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  Abstract 

Abstract 

Background and objectives: Bovine lactoferrin (bLf) is a therapeutic protein that occurs 

naturally in cow’s milk. In recent years, there has been considerable interest to develop a bLf 

nutraceutical product for improvement of general wellbeing, especially with respect to 

improving immune responses due to its superior source of iron and antibacterial properties. 

However, the bioavailability of orally administered bLf is extremely low due to biochemical 

and physical barriers, including gastrointestinal proteases, the epithelial barrier of the small 

intestine and efflux pumps. Even after bLf is absorbed, another potential ‘barrier’ to take into 

account is that of avoiding intracellular lysosome degradation in order to reach blood supply. 

To achieve its therapeutic effects, encapsulation of bLf via liposomes or solid lipid particles 

(SLPs) has many advantages to accomplish the requirements in oral delivery. This study aims 

to design these lipid based systems and to evaluate their influence on the effective delivery of 

bLf. 

Methods: bLf loaded liposomes and SLPs were prepared by reverse phase evaporation (REV) 

method and emulsion/solvent evaporation method, respectively. Surface modification and 

biopolymer coating by chitosan and pectin were further applied to develop these particles 

with enhanced mucoadhesive properties and sustained release profile. The physio-chemