes were then sonicated to small unilamellar liposomes. Whereas 
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in Jung’s work, citric acid loaded liposomes were firstly prepared [162]. VB12 was then added 

into the liposome solution and diffused into the aqueous core of liposomes. After entering the 

aqueous core, VB12 could bind with proton from citric acid and form VB12H+. The VB12H+ 

complex had reduced permeability to neutral phospholipid bilayers, so it accumulated in the 

liposomes. Different from Bochicchio and Jung’s work, Ohsawa et al mixed VB12 with 

concentrated phospholipid solution (up to 25%) and used ultrasonication to prepare VB12 loaded 

nanoliposomes [163]. The obtained liposomes received a freeze-thaw treatment to temporarily 

disrupt their bilayer structure and allowed more VB12 to diffuse into the aqueous core [164]. All 

three liposomes had small size (51 to ~300 nm) and high encapsulation efficiency of VB12 (38% 

to 62%). In vitro release study was not conducted in these nanoliposomes. In terms of the biological 

response, only one study investigated the effect of nanoliposome on animal skin [162]: VB12 in 

nanoliposomes showed 17 times greater permeability than its free form after 24 h treatment.  

Genç et al. prepared VB12 loaded solid lipid nanoparticles using a hot homogenization method 

[165]. VB12 was added into a melted lipid (Compritol®) and then mixed with Tween 80 solution 

under high speed homogenization. The obtained emulsion was cooled down to room temperature 

to form solid lipid nanoparticles. Nanoparticles (size: ~200 nm) had high encapsulation efficiency 

of VB12 (92%). However, in vitro release showed a burst release of VB12 (80% in 30 min) in 

phosphate buffer solution (pH=6.8) at 37oC. This could be caused by quick diffusion of VB12 

from partly melted lipid matrix (low solubility) to the release medium. Cell studies indicated 

nanoparticles could internalize into different cell lines (no quantitative data available).  
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1.5 Novel protein-lipid composite nanoparticles for VB12 delivery  

In this study, we aimed to design novel protein-lipid composite nanoparticles with inner water 

compartments for the delivery of VB12. This system may take advantages of both barley protein 

and lipid based delivery systems and can potentially overcome their inherent limitations.  

Barley protein was selected as the primary wall material because of its favorable property to protect 

core ingredient in the gastric tract and then subsequently control the release of NHPs in the small 

intestine for absorption [166]. In previous work, solid barley protein microparticles (1-5 µm) were 

obtained by processing barley protein coarse emulsion with high-pressure homogenization [167, 

168]. Barley protein nanoparticles (90-150 nm) could be further prepared by decreasing protein 

and oil concentration [45]. The prepared barley protein micro- and nano-particles demonstrated 

high encapsulation efficiency (> 92.9%) and loading efficiency (46.5-50.1%). Barley protein 

microparticles were able to protect encapsulated NHPs from environment stress (like oxidation) 

[167, 169].  C hordein is a major fraction of barley protein with a repetitive domain that could 

form a helical secondary structure rich in β-turns. The whole C hordein molecule has a rod like 

conformation (30 nm x 2 nm in dimensions) [170]. This structure may efficiently encapsulate the 

lipid inside of protein network, and protect it from oxidation. More importantly, both 

microparticles and nanoparticles could resist harsh gastric environment (low pH and presence of 

pepsin) and deliver NHPs intact to the small intestine where most of the NHPs are absorbed. The 

main storage protein in barley are prolamins, which have high content of proline (~21%) [171, 

172]. Proline can hardly form hydrogen bonds and the prolyl peptide bond has only limited degree 

of rotation [171], which reduce protein’s non-covalence binding force with the digestive enzyme. 

Thus, it is difficult for protein high in proline to form geometric complimentary structure to fit the 

active site of enzyme, resulting in slow enzymatic digestion. Meanwhile, pressure treatment 
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enhanced the formation of intermolecular β-sheets in barley protein at the oil/water interface, 

leading to “solid-like” interfacial films that could resist the harsh stomach environment [166]. 

Also, protein hydrophobic groups are “locked” in the compact interfacial network. This greatly 

limits the gastric degradation of nanoparticles by pepsin, which preferentially attacks the 

hydrophobic sites of a protein [47]. Two lipids (α-tocopherol and phospholipid) were used to form 

the interior structure of the nanoparticles. α-tocopherol could attach underneath the barley protein 

shell to minimizes the leakage of VB12, thus created greater encapsulation efficiency. As an 

amphiphilic surfactant, phospholipid could stabilize an inner aqueous compartment, which 

facilitated the loading of water-soluble VB12.  

Meanwhile, the small size of nanoparticles could enhance the endocytosis of nanoparticles, leading 

to improved bioavailability of encapsulated NHPs. This may also provide an alternative way to 

absorb VB12 without relying on the intrinsic factor-cubilin mediated active transport. So far, these 

protein-lipid composite nanoparticles have never been reported in literature.  

1.6 Hypotheses and Objectives  

The overall objective of this study was to develop novel protein-lipid composite nanoparticles as 

delivery systems of hydrophilic NHPs for improved oral bioavailability. VB12 was selected as a 

hydrophilic NHP model with low intestinal permeability. 

The research was conducted based on the following hypotheses: 

1) Protein-lipid composite nanoparticles with inner aqueous compartments could be prepared to 

efficiently encapsulate hydrophilic NHPs.  

2) Such nanoparticles could still maintain the favorable property of barley protein to resist the 

harsh gastric environment and release NHPs in the small intestine in a controlled manner.  
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3) The composite nanoparticles could improve the bioavailability of VB12 and correct VB12 

deficiency more efficiently than free VB12 supplement. 

The specific objectives were: 

Objective 1: to develop and optimize the processing to prepare protein-lipid composite 

nanoparticles with inner aqueous compartments for efficient encapsulation of hydrophilic NHPs.  

Objective 2: to study and improve the stability and the in vitro release behavior of nanoparticles 

in relation to nanoparticle structural characteristics (e.g. surface charge, surface hydrophobicity, 

hydrodynamic diameter, surface functional groups). 

Objective 3: to study the impact of nanoparticle structural parameters (e.g. hydrodynamic diameter, 

surface charge and hydrophobicity) on the in vitro cytotoxicity, uptake mechanism and uptake 

efficiency of nanoparticles using a Caco-2 cell model. 

Objective 4: to evaluate nanoparticles’ capacity to improve the bioavailability of VB12 in vivo. 
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Chapter 2-Novel protein-lipid composite nanoparticles with inner 

aqueous compartments as delivery systems of hydrophilic nature 

health products  

2.1 Introduction 

The emergence of functional foods incorporating nature health products (NHPs) provides 

new opportunities to reduce the risk of chronic diseases. However, the efficacy of these 

functional foods can be compromised due to NHPs’ low stability or bioavailability. Recent 

advances in nanotechnology has enabled creation of nano-carriers for modulated and 

selective delivery of drugs to specific areas in the body in order to maximize drug action 

and minimize side effects in the biomedical and pharmaceutical sectors. However, among 

the materials that can be used to fabricate a drug nanocarrier, only few are suitable for 

regular food consumption [80]. Food grade protein and lipid are two such materials that 

have attracted specific interest in the food industry.  

Food proteins are abundant, biodegradable and biocompatible. Many of them have good 

gelling and emulsifying properties, and therefore can be used to incorporate both 

hydrophilic and lipophilic NHPs in form of a nano-carrier system. Significant challenges 

exist though when developing a protein based oral delivery system, where high loading 

capacity of the delivery system is a desired property. The loading capacity of protein 

nanoparticles is largely dependent on the interaction between NHPs and protein molecules, 

such as one or combinations of electrostatic or hydrophobic interactions [108]. The loading 

capacity for small uncharged hydrophilic NHPs is, however, usually low since such 

compounds have weak or no interaction with proteins.  The weak interaction of the loaded 
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material with protein nanoparticles can also lead to the rapid diffusion and release of 

encapsulated NHP in an aqueous environment due to the nanoparticle’s large surface to 

volume ratio. The second challenge is the instability of protein nanoparticles in a gastric 

environment. The low pH and pepsin of a gastric environment can denature and degrade a 

protein carrier, leading to leakage of NHPs in the stomach before reaching the small 

intestine where most NHPs are absorbed. These disadvantages limit protein nanoparticles 

as a platform for oral delivery of hydrophilic NHP and must be addressed strategically in 

the carrier design. 

Lipid systems, like double or multiple emulsions and liposomes, seems more suitable for 

loading of hydrophilic NHPs compared with protein carriers, as their inner aqueous 

compartment(s) is expected to load hydrophilic NHPs of different structure with greater 

efficiency. However, there are several limitations for them too in food application. For 

instance, it has been shown that double or multiple emulsions can be thermodynamically 

unstable since they possess two proximal curved interfaces and surfactants diffusing across 

the interface can lead to coalescence [125]. At nanoscale (< 200 nm) usually a cross 

linker/photo initializer [128] or a specifically synthesized copolypeptide [129] is required 

to stabilize the inner aqueous droplets of the double emulsion, and information 

documenting the in vitro or in vivo performance of these nano-delivery systems are limited, 

which restricts their suitability for application in delivery of NHPs.  

Liposomes are successful as oral delivery platforms in pharmaceutical science. But 

conventional liposomes from natural phosphatidylcholine (soy, egg) and cholesterol, which 

are considered to be more appropriate for the delivery of NHPs than their synthetic 

counterparts, are unstable in the gastric environment [74, 119, 173]. Natural 
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phosphatidylcholine has a low phase transition temperature, and when the temperature 

increases to 37oC, the lipid physical state changes from ordered gel phase to disordered 

liquid crystalline phase. Thus liposomes made from natural phosphatidylcholine become 

“leaky” in the stomach at body temperature [118].  Also, conventional liposomes are 

susceptible to the actions of  bile salts and lipases, and may respond unpredictably to these 

factors in the intestinal environment [118, 119, 121]. Using a phospholipid that possesses 

a greater phase transition temperature and/or modifying it in such a way to reduce NHP 

leakage is necessary for successful adaption of liposomal delivery systems to NHP delivery. 

In this regards, processing and ingredient costs, safety, and sourcing considerations are 

other important factors that must be considered [115]. 

To overcome the shortcomings of lipid and protein based nano-carriers for oral delivery of 

hydrophilic NHPs, in this research, development of a novel protein-lipid composite 

nanoparticle with an inner water compartment for hydrophilic NHP encapsulation was 

explored. This particular strategy takes advantages of a protein’s good gelling capacity and 

uses the lipid to “seal” the inner water compartment. Barley protein was selected as the 

primary wall material because it can form a “solid-like” film at the interface after 

mechanical pressure treatment, instead of  liquid film for many other proteins [166]. We 

assumed the solid-like protein shell would serve as a “nano-scaffold” allowing attachment 

of the lipid layers. Incorporating α-tocopherol into the nanoparticle was our strategy to 

better isolate the inner water compartment from the outside environment.  This was 

intended to make the nanoparticle less “leaky” compared to conventional liposome systems.  

Also, a barley protein shell should have the capacity to better resist gastric digestion and 

protect the incorporated NHPs [45, 168].  
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Vitamin B12 (VB12) and glucose were used as hydrophilic NHP models. VB12 plays vital 

roles in normal functioning of the nervous and blood systems. The classical symptom of 

VB12 deficiency is anemia, but a significant deficiency can potentially cause severe and 

irreversible nerve damage. VB12 deficiency is frequently seen among the elderly due to 

poor dietary patterns and absorption issues. In North American the major cause of VB12 

deficiency is malabsorption rather than an insufficient intake, because VB12 has a complex 

route for intestinal absorption [29]. Firstly, VB12 is separated from its food matrix by the 

acidic environment in the stomach and then bound to gastric intrinsic factor. This complex 

then travels to the small intestine to cubilin receptor located in proximal region of the small 

intestine. Any disruption of gastric acid, secretion of intrinsic factor, or the functioning of 

the intestinal receptor can result in malabsorption and subsequent deficiency. Nano-

particulate delivery of V12 can bypass some of these requirements and lead to better bio-

availability of this NHP through oral route.  

2.2 Material and method 

2.2.1 Material 

Barley protein was extracted by alkaline method as previously described [172]. Protein 

content in the extract (86.7±2.6%, w/w) was determined by combustion with a nitrogen 

analyzer (CN-628, Leco Corporation, St. Joseph, MI) with a protein calculation factor of 

5.83 [174]. High purity soy phosphatidylcholine (95%) was purchased from Avanti Polar 

Lipid (Alabaster, AL, USA). Food grade soy lecithin was a gift from CIRANDA (Hudson, 

WI, USA). Cell culture reagents including Dulbecco's Modified Eagle's Medium (DMEM), 

fetal bovine serum (FBS), nonessential amino acids (NEAA), HEPES solution, trypsin–

EDTA and Hank's balanced salt solution (HBSS) were purchased from GIBCO 
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(Burlington, ON, Canada). Human colorectal adenocarcinoma cell line Caco-2 was 

purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA). The 

rest of the chemicals were all of reagent grade and from Sigma-Aldrich Canada Ltd 

(Oakville, ON, Canada). 

2.2.2 Preparation of protein nanoparticles with inner aqueous compartments 

2.2.2.1 Inner organic phase: 200 mg soy phosphatidylcholine, 50 mg cholesterol, 35 mg 

soy lecithin, 300 mg α-tocopherol were dissolved in 15 mL ethanol. For VB12 loading, it 

was dissolved in ethanol and added into the solution above. Since glucose is insoluble in 

ethanol, it was dissolved in water and mixed in the ethanol solution. The ratio of water and 

ethanol was adjusted to prevent compound precipitation. The mixture was then vortexed 

together with approximately 15 mL of solid-glass beads (borosilicate, diam. 3 mm) for 1 

min, and dried under a stream of nitrogen gas. A thin film of the mixture was formed on 

the glass beads and interior wall of the centrifuge tube. The film was dissolved in 10 mL of 

diethyl ether and dried again under nitrogen flow. The solvent was further removed in a 

vacuum oven for 2 h at room temperature. The residual was re-dissolved in 1.2 mL of 

diethyl ether and 0.4 mL of chloroform and mixed with a 0.35 mL of distilled water in a 5 

mL centrifuge tube. The mixture was sonicated (sonic dismembrator, Model 500, fisher 

scientific) for 4 min in ice-water bath to form a homogeneous water in oil dispersant. 

2.2.2.2 Nanoparticle preparation: 1g barley protein was dispersed in 20 mL distilled water 

and the suspension was then stirred at 1000 rpm for 0.5 h in ice bath. Immediately after 

inner organic phase was prepared, it was added into the ice-cold barley protein dispersant 

(pH=8) and mixed by high speed homogenization (24,000 rpm, T18 ULTRA-TURRAX, 

IKA work Inc., NC, USA) to make a coarse emulsion. The pre-mixed emulsion was then 
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passed through a high-pressure homogenizer (10000 psi, 2 cycles, Nano DeBEE, Bee 

International, Inc., MA, USA) to form nanoparticles. Organic solvent in nanoparticle was 

removed in a rotary evaporator with a water bath at 25 oC for 2 h and further eliminated by 

gentle agitation of the suspension in a fume hood overnight. On the second day, the 

nanoparticle suspension was centrifuged at 3200 g for 10 min (Avanti J-E, Beckman 

Coulter Centrifuge, CA) to remove a small portion of solid aggregates and the supernatant 

was used for further study. When necessary, the nanoparticle suspension could be ultra-

filtered to remove un-encapsulated VB12 (300 kDa T-Series Membrane, Pall cooperation).  

2.2.3 Characterization of nanoparticles  

2.2.3.1 Particle size measurements 

The size and polydispersity index (PdI) of the nanoparticles were measured at room 

temperature (22 oC) by dynamic light scattering using a Zetasizer Nano S (model ZEN 

1600, Malvern Instruments Ltd). The refractive index (RI) was set at 1.45 and dispersion 

medium RI was 1.33. The samples were properly diluted before measurement.  

2.2.3.2 Encapsulation efficiency  

The encapsulation efficiency (EE) and encapsulation capacity (EC) was determined by the 

equation below. To separate and quantify the un-encapsulated NHP, 1 mL nanoparticle 

suspension was diluted to 25 mL in a volumetric flask using phosphate buffer solution 

(PBS, 0.1 M, pH=5.5). The solution was centrifuged (3200 g for 10 min, Avanti J-E, 

Beckman Coulter Centrifuge, CA), filtered (220 nm pore size nylon filter, Millipore) and 

used for free NHP quantification. For total NHP quantification, 1 mL nanoparticle 

suspension was mixed with 3 mL ethanol, vortexed for 1 min, and then sonicated for 15 

min. The solution was further diluted to 50 mL in volumetric flask with distilled water. The 
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dilution was collected, centrifuged, filtered as described above and used for analysis (see 

section 2.2.7).  

                                   EE = (1 − Free NHP
Total NHP

) × 100% 

     EC =  mass of NHP in nanoparticle
mass of nanoparticle

× 100% 

2.2.4 Electron microscopy 

Transmission electrical microscopy (TEM, Morgagni 268, Philips-FEI, Hillsboro, USA) at 

an accelerating voltage of 80 kV was employed to study the morphology and interior 

structure of the nanoparticles. For general morphology study, the nanoparticles were 

negatively stained with 2% (w/v) sodium phosphotungstate and observed directly on a 

carbon coated grid. For interior structure observation, nanoparticles were imbedded in 4% 

agarose gel, fixed with 2.5% glutaraldehyde and 2% paraformaldehyde, rinsed with PBS, 

stained with 1% OsO4, rinsed again with water, dehydrated, infiltrated with embedding 

medium (spurr kit), and finally polymerized. Sections (~100 nm) were cut by 

ultramicrotome (EM UC6, Leica) and finally stained with 2% uranyl acetate and 1% lead 

citrate for observation. To demonstrate individual layers of nanoparticles, α-tocopherol and 

phospholipids (phosphatidylcholine and food grade lecithin) were stained with OsO4 vapor 

(1 mL of 1% OsO4) in 35mm glass petri-dishes for 3 h. Afterwards, OsO4 solution was 

removed and petri-dishes were left open in the fume hood overnight to remove unreacted 

OsO4. The OsO4 stained α-tocopherol and phospholipid were used to prepare nanoparticles 

separately. Ultrathin sectioning for these nanoparticles followed the protocol described 

above with all staining procedure skipped. 
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2.2.5 In vitro release 

For in vitro release study, nanoparticles (5 mL) were mixed with pre-warmed release 

medium (95 mL, 37oC) in a 150 mL plastic container with screw caps to prevent water 

evaporation. Experiment was conducted at 37oC in an incubator (Isotemp, Fisher Scientific) 

and all samples were continuously shaken at 100 rpm by an orbital shaker. Release profiles 

of the nanoparticles in the simulated gastrointestinal environment were studied by 

incubating them in different release media [168]: 1) Simulated gastric fluid (SGF): HCl-

saline solution, pH 2.0; 2) simulated gastric fluid with pepsin (SGF-E): SGF with 0.1% 

pepsin (w/v); 3) simulated intestinal fluid (SIF): phosphate buffer, pH=7.4; 4) simulated 

intestinal fluid with pancreatin (SIF-E): SIF with 1.0% pancreatin (w/v). To further 

understand the roles of different layers in nanoparticle release profile, more release media 

were used: 5) SIF with 0.61% trypsin; 6) SIF with 0.61% chymotrypsin;7) SIF with 0.12% 

lipase (type II lipase); and 8) SIF with mixed enzyme (0.61% trypsin and 0.12% lipase). 

The amount of protease or lipase added is based on their proportion in pancreatin [175]. 

The experiment was conducted at 37oC and all samples were continuously shaken at 100 

rpm. Three batches were tested for each medium. At different time intervals, samples were 

withdrawn and the same amount of fresh medium was added. Samples were filtered (220 

nm pore size nylon filter, Millipore) and injected into HPLC for analysis. 

2.2.6 In vitro cell evaluations 

Caco-2 cell line (passage 19-30) was used for in vitro evaluation. Cells were cultured in 

DMEM, supplemented with 20% FBS, 1% nonessential amino acids, 1% antibiotic-

antimycotic and 25 mM HEPES. Cells were cultured in a humidified atmosphere containing 

5% CO2 at 37°C. 
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The cytotoxicity of nanoparticles was examined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay. Caco-2 cells were transferred to 96-well plate at a density of 

5000 cells per well in 100 uL of culture medium. Cells were allowed to grow overnight before 

experiment. Various concentrations of nanoparticles were dispersed in culture medium and 

incubated with cells for 20 h. Upon removal of nanoparticles, 10 uL of MTT solution (5 mg/mL in 

PBS) was added into each well and incubated with cells for another 4 h. The medium was then 

replaced by 100 uL of DMSO to dissolve the formed formazan. OD value was measured at 570 

nm using a microplate reader (SpectraMax, Molecular Devices, USA). The viability was expressed 

by the percentage of living cells with respect to the control cells. 

To evaluate the uptake of nanoparticles in cells, Nile red was incorporated into the inner organic 

phase during nanoparticle preparation. Cells were seeded onto 6-well plate at a density of 1 x 105 

cells per dish and cultured for 5-7 days until full confluency. On the day of experiment, the culture 

medium was replaced with HBSS and equilibrate at 37oC for 0.5 h. Then HBSS was replaced by 

Nile red stained nanoparticles in HBSS suspension. After 1, 3, 6 h, cells were harvested, washed 

with cold PBS, fixed using 4% paraformaldehyde (w/v in PBS, pH=7.2) and recorded by flow 

cytometer (BD Fortessa-SORP, USA). Cells without treatment were used as negative control.  

The uptake of the nanoparticles by Caco-2 cells was also investigated by confocal laser scanning 

microscopy (CLSM, 510 Meta Carl Zeiss, Jena, Germany). Caco-2 cells were seeded onto glass 

bottom microwell dishes (P35G-1.5-14-C, MatTek Corp., USA) at a density of 105 cells per dish 

and cultured for 5-7 days until full confluency. On the day of experiment, the culture medium was 

replaced with HBSS and equilibrate at 37oC for 0.5 h. Then HBSS was replaced by Nile red stained 

nanoparticles in HBSS suspension. After 1, 3, 6 h, cells were gently washed with PBS 3 times and 

fixed with 4% paraformaldehyde at 37oC for 15 min. The cell membrane was stained with wheat 
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germ agglutinin (WGA) Alexa Fluor 488 conjugate (5 μg/mL in HBSS, 15 min) and cell nuclei 

were stained by DAPI (4',6-diamidino-2-phenylindole) (0.1 µg/mL in PBS, 10 min) before CLSM 

observation.  

2.2.7 Quantitative analysis 

2.2.7.1 VB12 determination: 

VB12 concentration between 1 µg/mL and 20 µg/mL were measured by high performance liquid 

chromatography (HPLC, 1200 Series, Agilent Technologies) with diode array detector (G1315D, 

Agilent Technologies) at 360 nm. Eclipse XDB-C18 column (4.6×150 mm, 5 µm, Agilent 

Technologies) was used and the elution gradient was water/acetonitrile with 0.1% formic acid at a 

flow rate of 1 mL/min [151]. VB12 was quantified employing an external calibration. 

2.2.7.2 Glucose determination 

Phenol-sulfuric acid method was adopted to determine the glucose concentration [176]. 

Briefly, 2 mL of diluted analyte solution or standard solution was put in a test tube. 1 mL 

of 5% phenol solution and 5 mL of sulfuric acid were added into each tube and mixed by 

general vortex. After 15 min, 200 µL of sample were transferred onto microplate and read 

at 492 nm. Glucose was quantified employing an external calibration. 

2.2.8 Statistic analysis 

Experiments were performed in three independent batches unless otherwise stated. Data 

were represented as the mean of three batches with standard deviation. t-test was used in 

statistical comparison between two groups. One-way Analysis of Variance (ANOVA) with 

Tukey's honest significant difference test were used in multiple-comparisons (three or more 
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groups). Statistical differences between samples were performed with a level of 

significance as p < 0.05. 

2.3 Result and discussion 

2.3.1 Nanoparticles design  

The original idea of this nanoparticle design was based on previous research by Szoka and 

Cui [113, 177]. We have used this idea and extended it to create a nanoparticle with both 

novel structure and performance. The process of nanoparticle formation is illustrated in Fig. 

2.1. The inner organic phase was designed to entrap hydrophilic NHPs and served as a 

sacrificial core (step 1). Soy phosphatidylcholine served as primary emulsifier and a small 

amount of food grade lecithin was used as co-emulsifier to increase the stability of this 

reversed phase emulsion. The addition of the cholesterol at a cholesterol-to-

phosphatidylcholine ratio of 1:2 (molar ratio) was intended to increase the rigidity of the 

phosphatidylcholine layer to better tolerate shear stress during sonication or 

homogenization [178]. Finally, large α-tocopherol to phosphatidylcholine molar ratio was 

used in the system with the purpose of preventing phosphatidylcholine from forming a 

liposome [179] so that the desired structure could be developed in the subsequent steps. 

A pre-emulsion was formed by mixing the inner organic phase with barley protein solution 

(step 2), followed by high-pressure homogenization processing. It was expected that barley 

protein would adsorb onto the surface of the inner organic phase droplets and then form a 

solid shell by the effects of the high-pressure homogenization treatment (step 3). Our 

previous work demonstrated that under mechanical pressure barley protein’s secondary 

structure is re-organized at the interface [166]. Here, we discovered a large amount of 

intermolecular β-sheet was developed which enhanced the interaction between barley 
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proteins. This change further led to the switch of interfacial network from an expanded 

liquid phase to solid-like film with good rheological elasticity and compressibility. The 

compressed barley protein finally formed a solidified shell served to better stabilize the 

organic phase droplets loaded with NHPs. 

Finally, the organic solvent was removed under reduced pressure in step 4. As a 

consequence, it was expected that water could penetrate into the particle shell to replace 

the organic solvent and mix with the small water droplets in reverse emulsion to form one 

large inner water compartment. Meanwhile, α-tocopherol was speculated to move outwards 

together with organic solvent due to its hydrophobic nature and bound with the barley 

protein solid coating via hydrophobic interaction. It was also expected that an α-tocopherol 

layer could be formed to isolate inner water compartment from the outside environment, so 

that the hydrophilic NHP was better trapped and protected in the inside aqueous 

compartment of the nanoparticles.  

Figure 2.1 Scheme of nanoparticles preparation and the proposed structure of nanoparticles
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2.3.2 Structure characterizations 

In order to elucidate the nanoparticle structure, transmission electron microscope (TEM) 

was used to observe the particle surface and interior morphology. Fig. 2.2A demonstrates 

that nanoparticles were spherical in shape with a diameter between 200 and 300 nm. This 

is in accordance with dynamic light scattering analysis (Fig. 2.2A inset; average size 243 ± 

5 nm, PdI 0.17±0.03). Since all the compounds in nanoparticles are primarily composed of 

C, H, N, O, the interior structure of nanoparticle could not be identified based on contrast. 

Thus, positive staining of different compound(s) was applied. As shown in Fig. 2.2B, all 

compounds together formed the black ring structure and the blank inner area confirms the 

existence of inner water compartment. Fig. 2.2C and 2.2D demonstrate the positive staining 

of α-tocopherol and phospholipids (soy phosphatidylcholine and food grade lecithin), 

respectively. Both compounds formed a circular structure with their size similar to that of 

the nanoparticles. These two figures prove the existence of α-tocopherol layer and 

phospholipid layer. Since barley protein is the coating material to stabilize the nanoparticle, 

the three-layer structure (barley protein layer, α-tocopherol layer and phospholipid layer) 

proposed in previous section (Fig. 2.1 step 4) was confirmed based on these TEM images. 

It was challenging to identify which layer (α-tocopherol layer or phospholipid layer) 

stabilized the inner water compartment by TEM, however, it is reasonable to assume that 

the interior interface exposed to water to be filled with phospholipid due to the amphiphilic 

nature of this material. Fig. 2.2E shows the structure of nanoparticle after step 3. Without 
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Figure 2.2 TEM imagine of nanoparticles A: overview of nanoparticles (negative staining); B, C, D: interior structure 

of nanoparticle at step 4; E: structure of nanoparticles at step 3. Inset graph in A shows the result form dynamic light 

scattering. Inset graphs in B, C, D, E demonstrate compound(s) with positive staining. 
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removing the organic solvent, the nanoparticle could not form the desired inner aqueous 

compartment, therefore TEM image of the nanoparticle had a dark solid core. The solid 

core is unfavourable for the incorporation of hydrophilic NHPs. Moreover, based on the 

literature [113] and our observations, the reverse emulsion stabilized by phosphocholine 

could not be kept stable for a long time. The leakage of compounds from nanoparticles was 

usually observed over night as an oil layer on the solution. 

2.3.3 Encapsulation efficiency study 

The influence of formulation variables and procedure on the encapsulation efficiency (EE) 

and encapsulation capacity (EC) of VB12 and Glucose is summarized in Table 2.1. 

Relatively high encapsulation efficiency (69%) could be achieved when 5 mg VB12 was 

added in the system (20 mL). This is superior to soy protein nano-carrier (EE~13%) [63] 

and nanoliposomes (EE 39-62%) [161-163]. Double emulsions have high encapsulation 

efficiency normally (EE as high as over 95% for VB12), but they have much larger size (> 

3 µm) [122, 143-148]. A further increase of the VB12 concentration resulted in a decreased 

encapsulation efficiency, but the amount of VB12 that encapsulated in the nanoparticle 

(EC) kept increasing. Removal of α-tocopherol decreased the encapsulation efficiency by 

> 13 folds. This was attributed to the key role of α-tocopherol in isolating the inner water 

Table 2.1 Impact of preparation variable and procedure on encapsulation efficiency (EE) and encapsulation capacity 

(EC)
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compartment from the outside environment and minimizing the leakage of encapsulated 

NHPs. Decent encapsulation efficiency (31%) was also observed for glucose as a small 

molecule (~180 Da) with high hydrophilicity. The encapsulation efficiency result suggests 

that the protein-lipid nanoparticle has potential to be used as a platform technology to 

achieve good encapsulation efficiency of hydrophilic NHPs.  

2.3.4 In vitro release 

The first barrier for oral NHP delivery is the low pH and the pepsin protease in the stomach. 

The stomach environment can degrade nanoparticle matrix, leading to premature release of 

NHP before reaching the intestine, which may in turn result in the reduced bioavailability 

of the encapsulated NHP. The cumulative release curves of VB12 from nanoparticles 

developed here in SGF and SGF-E were shown in Fig. 2.3A. The release of VB12 was low 

in SGF and reached only 13.1% after 6 h of test. Adding pepsin into release medium did 

not significantly increase the release of VB12 at 6 h (p > 0.05), indicating that the protein-

lipid composite nanoparticles were stable and able to protect hydrophilic NHP in a gastric 

environment. According to our previous work [166], pressure treatment enhanced the 

formation of intermolecular β-sheets in barley protein, leading to solid interfacial films that 

could resist the harsh stomach environment. Also, protein hydrophobic groups are “locked” 

in the compact interfacial network. This greatly limits gastric degradation of nanoparticles 

by pepsin, which preferentially attacks the peptide bonds formed by phenylalanine, tyrosine 

and leucine [180]. This property allows nanoparticles to better protect encapsulated 

ingredients than nanoliposomes. For example, it was shown that around 70% of 

encapsulated bovine serum albumin was lost from soy phospholipid based nanoliposomes 

in the simulated gastric environment within 10 min [119]. 
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In the simulated intestinal environment, different release profiles were observed. In SIF 

without digestive enzymes, the release was slow. When pancreatin (1%) was added in SIF, 

a biphasic release behaviour was observed. A burst release of VB12 (41.5%) occurred in 

the first half hour and then release rate gradually slowed down. After 2 h, nanoparticles 

started releasing VB12 at a constant rate (R2=96.8% for zero-order model) and 65.8% 

VB12 was found in the release medium after 6 h. To further explore the degradation 

mechanism of the nanoparticle in a simulated intestinal environment, the release profiles in 

the presence of protease (trypsin, chymotrypsin) and lipase were investigated (Fig. 2.3B). 

As protease and lipase account for 61% and 12% in pancreatin, respectively [175],  the total 

protease and lipase used in simulated intestinal fluid were fixed at 0.61% and 0.12%. The 

release of VB12 in the presence of chymotrypsin did not show significant increase 

compared to the release of VB12 in SIF (Fig. 2.3A). This could be explained by the fact 

that chymotrypsin, similar to pepsin, prefers to act on bulky hydrophobic amino acids [181]. 

Since protein hydrophobic groups are hidden in the compact interfacial network, the 

nanoparticles were less vulnerable to chymotrypsin digestion. In the medium with 

chymotrypsin and trypsin (1:1), the release of VB12 significantly increased with 47.4 ± 

4.6% VB12 found in release medium at 6 h (data not shown). However, this value was 

lower than VB12 release (69.4±1.9%) in the medium with trypsin at 6 h, suggesting trypsin 

played a major role in the digestion of the protein layer. In the presence of lipase, an 

increased VB12 release (47.9±4.2%) was found after 6 h, suggesting the digestion of lipid 

layer also contributed to VB12 release from the nanoparticles. These results confirmed our 

previous assumption regarding the function of different layers in VB12 entrapment. 

However, the initial burst release of VB12 did not happen in either protease or lipase 
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medium. It recurred only when nanoparticles were incubated in the mixed enzyme solution 

(trypsin + lipase), suggesting the synergistic effect of protease and lipase hydrolysis 

contributed to the burst release. After burst release, nanoparticles in all three media (trypsin, 

lipase and mixed enzyme) exhibited decreased release rate and a controlled release stage 

(2-6 h) was observed again in mixed enzyme medium. Lipase triggered release had the 

slowest rate during this period. This could be because the majority of lipids were protected 

under barley protein coating, so lipase had limited contact with the lipids. In trypsin 

medium, the release of VB12, although slower than early time points, kept increasing and 

reached 69.4% at 6 h, suggesting the tryptic degradation of protein coating was the 

determining factor in the second release phase. Existence of hordein in barley protein shell 

may be a reason for the decreased protein degradation rate. Hordein is a major barley 

protein fraction and has very low lysine (~0%) and arginine (~2.7%) content [172, 182]. 

As lysine and arginine are the exclusive target amino acids for trypsin [183], the tryptic 

digestion of hordein could be inefficient. Moreover, high proline (~21%) in hordein limited 

rotation of the prolyl peptide bond, making the formation of geometric complimentary 

structure in protein that can fit the active site of trypsin more difficult [171, 172]. This effect 

was to our advantage as it allowed controlled release of VB12 at the second stage of release 

profile.  
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Figure 2.3 VB12 release profile of nanoparticles in SGF, SGF-E, SIF, SIF-E (A), and SIF-trypsin/chymotrypsin 

/Lipase/trypsin+lipase; (B). SGF: HCl-saline solution, pH 2.0; SGF-E: SGF with pepsin; SIF: phosphate buffer, 

pH= 7.4; SIF-E: SIF with pancreatin. 
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2.3.5 in vitro cytotoxicity and uptake study 

Both cytotoxicity and cell uptake of nanoparticles were evaluated by Caco-2 cells. Small size gives 

nanoparticles unique properties, but unexpected toxicity or side effects may occur, so that the 

Figure 2.5 fluorescent intensity in cell at different time points. 

Figure 2.4 Percentage of cell viability evaluated by MTT assay on Caco-2 cells treated with nanoparticles for 20 h. 
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safety level of nanoparticles was firstly determined by MTT assay. As shown in Fig. 2.4, the 

viability of Caco-2 cells was high (90.3%) when the concentration of nanoparticles was at about 

0.1 mg/mL. Therefore, this concentration was used in the following cell experiments.  

When Caco-2 cells grow upon full confluency, they will generate tight junctions with each other 

to form a monolayer which can be used to mimic the epithelium of human small intestine. This 

allows us to better understand the behavior of nanoparticles in intestinal cells. The internalization 

of nanoparticles was firstly evaluated using flowcytometry. As shown in Fig. 2.5, the fluorescent 

intensity increased at 1 h and 3 h, followed by a significant decrease at 6 h. The results from CLSM 

further confirmed these changes (Fig. 2.6). The increase in fluorescent intensity at 1 and 3 h 

suggested that nanoparticles were able to gradually internalize and accumulate in Caco-2 cell 

cytoplasm, while the decrease could possibly be explained by the degradation of nanoparticle in 

cells. Generally, nanoparticles entering the cell through endocytosis pathway could merge to a 

lysosome [184]. Protein and lipid could be digested by lysosomal enzymes which cause the release 

of Nile red from nanoparticles. Nile red is a highly hydrophobic dye and its fluorescent intensity 

drops sharply in polar environment like intracellular fluids [185]. Quick degradation of 

nanoparticles in lysosome may be responsible for the decrease in the fluorescent intensity of Nile 

red at 6 h. These phenomena required further investigation, thus more in-depth cell uptake 

efficiency and mechanism studies were conducted in chapter 4. 
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Figure 2.6 Change of fluorescent intensity (Nile red) at 1, 3, and 6 h.  Blank: no nanoparticle was added. Scale 

bar= 20 µm 
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2.4 Conclusion 

This is the first report of a protein-lipid nanoparticle featuring three-layer coating (protein layer, 

α-tocopherol layer and phospholipid layer) and an inner water compartment. The barley protein 

layer serving as a “scaffold” to which the α-tocopherol and phospholipid layers are attached. The 

phospholipid and α-tocopherol layers stabilize the inner aqueous compartment and separate it from 

the outer water phase, creating greater encapsulation efficiency for the contained hydrophilic 

compounds (69% for VB12). In addition, the protein shell could resist the harsh gastric 

environment with low pH and the presence of pepsin, and then subsequently control the VB12 

release in the intestinal juice. Nanoparticles exhibited low cytotoxicity through an in vitro study 

using the Caco-2 cell model. Cell uptake study further suggested nanoparticles could efficiently 

internalize into the cytoplasm of Caco-2 cells. The decreased fluorescent intensity at 6 h indicated 

the quick degradation of nanoparticles in cells. Overall, the protein-lipid composite nanoparticles 

have strong potential to be used as delivery systems of hydrophilic bioactive compounds for food, 

pharmaceutical and cosmetic applications. 
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Chapter 3-Protein-lipid composite nanoparticles for the oral delivery 

of vitamin B12: protein succinylation improve the physicochemical 

properties of nanoparticles. 

3.1 Introduction 

In chapter 2, we developed protein-lipid composite nanoparticles for delivering hydrophilic nature 

health products (NHPs) to the intestinal environment. These nanoparticles had a three-layer 

structure (protein layer, α-tocopherol layer and phospholipid layer) and an inner water 

compartment. The barley protein layer served as a “scaffold” to which the α-tocopherol and 

phospholipid layers were attached. The phospholipid and α-tocopherol layers stabilized an inner 

aqueous compartment which could be loaded with hydrophilic NHPs. This unique structure 

overcomes many shortcomings of liposome and double emulsion based nano-delivery systems 

such as instability [125] and leaking in the gastric environment [74, 119, 173]. Furthermore, it can 

encapsulate hydrophilic NHPs more efficiently (69% for vitamin B12) than many other natural 

polymer-based delivery systems [63, 159] since no interaction is required between the NHP and 

the carrier materials. In addition, the nanoparticles can effectively resist the harsh gastric 

environment to deliver VB12 intact to the small intestine for absorption. Regardless, these protein-

lipid composite nanoparticles have shortcomings. Firstly, they are unstable in the present of salt 

due to a relatively low surface charge, leading to the aggregation of nanoparticles bridged by 

hydrophobic and other interactions between protein molecules of adjacent nanoparticles. 

Secondly, leakage of the core ingredients can occur during storage, thus reinforcement of the 

coating is still required. Thirdly, the nanoparticles degrade fast in a simulated intestinal 

environment in the presence of pancreatic enzymes, resulting in a quick burst release of VB12 
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(49.6%) within one hour. This significantly impacts the absorption efficiency of the formulation 

since VB12 has a low intestinal permeability [186]. VB12 from such a burst release cannot be 

efficiently utilized; a formulation with improved stability and sustainable intestinal release profile 

is needed. 

Succinylation primarily involves derivatization of ε-amino groups (lysine and arginine) in proteins 

with succinate [187, 188], which increases the protein surface charge, leading to improved water 

solubility [189-192]. Succinylation can reduce protein tryptic digestibility, due to the resistance of 

the succinyl-lysyl-peptide bond to tryptic hydrolysis [193, 194]. Therefore, succinylation may 

potentially resolve problems associated with the protein-lipid composite nanoparticles. We chose 

to modify surface after protein-lipid composite nanoparticle formation, allowing the nanoparticle 

to maintain the favorable three-layer structure. Systematic evaluation on surface succinylation of 

protein based nanoparticles for oral NHP delivery has not been reported yet. In this chapter, the 

nanoparticle size, morphology and surface properties were characterized after surface protein 

succinylation modification, and the impact of structural changes on the nanoparticle 

physiochemical and biological properties were investigated.  

3.2 Material and method 

3.2.1 Material 

Whole barley protein (over 85%, w/w) was extracted from regular barley grains (Falcon) by 

alkaline as previously described [172]. Soy phosphatidylcholine (95%) was purchased from Avanti 

Polar Lipid (Alabaster, AL, USA). Soy lecithin was from CIRANDA (Hudson, WI, USA). Cell 

culture reagents including fetal bovine serum (FBS), HEPES solution, Dulbecco's Modified 

Eagle's Medium (DMEM), nonessential amino acids (NEAA), trypsin-EDTA and Hank's balanced 

salt solution (HBSS) were purchased from GIBCO (Burlington, ON, Canada). Human colorectal 
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adenocarcinoma cell line Caco-2 was purchased from the American Type Culture Collection 

(ATCC) (Manassas, VA, USA). Rest of the chemicals were all of reagent grade and from Sigma-

Aldrich Canada Ltd (Oakville, ON, Canada). 

3.2.2 Nanoparticle preparation 

3.2.2.1 Nanoparticle preparation 

The protein-lipid composite nanoparticles were prepared according to the method established in 

chapter 2. Briefly, 200 mg soy phosphatidylcholine, 50 mg cholesterol, 35mg soy lecithin, 300 mg 

ɑ-tocopherol and 5 mg VB12 were dissolved in 20 mL ethanol. The mixture was vortexed with 

around 15 mL of solid glass beads (diam. 3 mm) in a 50 mL centrifuge tube and dried under 

nitrogen. The thin film was dissolved in diethyl ether and dried again under vacuum. Afterwards, 

1.2 mL of diethyl ether and 0.4 mL of chloroform were added to fully dissolve the thin film. The 

solution was sonicated (sonic dismembrator, Model 500, fisher scientific) with 0.35 mL distill 

water for 4 min in ice-water bath to form inner organic phase. Immediately after inner organic 

phase was prepared, it was added into 20 mL ice-old barley protein dispersant (5% w/w, pH=8) 

and mixed by high speed homogenization (24,000 rpm, T18 ULTRA-TURRAX, IKA work Inc., 

NC, USA). The pre-mixed emulsion was then passed through a high-pressure homogenizer (10000 

psi, 2 circles, Nano DeBEE, Bee International, Inc., MA, USA) to form nanoparticles. The final 

particle dispersant was put in a rotary evaporator to remove the organic solvent. The residual of 

organic solvent was further removed by leaving dispersant in the fume hood overnight under gentle 

agitation. On the second day, the nanoparticle dispersant was briefly centrifuged (3200 g, 10 min, 

Avanti J-E, Beckman Coulter Centrifuge, CA) to remove solid aggregates and stored at 4 oC in 

dark until use.  
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3.2.2.2 Preparation of nanoparticles with succinic anhydride modification  

Method for protein outer layer modification was adopted from Thompson and Reyes [189]. Briefly, 

excessive succinic anhydride (succinic anhydride to protein ratio 1:1, w/w) was added very slowly 

into the nanoparticle dispersant with agitate stirring at room temperature. The pH was controlled 

at around 8 with sodium hydroxide after each addition. The reaction was allowed to proceed for 4 

h after the last addition. Free VB12 and excessive succinic acid in solution was removed using 

ultrafiltration equipment with a peristaltic pump (Masterflex console drive Model 77200-62, Cole 

Parmer Instrument Company, QC, Canada) and a membrane with molecular weight cutoff of 300 

kDa (T-Series, Pall Life Sciences, ON, Canada). After ultrafiltration, nanoparticles were stored at 

4oC in dark until use. In this chapter, nanoparticles obtained from 3.2.2.1 were referred as original 

nanoparticles (O-NPs), and nanoparticles obtained from 3.2.2.2 were referred as modified 

nanoparticles (M-NPs). 

3.2.3 Nanoparticle characterizations 

TNBS (2,4,6-Trinitrobenzene Sulfonic Acid) method was adopted to quantify free amino groups 

(primary and ε-amino group) on nanoparticle surface [195, 196]. Nanoparticles (200 µg/mL, 0.5 

mL) were mixed with TNBS (0.01%, w/v, 0.25 mL) and incubated at 37oC for 2 h. Reaction was 

then terminated by SDS (sodium dodecyl sulfate, 10% w/v, 0.25 mL) and HCl (1 M, 0.125 mL). 

The final solution was measure at 340 nm using a SpectraMax M3(Molecular Devices, USA). The 

amino group content was determined using an external standard curve generated by glycine in a 

series of known concentrations.  

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) was applied to 

further study the nanoparticle matrix after succinylation. The spectroscopic data was collected by 
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a Nicolet 6700 spectrometer (Thermo Fisher Scientific, USA). Freeze dried nanoparticles were 

directly placed on an ATR accessory with a Ge crystal. All samples were measured at a resolution 

of 4 cm−1 and a total of 128 scans.  

The morphology of M-NPs was observed by both scanning electron microscope (SEM, Philips 

XL-30) and transmission electrical microscopy (TEM, JEM 2100, JEOL). For SEM, diluted M-

NPs were frozen in liquid nitrogen and then freeze-dried. The cross-sectional fracture surface of 

the aggregation was coated by a thin layer (8-10 nm) of sputtered gold under vacuum, and then 

used directly for photograph. For TEM observation, one drop of diluted M-NP dispersant (5 µL) 

was added directly to a carbon coated grid and dried at room temperature overnight before 

observation. For inner structure observation, samples were imbedded in 4% agarose gel, fixed with 

2.5% glutaraldehyde and 2% paraformaldehyde, rinsed with PBS, stained with OsO4, rinsed again 

with water, dehydrated, infiltrated with embedding medium (spurr kit), and finally polymerized. 

Sections (100 nm in thickness) were cut by ultramicrotome (EM UC6, Leica) and stained by 2% 

Uranyl acetate and 1% lead citrate for observation. 

The size, size distribution (PdI), and zeta potential of nanoparticles were measured at room 

temperature (22 oC) using a Zetasizer Nano S (model ZEN 1600, Malvern Instruments Ltd). The 

protein refractive index (RI) was set at 1.45 and dispersion medium RI was 1.33. For size 

determination, samples were diluted to an appropriate concentration using distill water to avoid 

multiple scattering. For zeta potential determination, nanoparticles were diluted with buffer 

solution (0.05 M) before measurement (pH adjusted by sodium phosphate monobasic, sodium 

phosphate dibasic, phosphoric acid). 
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The surface hydrophobicity of nanoparticles was determined using the method from Kaito and 

Nankai [197]. Nanoparticle suspension (4 mL) with concentration from 0.002% to 0.01% was 

mixed with 20 µL 1-anilinonaphthalene-8-sulfonic acid (ANS) solution (8 mM in 0.01 M 

phosphate buffer, pH=7.4). Fluorescent intensity was measured using SpectraMax M3(Molecular 

Devices, USA). Excitation and emission wavelengths were 390 and 470 nm. The initial slope of 

the relative fluorescence intensity versus protein concentration plot was calculated by linear 

regression analysis and used as an index of the nanoparticle surface hydrophobicity. 

The encapsulation efficiency (EE) was determined by the equation below. For total VB12 

quantification, 1 mL nanoparticle dispersant was mixed with 3 mL ethanol and sonicated for 15 

min. The solution was further diluted in a 50 mL volumetric flask. The dilution was collected, 

centrifuged (3200 g, 10 min, Avanti J-E, Beckman Coulter Centrifuge, CA), filtered (220 nm pore 

size nylon filter, Millipore), and then used for analysis. To separate and quantify un-encapsulated 

VB12, nanoparticle dispersant was diluted to 25 mL in volumetric flask using phosphate buffer 

solution (PBS, 0.1 M, pH=5.5). The dilution was centrifuged and filtered using the same methods 

described before quantification. The method for VB12 quantification was described in the section 

3.2.6. 

For storage stability test, nanoparticle dispersants were stored at 4oC in the dark. The size, PdI and 

EE of O-NPs and M-NPs were monitored at different time intervals during 30 days of storage. 

3.2.4 In vitro release 

The in vitro release behavior of M-NPs was investigated using the same method described 

previously (section 2.2.5). Nanoparticles were incubated in one of four different release media: 1) 
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Simulated Gastric Fluid (SGF): HCl-saline solution, pH 1.2; 2) Simulated Gastric Fluid with 

pepsin (SGF-E): SGF with 0.1% pepsin (w/v); 3) Simulated Intestinal Fluid (SIF): phosphate 

buffer, pH=7.4; 4) Simulated Intestinal Fluid with pancreatin (SIF-E): SIF with 1.0% pancreatin 

(w/v). The experiment was conducted at 37oC and all samples were continually shaken at 100 rpm. 

Samples (0.5 mL) were withdrawn at determined time intervals. An equal volume of fresh medium 

was added to keep volume constant. Samples were filtered (220 nm pore size nylon filter, Millipore) 

before injection to HPLC for VB12 quantification (see section 3.2.6). 

3.2.5 In vitro cell evaluation 

The Caco-2 cell line (passage 19-30) was used to investigate the cytotoxicity and uptake of M-

NPs. Cells were cultured in DMEM, supplemented with 20% FBS, 1% nonessential amino acids, 

1% antibiotic-antimycotic and 25 mM HEPES. Cells were cultured and sub-cultured as described 

in the chapter 2. 

3.2.5.1 Cytotoxicity evaluation 

The cytotoxicity of M-NPs was examined by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay. Caco-2 cells were transferred to 96-well plate at a density of 

5000 cells per well in 100 µL culture medium. Cells were allowed to grow overnight before 

experiment. Various concentrations of M-NPs were dispersed in culture medium and incubated 

with cells for 20 h. After incubation, cells were washed by PBS for three times. MTT solution (20 

µL, 5 mg/mL in PBS) was added into each well and incubated with cells for another 4 h. Then 

MTT solution was removed and the formed formazan crystals were dissolved in 100 µL of DMSO. 

The absorbance was measured at 570 nm using a microplate reader (SpectraMax, Molecular 
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Devices, USA). The viability was expressed by the percentage of living cells with respect to the 

control cells. 

3.2.5.2 Cell uptake of M-NPs 

Confocal laser scanning microscopy (CLSM, 510 Meta Carl Zeiss, Jena, Germany) was used to 

preliminary evaluate the cell uptake of M-NPs. Nile red was dissolved in ethanol during M-NPs 

preparation (section 3.2.2). Caco-2 cells were seeded onto glass bottom microwell dishes (P35G-

1.5-14-C, MatTek Corp., USA) at a density of 105 cells per dish and cultured for 5-7 days until full 

confluency. Before experiment, the culture medium was replaced by HBSS (with Ca2+, Mg2+, 

without phenol red) and pre-incubated at 37°C for 30 min. After equilibration, 2mL of Nile red 

labeled M-NPs dispersant (0.1 mg/ml nanoparticles in HBSS) was added and incubated with the 

cells for 1, 3, and 6 h. The cells were then gently washed with PBS 3 times and fixed with 4% 

paraformaldehyde (w/v in PBS pH=7.2) at 37oC for 15 min. The cell membrane and nuclei were 

stained with wheat germ agglutinin (WGA) Alexa Fluor 488 conjugate and DAPI as described in 

the section 2.2.6 before observation.  

3.2.6 VB12 quantification 

VB12 concentration between 1 µg/mL and 20 µg/mL was determined by high performance liquid 

chromatography (HPLC, 1200 Series, Agilent Technologies) with diode array detector at 360 nm. 

Agilent Eclipse XDB-C18 column (4.6×150 mm, packed with 5 µm particles) was used for 

chromatographic separation. Gradient elution was performed with water and acetonitrile with 0.1% 

formic acid and the flow rate was 1 mL/min [151].  
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3.2.7 Statistic analysis 

All data were represented as the mean ± standard deviation (n=3) unless otherwise stated. Student's 

t-test was used for comparison of two groups. One-way analysis of variance (ANOVA) with 

Tukey's HSD test was applied when there were more than two groups. p value < 0.05 was 

considered as significantly different. 

3.3 Results and discussion 

3.3.1 Nanoparticle preparation and characterization 

In this work, the prepared protein-lipid composite nanoparticles were modified at their surface by 

reacting with succinic anhydride (Fig. 3.1). As succinylation primarily takes place at free ε-amino 

groups in lysine and arginine residues, the analysis of the free amino group content in nanoparticles 

gives useful information. Nanoparticles with surface succinylation modification (M-NPs) showed 

greatly reduced free amino group content (10.6±8.5 µmol/g nanoparticle) compared to the original 

protein-lipid composite nanoparticles (O-NPs) (87.2±1.4 µmol/g nanoparticle) (Fig. 3.2), 

suggesting the succinylation modification of protein outer layer was successful. The ATR-FTIR 

spectra (Fig. 3.3) of O-NPs and M-NPs further confirmed the success of succinylation. Amide II 

(1510-1580 cm-1) is a characteristic band in protein. It originates from N-H and C-N vibration and 

is more sensitive to the change of N-H group [198, 199]. After succinylation, the amide II band 

shifted from 1535 cm-1 to 1540 cm-1 with increased intensity and broader peak width. These 

Figure 3.1. Scheme of protein succinylation. P-NH2: the ε-amino group on the surface of barley 

protein out layer. 
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changes implied the formation of new covalent bond between protein and anhydride [200]. A new

  

Figure 3.2 Free amino group content (left) and surface hydrophobicity (right) of nanoparticles. Blank column: 

O-NPs; Patterned column: M-NPs. 

Figure 3.3 ATR spectra of O-NPs (black line) and M-NPs (red line). 
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band at 1418 cm-1 in M-NPs was assigned to the coupled vibration of C-O stretching and O-H 

bending from succinate [201]. Besides the changes mentioned above, two bands with increased 

intensity were observed: one was at ~1735 cm-1 and the other at 1165 cm-1. The band at 1735 cm-

1 corresponds to the C=O stretching of the ester and the band at 1165 cm-1 accounts for C-O 

asymmetrical stretching of the ester [202, 203]. The increased intensity in these two bands suggests 

a new ester bond formation between protein’s hydroxyl group and succinate [204].  

The introduction of succinate was also confirmed by measuring the nanoparticle’s surface charge 

(Fig. 3.4). The zeta potential of M-NPs (-19.9±1.1 mV) was almost twice as much as O-NPs (-

10.2±0.9 mV) at pH 7 because of the conjugation of succinate group on ε-amino groups. Moreover, 

succinylation decreased the surface hydrophobicity of nanoparticles from 6733±98 for O-NPs to 

4385±69 for M-NPs (Fig. 3.2). This is because the addition of succinate groups increased the 
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Figure 3.4 the zeta potential of O-NPs (blank square) and M-NPs (filled square) 
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frequency of hydrophilic groups on nanoparticle surface. The increased negative charge could also 

partly inhibit ANS from approaching and bind to the hydrophobic area on the nanoparticle [205].  

The morphology of M-NPs was characterized using SEM. As shown in Fig. 3.5A, M-NPs are 

spherical with around 200 to 300 nm in diameter. This is similar to the electronic microscope 

image observed in O-NPs (Fig. 2.2). In TEM image (Fig. 3.5B), nanoparticles demonstrate darker 

ring shade with blank inner area, suggesting the existence of inner water compartment. Positive 

Figure 3.5 SEM image of M-NPs. B: TEM image of M-NPs (unstained). Inset in fig. 3.5 B:  TEM image of M-NP with 

positive staining. The blank inner area confirms the existence of inner water compartment. Arrows demonstrated the 

wall of hollow nanoparticle. C: hydrodynamic diameter of O-NPs (red) and M-NPs (green); 
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staining was used to better illustrate this structure as heavy metals can bind with lipid and protein 

to enhance the contrast of nanoparticle in TEM image. The positive staining of nanoparticle (Fig 

3.5B inset) shows all compounds (protein and lipids) together form a black ring structure with a 

blank inner area. In our previous work, it has been demonstrated the black ring is composed of 

three layers (protein layer, α-tocopherol layer and phospholipid layer) and the blank inner area 

represents an inner aqueous compartment. All electronic microscope images indicate succinylation 

did not cause notable changes in nanoparticle’s geometric structure. The encapsulation efficiency 

of VB12 was not affected either with 69 ± 1% for O-NPs and 71 ± 6% for M-NPs. However, a 

difference was found in dynamic light scattering measurement (Fig. 3.5C). Although both 

nanoparticles showed relatively uniform distribution, the M-NPs showed an increased 

hydrodynamic diameter (466±15 nm, PdI 0.18±0.02) after succinylation (O-NPs: 243 ± 5 nm, PdI 

0.17±0.03). Since nanoparticles with larger average size were not observed in SEM and TEM 

images, the increased hydrodynamic diameter could probably be explained by the spatial extension 

of succinate chain on nanoparticle surface and a larger hydration shell introduced by carboxyl 

groups [206]. 

3.3.2 Stability test 

Stability is essential for nanoparticle applications. Any sedimentation, agglomeration or leakage 

of core ingredients from nanoparticles can compromise their beneficial effect. The stability of 

nanoparticle in physiological environment was tested first. As shown in Fig. 3.6A, no apparent 

sediment was found when M-NPs were dispersed in 0.9% saline for 20 h. In contrast, O-NPs had 

notable precipitation in the same medium. The improved dissolution allows M-NPs to maintain a 

small size and a large surface area-to-volume ratio in a physiological environment, like intestinal 

fluid, and potentially have a more efficient intestinal absorption than aggregated O-NPs. The 
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stability of the nanoparticle in water during a 30-day storage was also compared between M-NPs 

and O-NPs. As shown in Fig. 3.6B, M-NPs showed no obvious change in size during the first 15 

days. A decrease of nanoparticle size to 287 nm was found towards the end of the test (30th day). 

As spatial extension of succinate chain on the nanoparticle surface is attributed to the increased 

hydrodynamic diameter, the decreased size may be explained by the hydrolysis of the amide/ester 

bond between succinate and barley protein outer layer during storage. However, PdI remained 

almost unchanged during the whole period, suggesting no major aggregation of nanoparticles. In 

addition, the VB12 leakage in M-NPs was minimum (4.5±0.5%) during 30 days of storage (Fig.  

3.6 D), indicating very little deformation of the nanoparticle occurred during storage. The O-NPs 

showed comparable stability in the first 7 days (Fig. 3.6 C and D), however, the leakage of VB12 

increased to 16.9±5.0% on the 14th day. At the end of study (30th day), PdI of O-NPs increased to 

0.4 (in supernatant) and precipitation was observed at the bottom of container. Over half of the 

VB12 (55.3±14.3%) was released from O-NPs, implying an impaired nanoparticle structure after 

long-term storage.  

Results from these two studies indicate that succinylation largely improved the stability of the 

protein-lipid composite nanoparticles. Succinylation increased nanoparticle surface charge, 

leading to stronger electrostatic repulsion force which decreased the chance of colliding and 

agglomerating among M-NPs. The spatial extension of succinate chain on nanoparticle surface 

further prevented nanoparticle aggregation owing to the steric hindrance effect. Furthermore, 

succinate’s crosslinking effect should not be ignored. Succinate has one of its carboxyl group 

conjugated with amino group or hydroxyl group in protein molecule through succinylation. 

Meanwhile, the other carboxyl group from succinate can bind with free amino group in protein 
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through non-covalent interactions [207-209], contributing to a more rigid protein outer layer that 

was resistant to erosion during storage in aqueous medium. 

3.3.3 In vitro release 

Poor stability in gastrointestinal tract represents one of the major challenges in developing protein 

based nanoparticles for oral NHP delivery. The release behavior and mechanism of O-NPs has 

been elucidated in chapter 2. The release of VB12 was low in SGF with pepsin and reached only 

10.4±4.8% after 2 h of testing, indicating that the protein-lipid composite nanoparticles were stable 

Figure 3.6 A: M-NPs (left) and O-NPs (right) dispersed in 0.9% saline after 20 h at room temperature. B: Change of 

size (Solid circle) and PdI (blank circle) in M-NPs during 30-day storage; C: Change of size (Solid circle) and PdI 

(blank circle) in O-NPs during 30-day storage. D: release of VB12 from M-NPs (blank square) and O-NPs (solid 

circle) during 30-day storage. 
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and able to protect hydrophilic NHP in gastric juice. Our previous study [166] demonstrated that 

pressure treatment enhanced the intermolecular β-sheets formation in barley protein, resulting in 

solid interfacial films that could resist the harsh stomach environment. Also, hydrophobic groups 

in protein were buried in the compact interfacial network, which greatly limited the gastric 

degradation of nanoparticles by pepsin. In SIF without digestive enzymes, the release was slow. 

When pancreatin was added in SIF, a burst release of VB12 occurred, with 49.6% of VB12 found 

in the release medium after one hour. This indicated that the original protein-lipid composite 

nanoparticles (O-NPs) were vulnerable under pancreatic digestion. Further investigation found 

that the burst release was related to both protease and lipase hydrolysis with the trypsin digestion 

of the protein outer layer playing a more important role in VB12 release.  

After succinylation, nanoparticles still showed low VB12 release (11.3±3.1%) after 2 h in SGF 

with pepsin (Fig. 3.7 A), suggesting surface modification did not alter the nanoparticle’s capacity 

to resist the harsh gastric environment. Whereas in SIF with pancreatin, a biphasic release was 

observed (Fig. 3.7 B). Compared with O-NPs, the burst release in M-NPs was significantly reduced 

(~50%) and reached only 22.5 ± 4.1% VB12 in the first hour. In the second stage (1-10 h), VB12 

was sustainably released from the M-NPs, with around 62.1% VB12 found in the medium after 10 

h. The substrate-bind pocket in trypsin is composed of Asp194, Gly217 and Gly277 [48]. The 

hydrolysis process requires Asp194 to form electrostatic interaction with lysine and arginine 

residues of substrate. Succinylation on ε-amino acid shielded the positive charge of these amino 

acid residues so the degradation of surface protein layer was greatly diminished. This work 

demonstrated the succinylation of protein outer layer could modulate the release behavior of 

protein-lipid composite nanoparticles in small intestine. This technology may also be applied to 

other protein based nanoparticles for controlled release in the digestive tract. 
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3.3.4 In vitro cell evaluation 

Both cytotoxicity and cell uptake of M-NPs were evaluated by a Caco-2 cell model. The cell 

Figure 3.7 In vitro release of VB12 from M-NPs in simulated gastric fluid (A) and simulated intestinal 

fluid (B). SGF: HCl-saline solution, pH 2.0; SGF-E: SGF with pepsin; SIF: phosphate buffer, pH=7.4; 

SIF-E: SIF with pancreatin 
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viability was firstly determined by the MTT assay after incubation with M-NPs for 20 h. As shown 

in Fig. 3.8, the viability of Caco-2 cells was 86.2% at the nanoparticle concentration of 0.27 mg/mL 

and around 100% viability was observed at the concentration of about 0.1 mg/mL. Therefore, M-

NP concentration of 0.1 mg/mL or lower was used in the following cell experiments.                 

Nile red labeled M-NPs were used in the preliminary cell uptake evaluation (Fig. 3.9). Red 

fluorescence was observed in cells with M-NPs treatment, indicating M-NPs could enter Caco-2 

cells and accumulate mostly in the cytoplasm. Similar to O-NPs (chapter 2), the fluorescent 

intensity increased at 1 h and 3 h, and decreased at 6 h, suggesting the degradation of nanoparticles 

in the lysosome [184]. However, the fluorescent intensity in cells with M-NPs treatment was not 

as strong as that with O-NPs treatment, indicating lower uptake efficiency of M-NPs. The 

increased hydrodynamic diameter in M-NPs could be an important reason, as larger size reduced 

the interfacial interaction between nanoparticles and cell membrane, resulting in lower uptake 

efficiency [61, 62]. Moreover, the higher surface charge of M-NPs produced stronger electrostatic 

Figure 3.8 Percentage of cell viability evaluated by MTT assay on Caco-2 cells treated with M-NPs for 20 h 
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repulsion with anionic cell membrane, leading to less contact between cells and nanoparticles. This 

assumption was confirmed by more in-depth cell uptake efficiency and mechanism studies in 

chapter 4. 

 

Figure 3.9 Change of fluorescent intensity (Nile red) at 1, 3, and 6 h.  Blank: no nanoparticle was added. Scale 

bar= 10 µm 
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3.4 Conclusion 

This research has demonstrated that the protein-lipid composite nanoparticles with surface 

succinylation modification had significantly improved stability in physiological buffer.  This is 

due to an increased surface charge and spatial extension of succinate chain on nanoparticle surface. 

In addition, succinate’s crosslinking effect resulted in a stronger coating that maintained the 

integrity of nanoparticles and minimized VB12 leakage (4.5±0.5%) during a long-term storage 

experiment of 30 days. The modified nanoparticles resisted a harsh gastric environment and 

delivered VB12 intact to the small intestine, where they were sustainably released over a 

reasonable time to promote absorption. An in vitro cell evaluation demonstrated the nanoparticles 

had low cytotoxicity and could internalize into the cytoplasm of Caco-2 cells. Overall, the results 

of this study show the great potential of modified nanoparticles in increasing the absorption of 

VB12 upon oral administration.  
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Chapter 4-In vitro and in vivo evaluation of protein-lipid composite 

nanoparticles for oral delivery of vitamin B12 

4.1 Introduction 

The emergence of nature health products (NHPs) into the market, such as vitamins and phenolic 

compounds, has provided opportunities to lower the risk of chronic diseases and promote human 

health [1]. However, the oral bioavailability of many NHPs is low either because of a short 

residence time in the gastrointestinal tract or low intestinal permeability, both of which have 

significantly limited their potential health benefits. Vitamin B12 (VB12) is one of such examples 

due to its complex route for absorption [13, 20, 21]. Firstly, VB12 is separated from its food matrix 

by the acidic environment of the stomach and then it binds to gastric intrinsic factor. This complex 

then travels to the small intestine and is absorbed by cubilin receptors located in the proximal 

region of the small intestine. Any disruption in the secretion of gastric acid, digestive enzymes or 

intrinsic factor, or decreased expression of intestinal receptors can result in VB12 malabsorption 

and subsequent deficiency. Nowadays, VB12 deficiency has become a world-wide problem [24, 

25]. It occurs more frequently in the elderly population (5-20%) [26-28] due to food-cobalamin 

malabsorption [29]. For these people, particularly with pernicious anemia or neurological 

disorders, VB12 intramuscular injections are usually required [30].  

Nanoparticle based oral delivery systems have the potential to increase the bioavailability of 

NHPs.  This is because nanoparticles are small and therefore have a large surface area-to-volume 

ratio which favors core ingredient absorption through the intestine [210]; however, there are still 

several physiological barriers that could diminish this beneficial effect [211]. For example, the 

harsh gastric environment of low pH and pepsin enzyme can decompose nanoparticles or inactivate 
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NHPs before they reach the target site. The mucosal layer, a steric barrier in the small intestine, 

may reduce the interaction between nanoparticles and the intestinal epithelial surface. The 

physiochemical stability of nanoparticles during storage is another concern. Due to their small size 

and large surface area, they are more likely to be affected by environmental stressors, like 

temperature, pH and ionic strength[212-215]. Nanoparticle aggregation and degradation, or 

premature release of the core ingredients during storage can further reduce the nanoparticles’ 

physiological performance. The careful and deliberate design of the nanoparticles is required to 

achieve their optimal performance.  

In chapter 2, we represented the development of novel protein-lipid composite nanoparticles for 

hydrophilic NHP delivery, using edible protein and lipids. Nanoparticles had three-layer structure 

(protein layer, α-tocopherol layer and phospholipid layer) and inner water compartments. This 

unique structure enables the incorporation of hydrophilic NHPs efficiently (69% for VB12) and 

can resist the harsh gastric environment to deliver VB12 intact to the small intestine for absorption. 

Nevertheless, these composite nanoparticles exhibited some shortcomings, such as low solubility 

in saline buffer, relatively short storage stability and high burst release in the intestinal 

environment. The performance of these nanoparticles was further improved by modifying their 

protein outer layer through succinylation (chapter 3), which significantly increased the particle 

surface charge, hydrodynamic diameter and decreased the surface hydrophobicity. The increased 

surface charge and spatial extension of succinate chain on nanoparticle surface improved the 

nanoparticle stability in both physiological buffer and water. The crosslinking by succinate 

minimized the leakage of VB12 (4.5±0.5 %) during long-term storage. Moreover, succinylation 

decreased pancreatic digestion of the protein shell because the succinyl-lysyl-peptide bond was 

resistant to tryptic hydrolysis. This effectively reduced the burst release, leading to a more 
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sustainable release behavior in the simulated intestinal fluid, with 62.1% vitamin B12 released after 

10 h of incubation. However, it is still unclear whether these nanoparticles can improve the 

absorption of VB12. In this chapter, a systemic evaluation of nanoparticles was conducted using 

in vitro and in vivo models. The findings provide justification for further research efforts to develop 

an oral delivery system of VB12 for people who suffer from VB12 malabsorption. 

4.2 Material and methods 

4.2.1 Material 

Whole barley protein (over 85%, w/w) was extracted from regular barley grains (Falcon) by 

alkaline as previously described [172]. Soy phosphatidylcholine (95%) was purchased from Avanti 

Polar Lipid (Alabaster, AL, USA). Soy lecithin was from CIRANDA (Hudson, WI, USA). Cell 

culture reagents including fetal bovine serum (FBS), HEPES solution, Dulbecco's Modified 

Eagle's Medium (DMEM), nonessential amino acids (NEAA), trypsin-EDTA and Hank's balanced 

salt solution (HBSS) were purchased from GIBCO (Burlington, ON, Canada). Human colorectal 

adenocarcinoma cell line Caco-2 was purchased from the American Type Culture Collection 

(ATCC) (Manassas, VA, USA). Rest of the chemicals were all of reagent grade and from Sigma-

Aldrich Canada Ltd (Oakville, ON, Canada). 

4.2.2 Nanoparticle preparation and characterization 

4.2.2.1 Nanoparticle preparation 

The original and modified protein-lipid composite nanoparticles (O-NPs and M-NPs) were 

prepared according to the established methods in sections 2.2.2 and 3.2.2.  

4.2.2.3 Nanoparticle characterization 
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The size, polydispersity index (PdI), zeta potential of nanoparticles, and encapsulation efficiency 

(EE) were measured based on the methods described in sections 2.2.3 and 2.2.3. 

4.2.3 In vitro cell evaluations 

Caco-2 cell line (passage 19-30) was used for in vitro evaluation. Cells were cultured in DMEM, 

supplemented with 20% FBS, 1% nonessential amino acids, 1% antibiotic-antimycotic and 25 mM 

HEPES. Cells were cultured in a humidified atmosphere containing 5% CO2 at 37°C. 

4.2.3.1 Cell uptake study 

Cells were seeded onto 6-well plate at a density of 1 x 105 cells per dish. Cells were cultured for 

5-7 days until full confluency. On the day of experiment, the culture medium was replaced with 

HBSS (with Ca2+, Mg2+, without phenol red) to equilibrate at 37oC for 0.5 h. Then HBSS was 

replaced by 2 mL of VB12 loaded nanoparticle (2 µg/mL VB12) in HBSS suspension. The same 

amount of free VB12 in 2 mL HBSS was used as control. After 1, 3, 6 h, cells were washed with 

cold PBS for three times, lysed, sonicated, and centrifuged to pellet the cell debris. The supernatant 

was collected for VB12 determination.  The uptake rate was determined by the equation below. 

 VB12 uptake rate =
VB12 in cell

Total VB12 added in HBSS
 × 100% 

4.2.3.2 Uptake mechanism study 

Different uptake pathway inhibitors, chlorpromazine hydrochloride (CPZ), filipin III (FLI) and 

cytochalasin D (CyD) were used [63]. CPZ and FLI were 5 μg/ml in HBSS, and CyD was 10 μg/ml 

in HBSS. Cells were incubated with different inhibitors for 30 min. Warm PBS was used to wash 

cells for three times to remove the inhibitor. VB12 loaded nanoparticle suspension (2 mL) was 

incubated with cells for 6 h. Changes in uptake rate provide information about the nanoparticle 

uptake mechanisms. 
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 VB12 uptake rate (%, normalized)  =
VB12 in cell after inhibitor treatment

VB12 in cell without inhibitor treatment
 × 100% 

4.2.4 Ex vivo mucoadhesive study 

Cadavers of female Sprague Dawley rats (~350 g) were kindly provided by Health Science Lab 

Animal Service (HSLAS) from University of Alberta. The small intestine was collected within 1 

h after euthanization and cleaned with 0.9% saline using the procedure described by Dhawan et al 

[216]. Intestine was cut into segment of 12 cm and filled with 2 mL of VB12 loaded nanoparticles 

(5 mg/mL nanoparticle, w/v) in PBS (0.02 mol/L, with 0.85% NaCl, pH=7.2). Nanoparticles in 

water were used as control. The percentage of nanoparticles adhered to intestine was calculated by 

the equation below.  

 

4.2.5 In vivo evaluations 

All animal studies were executed under the guidelines of the Canadian Council on Animal Care 

(CCAC) and Animal Care and Use Committee (ACUC) at the University of Alberta. All studies 

were approved by ACUC (Protocol number: AUP1713). Animals were housed in standard cages 

and maintained on a 12 h:12 h light-dark cycle in University of Alberta Health Science Lab Animal 

Service (HSLAS) animal facility. Animals had free access to food and water except otherwise 

specified. 

4.2.5.1 In vivo toxicity evaluation 

The concentration of nanoparticles was determined using equation (mass (mg) /volume (ml)). 

Nanoparticle suspension (2 mL) was transferred to a small aluminum tray with known weight 

using a single channel pipette (1000 µL, Eppendorf Canada). The suspension was dried under a 
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heat lamp until constant weight was reached. Then the change in the weight of the tray was 

measured by a digital balance with an accuracy of 0.1 mg for calculation the mass of nanoparticles. 

The toxicity of the protein-lipid composite nanoparticles was evaluated in Sprague Dawley (SD) 

rats (strain code 001, Charles river). After seven days of acclimatization, 15 five-week old male 

rats were randomly divided into three groups (O-NP, M-NP and control groups, n=5/group). 

Nanoparticles (O-NPs or M-NPs) were pasteurized and dispersed in drinking water. Rats received 

a daily dose of 200 mg nanoparticles/kg per day (without VB12). In the control group, rats did not 

receive any treatment. This experiment lasted for 14 days. Body weight gain, food and water intake, 

and general health were monitored daily. At the 15th day, rats were anesthetized with isoflurane 

oxygen mix (3.5%) and euthanized by exsanguination under anesthesia. Organ coefficient was 

determined by the equation below. Heart, liver, spleen, and kidney specimens were fixed in 10% 

phosphate buffered formalin, embedded in paraffin, cross-sectioned at 5 µm thickness and then 

stained with hematoxylin and eosin (H&E). Alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), blood urea nitrogen (BUN), creatinine (Cre) in serum were determined 

by Sigma assay kits following the standard procedure. 

                                Organ coefficient = Weight of the respective organ
 Weight of the individual rat

 

4.2.5.2 In vivo efficacy evaluation 

After 7 days of acclimatization, 15 five-week old male SD rats were fed a VB12 deficient diet 

(Teklad) that was patterned after the AIN-93M formula with 5% pectin and VB12 omitted [217]. 

After 10 weeks, animals were randomly divided into three groups (n=5/group): (i) VB12 loaded 

O-NPs, (ii) VB12 loaded M-NPs, and (iii) VB12 in water. In all groups, the VB12 was 1.25 µg/day 

and administrated through oral gavage for two weeks. During VB12 treatment, animals still had 
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the same VB12 deficient diet and free access to water. Food was removed 8 h before oral gavage 

and given back to animals 1 h after gavage. Blood samples before and after VB12 supplement 

were collected for VB12 and methylmalonic acid analysis (see section 5.2.6). 

4.2.6 Quantitative analysis 

4.2.6.1 VB12 determination: 

VB12 concentration between 1 µg/mL and 20 µg/mL were measured by high performance liquid 

chromatography (HPLC, 1200 Series, Agilent Technologies) with diode array detector (G1315D, 

Agilent Technologies) at 360 nm. Eclipse XDB-C18 column (4.6×150 mm, 5 µm, Agilent 

Technologies) was used and the elution gradient was water/acetonitrile with 0.1% formic acid at a 

flow rate of 1 mL/min [151]. VB12 was quantified employing an external calibration. 

VB12 concentration between 3 ng/mL and 1 µg/mL were determined by high performance liquid 

chromatography (HPLC, 1200 Series, Agilent Technologies) and ABI 4000 QTrap mass 

spectrometer (AB SCIEX). The flow rate was 0.2 mL/min on an Ascentis® Express C18 column 

(2.1x150 mm, 2.7 µm, SUPELCO). Mobile phase consisted of water (A) and acetonitrile (B) 

containing 0.1% formic acid. A mixture of A and B (90:10) was run for 2 min, and a gradient 

phase from 90:10 to 40:60 was eluted for 10 min. Afterward, solvent A and B were brought back 

to 90 :10 and balanced for 15 min. Ginsenoside Re was used as internal standard [218]. The 

monitored transitions were m/z 679 → 147 for VB12 [218-220] and 969 → 789 for Ginsenoside 

Re.  

VB12 in serum were determined by Rat Vitamin B12 ELISA Kit (0-2500 pg/mL, MyBioSource, 

CA, USA). Measurement procedure strictly followed user’s manual.  

4.2.6.2 Methylmalonic acid (MMA) determination 
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MMA was determined by high performance liquid chromatography (HPLC, 1200 Series, Agilent 

Technologies) and fluorescence detector (G1321A, Agilent Technologies) with excitation at 228 

nm and emission at 534 nm [221]. Briefly, MMA was extracted from acidified serum with 

ethylmalonic acid as the internal standard. The extract was dried and derivatized with 

monodansylcadaverine and dicyclohexylcarbodiimide. The mobile phase consisted of 

acetonitrile/tetrahydrofuran/water (39/12/49) with 0.25% dibutylamine. The pH of the solution 

was adjusted to 3 with 20% phosphoric acid. The separation was carried out using eclipse XDB-

C18 column (4.6×150 mm, 5 µm, Agilent Technologies) with isocratic elusion at 1 mL/min. 

4.2.7 Statistic analysis 

Experiments were performed in three independent batches unless otherwise stated. Data were 

represented as the mean of three batches with standard deviation. Student’s t-test was used in 

statistical comparison between two groups. One-way Analysis of Variance (ANOVA) with 

Tukey's honest significant difference test were used in multiple-comparisons (three or more 

groups). Statistical differences between samples were performed with a level of significance as p 

< 0.05. 

4.3 Result and discussion 

4.3.1 Preparation and Characterization of VB12-loaded nanoparticles 

The basic information of O-NPs and M-NPs, including size, size distribution, zeta potential and 

encapsulation efficiency (EE), was summarized in table 4.1 (data from chapter 2 and 3). O-NPs 

showed a smaller size (243 ± 5 nm) and lower surface charge (-10.2 ± 0.9 mV) than M-NPs (size: 

466 ± 15 nm, zeta potential: -19.9 ± 1.1 mV). Both nanoparticles had uniform size distribution 

(PdI: 0.17±0.03 for O-NPs and 0.18±0.02 for M-NPs). No significant difference in encapsulation 

efficiency was found between these two nanoparticles. 
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4.3.2 In vitro cell evaluation 

The intestinal epithelium serves as a barrier to oral NHP delivery, as many NHPs suffer from low 

intestinal permeability. Nanoparticles may overcome the intestinal barrier because they can 

transport the encapsulated ingredient across the intestinal epithelium through transcellular or 

paracellular pathways [222]. Here the potential of nanoparticle to increase the bioavailability of 

VB12 was investigated using a Caco-2 cell model. Fig. 4.1 shows the uptake rate of VB12 in O-

NP group reached 2.8%, 7.2% and 10.9% at 1, 3 and 6 h, respectively. The uptake rate in M-NP 

Table 4.1 Characteristics of VB12-loaded nanoparticles (summarized data from chapter 2 and 3) 

 

Figure 4.1 uptake efficiency of nanoparticle at different time points. Blank column: O-NPs, Patterned column: 

M-NPs. “*” shows significance of difference at p< 0.05. 
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group was lower than that in O-NP group, with 0.7%, 1.8%, 3.3% VB12 found at 1, 3, and 6 h. As 

a general rule, smaller nanoparticles have a greater uptake rate due to their more efficient 

interfacial interaction with cell membrane [61, 62]. In addition, a lower negative charge generates 

a weaker electrostatic repulsion with anionic cell membrane, thus increasing the contact between 

cells and nanoparticles. Succinylation increased both nanoparticle’s hydrodynamic diameter and 

zeta potential, which may explain the reduced cell uptake of M-NPs. However, the uptake rate in 

both O-NP and M-NP groups were higher than that in the free VB12 group (0.2%) at 6 h (p<0.05). 

The internalization of free VB12 is primarily receptor dependent, so the absence of intrinsic factor 

in cell culture environment led to very low uptake rate. A large intracellular uptake of VB12 in 

nanoparticle groups suggested a different endocytosis mechanism. In order to understand the 

mechanism, three endocytic inhibitors were utilized. CPZ inhibits clathrin mediated endocytosis 

by preventing clathrin assembly on the cell membrane; CyD inhibits the macropinocytosis by 

depolymerize actin filaments; FLI inhibits caveolae-mediated transcytosis by depletion of the 

cholesterol from the cell membrane [223]. When cells were treated with CPZ, the uptake of O-

NPs decreased to 14.2%, compared to that of the cells without any pre-treatment with the inhibitors 

(at 100%). The inhibition effect (63.7% inhibition of uptake) was also observed in CyD treatment, 

whereas FLI did not show significant inhibition (Fig. 4.2 A). Similarly, for M-NPs, the uptake rate 

in both CPZ and CyD groups had significant decrease, while that in the FLI group was not affected 

(Fig. 4.2B). Thus, both macropinocytosis and clathrin-mediated endocytosis were responsible for 

the internalization of O-NPs and M-NPs. As mentioned previously, the absorption of VB12 is 

intrinsic factor mediated and a receptor dependent process that occurs only in the distal ileum. 

However, after encapsulation VB12 absorption is not limited by those factors. It can enter 

intestinal epithelial cells directly through non-specific endocytosis. This encapsulation technology 
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provides an alternative pathway for VB12 absorption.  

Figure 4.2 endocytosis inhibition effect of different chemicals on VB12 loaded O-NPs (A) and M-NPs (B) 

at 6 h: chlorpromazine hydrochloride (CPZ), flipin III (FLI) and cytochalasin D (CyD); Different letters 

(expressed as a, b, c, d) show significance of difference at p< 0.05. 
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4.3.3 Mucoadhesive study. 

Mucoadhesion is one of the desired features for an oral delivery system as it prolongs the residence 

time of encapsulated compounds in the intestine and reduces their diffusion pathway [49]. Polymer 

based nanoparticles can interact with the mucosa by ionic bonds, hydrogen bonds, hydrophobic 

bonds, Van-der-Waals bonds and covalent bonds [51]. When the binding force overcomes the 

repelling force, nanoparticles show mucoadhesiveness. The adhesive capacity of nanoparticles in 

the small intestine is shown in Fig. 4.3. Nanoparticles suspended in the distilled water show a 

minimal mucoadhesive capacity (around 10%) because the electrostatic repulsion between the 

negatively charged nanoparticle surface and the mucosal surface outweighed their attractive 

interactions in low ionic strength environment. In PBS solution, which represents a physiological 

buffer, a large adhesion percentage (48.6±5.8%) was found for O-NPs. When the surface charge 

Figure 4.3 Adhesive interaction of nanoparticle with rat small intestine in different media (left: PBS, right: 

water). Blank column: O-NPs; patterned column: M-NPs. “*” indicates p < 0.05. 
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was suppressed by environmental ionic strength, O-NPs could diffuse into mucus and develop 

hydrogen bonding and hydrophobic interaction with the network [36]. For M-NPs, a significant 

increase (29.1±5.2%) in mucoadhesive capacity was also observed in PBS compared to water 

dispersant, suggesting M-NPs could also prolong the residence time of encapsulated NHPs in the 

intestine. However, the increase of the mucoadhesive capacity in M-NPs was not as large as that 

in O-NPs. Possible explanations could be: 1) a stronger electrostatic repulsion introduced by 

succinate cannot be fully suppressed by the PBS solution; 2) a larger hydrodynamic diameter made 

the diffusion of nanoparticles into mucus network more difficult.  

4.3.4 In vivo toxicity 

The safety of nanoparticles is very important for their application in food systems, since food is 

general recognized as safe, and as such does not have the same oversight and regulatory controls 

as pharmaceutical systems. We have conducted a preliminary toxicity study to investigate whether 

nanoparticles cause any adverse effects during daily oral administration to rats. The amount of 

nanoparticles used in toxicity studies can take > 0.5 mg VB12, which is 200 times greater than the 

recommended daily allowance (2.4 µg/day for adult) [16]. As shown in Table 4.2, the body weight 

and organ coefficients of rats in O-NP and M-NP groups did not show any difference from 

untreated control group. To further investigate the toxicity, histological section analysis was  

Table 4.2 Organ coefficients and biochemistry results from rats after exposure to 200 mg nanoparticles/kg per day 

(without VB12) for 14 days. Data represent mean ± S.D. (n=5). ALT: alanine aminotransferase; AST: aspartate 

aminotransferase; Crea: creatinine; BUN: blood urea nitrogen. No significant difference was observed. 
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conducted, and representative histological specimens are shown in Fig. 4.4. No obvious tissue 

damage was found in major organs (heart, liver, kidney, spleen). Four biochemical parameters, 

alanine transaminase (ALT), aspartate transaminase (AST), blood urea nitrogen (BUN) and 

creatinine (Crea) were assayed to further to evaluate the liver and kidney function. As shown in 

Table 5.2, there were no obvious changes for serum biochemical parameters in rats after 

nanoparticle exposure. Overall no adverse effects were found following a 14-day nanoparticle (O-

NPs and M-NPs) treatment. 

4.3.5 In vivo efficacy evaluation  

Finally, we tried to understand whether the nanoparticle can enhance the absorption of VB12 at 

recommended daily allowance level and correct VB12 deficiency in vivo. The rat is a model 

suitable for VB12 absorption study because, similar to human, it also has a intrinsic factor 

mediated VB12 absorption mechanism [224]. A VB12 deficiency model was developed by 

Figure 4.4 The representative histological photomicrographs of the heart, liver, kidney, spleen (from left to 

right) after exposure to nanoparticles for 14 days (objective: 20x). scale bar:  50 µm
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removing VB12 from animal food and adding 5% pectin. Pectin can bind with VB12 and interfere 

with its normal absorption [217]. This model was intended to mimic the VB12 malabsorption 

condition in people with gastrointestinal disorder. The serum VB12 level alone is not adequate to 

evaluate the therapeutic effect, because the clinical and analytical parameters in determining VB12 

deficiency is complex [225].  Furthermore, cyanocobalamin, the most common form of oral VB12 

supplement, does not have any biological activity. It needs to go through a decynation process and 

be converted to methyl or adenosyl cobalamin, the two biologically active VB12 forms [226]. The 

VB12 assay kit is not able to identify the difference among these VB12 analogs, so the VB12 assay 

cannot reflect the concentration of bioactive VB12. Therefore, the determination of MMA, a 

metabolite that accumulates when VB12 dependent enzymatic reactions are impaired, was used 

together with VB12 to better understand the therapeutic effect of our NHP delivery system in rats. 

A decrease in VB12 and an increase in MMA levels in rat serum at the 10th week confirmed the 

model was successful (Fig. 4.5). Then 1.25 µg VB12 with and without nanoparticle encapsulation 

was given to rats through oral gavage. This daily allowance dosage was calculated based on 

National Research Council (U.S.) recommendation (50 µg/kg VB12 in diet) [227] and 25 g food 

per day for each animal. After two-week treatment, the serum VB12 level in the O-NP group (602 

± 218 pg/mL) was found significantly greater than that of the free VB12 group (251±103 pg/mL), 

indicating the O-NPs efficiently improved VB12 absorption (Fig. 4.5A). Meanwhile, a much lower 

MMA level was found in the O-NP group (5.1±3.1 µmol/L) than in the free VB12 group (15.5±3.8 

µmol/L), which further indicated that the O-NPs effectively delivered VB12 in this animal model 

(Fig. 4.5B). 

The M-NP group also had higher serum VB12 level (490 ± 168 pg/mL) than the free VB12 group 

(251±103 pg/mL), but the difference was not significant (p>0.05, Fig. 4.5A). The insignificance 
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could be partly explained by the decreased cell uptake rate and mucoadhesive capacity of M-NPs, 

as well as the pectin in animal diet which kept diminishing the storage of VB12 in rats. In this 

condition, the MMA level should be used as the major evaluation criteria because it reflects the 

concentration of bioactive VB12 (methyl or adenosyl cobalamin) that was converted from 

cyanocobalamin and involved in the metabolism. As shown in Fig. 4.5B, a significantly lower 

MMA quantity (p < 0.01) was found in the M-NP group (4.2±2.4 µmol/L) than in the free VB12 

group (15.5±3.8 µmol/L), suggesting the VB12 loaded M-NPs treatment generated a significantly 

higher amount of bioactive VB12 in rats to proceed the VB12 dependent enzymatic reactions 

which decreased the MMA level. Therefore, considering the higher VB12 level and significantly 

lower MMA level in the M-NP group, it could be concluded that VB12 delivered in M-NPs had a 

greater in vivo efficacy than its free form in the rat model.  

On the other hand, no significant difference in VB12 and MMA levels was found between M-NPs 

and O-NPs. Although an increased hydrodynamic size and zeta potential resulted in less cell uptake 

rate and mucoadhesive capacity, M-NPs showed a slow and sustainable release profile in the 

simulated intestinal environment (chapter 3), which may facilitate the absorption of VB12 via the 

intrinsic factor dependent route. Moreover, an improved stability in the gastrointestinal 

environment might allow more M-NPs to be absorbed in the small intestine through non-specific 

endocytosis, which enhances the absorption of encapsulated VB12 without relying on intrinsic 

factors. Although it is ideal for a nanoparticle to have superior characteristics of both 

physiochemical properties (e.g. high encapsulation efficiency, good stability and controlled release) 

and biological responses (e.g. high cell uptake rate and mucoadhesive property), it is difficult to 

achieve all optimal parameters. In this study, the protein-lipid composite nanoparticles modified 
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by succinylation showed a good balance in both physiochemical and biological properties, 

therefore it also shows promise to be used as a VB12 oral delivery system. 

  

Figure 4.5 Change of serum VB12 (A) and MMA(B) before and after treatment. Blank column: before treatment; 

Patterned column: after treatment. Data represent mean ± S.D. (n=5). Statistic analysis was performed with one-

way ANOVA with Tukey's honest significant difference test. “n.s.” indicates the difference is not significant; “*” 

shows significance of difference at p< 0.05; “**” shows significance of difference at p<0.01. 

B 

A 



90 
 

4.4 Conclusion 

In this chapter, the biological responses of newly developed nanoparticles (O-NPs and M-NPs) 

were systematically investigated. The nanoparticles could internalize into Caco-2 cells via 

macropinocytosis and clathrin-mediated endocytosis, which increased the uptake rate of VB12 by 

over 68 folds (O-NPs) and 20 folds (M-NPs). Both nanoparticles demonstrated good 

mucoadhesive capacity in the physiological buffer solution (48.6% for O-NPs and 29.1% for M-

NPs). Animals receiving nanoparticles for 14 days showed no signs of toxicity. Furthermore, both 

O-NPs and M-NPs were shown to correct a VB12 deficiency state more efficiently than free VB12 

supplementation using a VB12 deficiency rat model. Overall, this encapsulation technology shows 

promise to benefit people who suffer from VB12 malabsorption.    
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Chapter 5-Conclusion and recommendations  

5.1 Summary and conclusion 

Food protein and lipid based nanoparticles have attracted recent interest as a means of delivering 

nature health products (NHPs). Nanoparticle encapsulation of NHPs faces challenges to overcome 

for it to be readily applied in the food industry, such as low encapsulation efficiency for hydrophilic 

compounds and poor stability once in the gastrointestinal tract. This research introduced a new 

protein-lipid composite nanoparticle with three-layer structure (a barely protein layer, α-

tocopherol layer and phospholipid layer) and an inner aqueous compartment to load hydrophilic 

NHPs (e.g. vitamin B12). The barley protein layer served as a “scaffold” to which the α-tocopherol 

and phospholipid layers were attached. The phospholipid and α-tocopherol layers stabilized the 

inner aqueous compartment and separated it from the outer water phase, creating greater 

encapsulation efficiency for the contained hydrophilic compounds (69% for vitamin B12). In 

addition, nanoparticle could resist a simulated low pH, pepsin gastric environment and release 

NHPs in the intestine in a controlled manner.  

In spite of many advantages, the protein-lipid composite nanoparticle still faced challenges, such 

as low solubility in saline buffer, relatively short storage stability and high burst release in the 

intestinal environment. Protein succinylation was then applied to tackle these problems. 

Succinylation of nanoparticle was primarily achieved by modifying ε-amino acids with succinate. 

The formation of ester bonds between hydroxyl group and succinate might also be involved in the 

succinylation. Such modification decreased nanoparticle surface hydrophobicity (from 6733 to 

4385) and amino group content (from 87.2 to 10.6 µmol/g nanoparticle), and increased 

nanoparticle surface charge (from -10.2 to -19.9 mV, pH=7) and hydrodynamic diameter (from 

243 to 466 nm). The increased surface charge and decreased surface hydrophobicity resulted in 
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enhanced nanoparticle solubility in the physiological buffer. The increased surface charge and 

crosslinking effect of succinate improved the storage stability of nanoparticles. During 30-day 

storage, the leakage of vitamin B12 from modified nanoparticles was 4.3%, which was over 10 

folds lower than that of original nanoparticles (55.3%). In vitro release study showed succinylation 

could keep the release behavior in simulated gastric environment unchanged, while largely reduced 

the initial burst release of vitamin B12 in simulated intestinal environment (from 49.6% to 22.5%) 

due to the resistance of succinyl-lysyl-peptide bond to tryptic hydrolysis. In this study, 

succinylation was proved an effective way to improve the physiochemical stability of protein-lipid 

composite nanoparticles.  

Both original and modified nanoparticles underwent in vitro evaluations using Caco-2 cells. In 

vitro toxicity study showed that cells reached high viability (over 90%) when nanoparticle 

concentration was at around 0.1 mg/mL. Confocal microscope study found that nanoparticles 

primarily accumulated in the cytoplasm but not nucleus of Caco-2 cells. After 6 h incubation, the 

uptake efficiency of vitamin B12 were 10.9% and 3.3% in the original and modified nanoparticle 

groups, respectively, which were much higher than that in the free vitamin B12 group (0.16%). 

Uptake mechanism study revealed that both original and modified nanoparticles could internalize 

into Caco-2 cells via macropinocytosis and clathrin-mediated endocytosis, which was the major 

reason for the increased vitamin B12 uptake efficiency. Modified nanoparticles had lower cell 

uptake efficiency than original nanoparticles because of their larger hydrodynamic diameter and 

surface charge. Larger nanoparticles had less efficient interfacial interaction with cell membrane 

and higher negative charge generated stronger electrostatic repulsion with anionic cell membrane.  

In an ex vivo mucoadhesive study using small intestine from Sprague-Dawley rats, both 

nanoparticles showed good mucoadhesive capacity (48.6% for original nanoparticle and 29.1% 
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for modified nanoparticle). The lower mucoadhesive capacity in modified nanoparticles can also 

be explained by increased hydrodynamic size and surface charge.  

A 14-day in vivo toxicity study was conducted to investigate whether nanoparticles could cause 

any adverse effects. In experiment groups, Sprague-Dawley rats received oral exposure of original 

or modified nanoparticle at 200 mg nanoparticle/kg body weight per day (without vitamin B12) for 

14 days. In the control group, rats did not receive any treatment. Body weight, organ mass, organ 

histology, and biochemical parameters (alanine transaminase, aspartate transaminase, blood urea 

nitrogen and creatinine) were examined. No notable change was found in original and modified 

nanoparticle groups, comparing with the control group.  

The in vivo efficacy was also evaluated using Sprague-Dawley rats. The vitamin B12 deficiency 

models were developed by treating rats with vitamin B12 free food supplemented with 5% pectin 

for 10 weeks. Then vitamin B12 with and without nanoparticle encapsulation was given to rats 

through oral gavage. After two-week treatment, rats had their serum vitamin B12 levels increased 

to 602 ± 218 pg/mL and 490 ± 168 pg/mL in the original and modified nanoparticle groups, 

respectively, which were higher than that in the free vitamin B12 group (251±103 pg/mL). 

Meanwhile, much lower MMA levels were found in the original and modified nanoparticle groups 

(5.1±3.1 µmol/L and 4.2±2.4 µmol/L, respectively) than the free vitamin B12 group (15.5±3.8 

µmol/L). This could be primarily attributed to the nanoparticle encapsulation which provide 

alternative pathway (macropinocytosis and clathrin-mediated endocytosis) for vitamin B12 

absorption in vivo. Overall, the results of the whole study show the great potential of developed 

nanoparticles in increasing the absorption of vitamin B12 upon oral administration.  
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5.2 Significance of research 

1) This research represents novel protein-lipid composite nanoparticles for hydrophilic NHPs 

delivery. Nanoparticles have three-layer structure (protein layer, α-tocopherol layer and 

phospholipid layer) and inner water compartments. This unique structure overcomes the 

shortcomings of double/multiple emulsion and liposome based delivery systems (e.g. unstable 

during storage and leaky in gastric environment). And the existence of inner water compartment 

allows nanoparticles to load hydrophilic NHPs more efficiently than nature polymer 

(protein/polysaccharide) based delivery systems because no attractive interaction is required 

between the NHP and carrier.  The developed nanoparticle could serve as a basic platform for the 

delivery of many different hydrophilic NHPs.  

2) This study demonstrated that after encapsulation, vitamin B12 could actively internalize into 

enterocytes without relying on the intrinsic factor-cubilin based active transport. In vivo efficacy 

study also showed that vitamin B12 loaded nanoparticles could correct vitamin B12 deficiency in a 

rat model more efficiently than the free form. These results suggested that nanoparticles provided 

an alternative route for efficient vitamin B12 oral absorption, which could potentially benefit people 

suffering from vitamin B12 malabsorption and prevent the occurrence of disease related to vitamin 

B12 deficiency. 

3) Although succinylation has been used to improve protein’s functionality in food research, 

information regarding the impact of succinylation on the biological responses of protein based 

nanoparticles is limited.  This research generated new knowledge regarding in vitro release 

behavior, cell uptake efficiency and mucoadhesive capacity in relation to the change of 

nanoparticle structural parameters caused by succinylation. The outcome of this study facilitates 
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the development and modulation of protein based nanoparticles with optimized biological 

performance. 

4) Canada is one of the largest barley producers in the world and Alberta produces around 50% of 

barley in Canada. In 2017, the barley production in Alberta is 4.68 million tones (7.89 million 

tones in Canada). However, more barley was used for feed and forage (48.4%) than food (1.3%). 

This may be partly because the utilization of barley is still not fully explored. This work presents 

a value-added product of barley protein which will commercially benefit Alberta barley farmers. 

5.3 Limitations of current work 

5.3.1 Organic solvent used in the protein-lipid composite nanoparticles preparation 

Chloroform and diethyl ether are good solvents for phospholipids and have been widely used in 

liposome preparation [228]. In this research, these two solvents were selected to dissolve 

phospholipids and make the inner organic phase during nanoparticle preparation. However, the 

residuals in nanoparticles may cause certain adverse effect after long-term oral administration.  

5.3.2 The effects of bile salts on the release behavior of nanoparticles  

Bile salts can unfold the protein molecules [229] and compete with proteins at the oil/water 

interface [230], thus can potentially destabilize the nanoparticles in the gastrointestinal 

environment. In the in vitro release study, the impacts of pH and digestive enzymes on nanoparticle 

degradation and release properties were systematically investigated based on the methods from the 

United States Pharmacopeia (USP). As USP does not recommend adding bile salts in the simulated 

intestinal environment, the nanoparticle release property was not studied in the presence of bile 

acid, however, their effects should not be ignored. 
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5.3.3 Caco-2 cell model for in vitro evaluation 

Caco-2 cells have been widely used to evaluate NHP absorption because their morphology and 

functionality are similar to those of the enterocytes. However, they still represent several 

limitations [231]. For example, the research model based on Caco-2 cells contains only one cell 

type, while normal small intestinal epithelium has several cell types. Also, Caco-2 cells do not 

produce mucus. The absent of protective mucus layer on cell surface might lead to higher cellular 

uptake rate of nanoparticles. 

Furthermore, incorporating intrinsic factor in cell study has allowed us to better evaluate the in 

vitro uptake rate of free vitamin B12. But it is not the best option to conduct this study using Caco-

2 cells. It was found that the intrinsic factor mediated vitamin B12 uptake/transport was not efficient 

in Caco-2 cells, as they only expressed very few intrinsic factor receptors according to previous 

study [232]. These receptors were saturated at very low vitamin B12-intrinsic factor concentration 

(6 nM) and it took 24 h to reach the maximum uptake efficiency [232]. Moreover, high variation 

was observed between cell passages in the uptake and transport study of vitamin B12-intrnsic factor 

by Caco-2 cells, which might lead to biased experiment result [233].  

5.3.4 Degree of succinylation  

Succinylation on barley protein layer improved the nanoparticle stability and allowed more 

sustainable vitamin B12 release in the simulated intestinal environment. However, the nanoparticle 

cellular uptake and mucoadhesive capacities were decreased due to the surface succinylation. The 

optimal degree of protein succinylation is yet to be established to balance the in vitro release 

behavior and biological responses. 
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5.4 Future direction 

5.4.1 Formula optimization and further nanoparticle development for delivery of other water-

soluble NHPs  

Chloroform and diethyl ether are not favorable in food applications, thus in formula improvement, 

more efforts are required to find alternative solvents that have better biocompatibility. Research is 

also required to optimize the nanoparticle succinylation degree to achieve improved overall 

properties. Also, the impact of bile salts on the nanoparticle release properties should be addressed 

in future study.  Furthermore, it is worthy of investigation where the vitamin B12 was located in 

the nanoparticles. Vitamin B12 could be loaded in the water compartment as proposed in the 

research, or entrapped within the lipid layers of the nanoparticles. Identifying the vitamin B12 

location will help formula optimization and the incorporation of vitamin B12 in the water 

compartment can reduce its leakage during storage. There are opportunities to expand the 

nanoparticle applications for many other water-soluble NHPs (e.g. quercetin, anthocyanins and 

catechin) which also suffer from low intestinal permeability [80].  

5.4.2 In-depth in vivo test. 

Although in vivo study has proved that the protein-lipid composite nanoparticles could improve 

vitamin B12 absorption, more in-depth research is still required to understand the nanoparticle 

behavior in vivo. For example, it will be interesting to feed animal with fluorescent dye labeled 

nanoparticles and conduct histological examination to understand where the nanoparticles are 

accumulated, how they are metabolized, and what is the final destination. Some microorganisms 

residing in the small intestine [234] are potential vitamin suppliers (including vitamin B12) to their 

host [235]. Protein and lipids play a key role in shaping microbial ecology in gut [236], therefore 

the oral administration of the protein-lipid composite nanoparticles might change the 
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microorganism composition and affect vitamin B12 production. Further investigation will be 

required to elucidate the possible effects. 

A vitamin B12 deficiency model was built in this research; however, the animals can still secrete 

the intrinsic factor and the normal vitamin B12 absorption pathway was not fully blocked. Such an 

animal model cannot perfectly mimic the condition in patients with vitamin B12 malabsorption. It 

is suggested that genetically modified rats that cannot produce intrinsic factor can be further used 

to study the nanoparticle in vivo efficacy. 

Although no toxic effect was found in the short-term toxicity evaluation in this study, the effect of 

long-term administration of nanoparticles is unknown. Therefore, a long-term toxicity study is 

recommended to better understand the nanoparticles safety to support their food applications [237].  

5.4.3 Application development in food area 

The protein-lipid composite nanoparticles have been successfully prepared at the lab scale. Pilot 

study in the next step will allow us to understand if it is feasible to scale up the technique towards 

food applications. Meanwhile, the impact of food processing (e.g. thermal processing, freezing, 

dehydration) on the nanoparticle integrity and the NHP stability should be investigated.  

In addition, food prototypes (e.g. yogurt, milk, beverage) incorporating the encapsulated NHPs 

should be developed and the quality (e.g. shelf-life, flavor) of the final products should be 

evaluated. A cost-benefit analysis should also be conducted to understand whether the profit of 

these nanoparticles outweighs their cost. Finally, it is important to understand the advantages of 

the developed protein-lipid composite nanoparticles compared to the commercial products, such 

as vitamin B12 nasal spray, to better estimate their commercialization potential. 
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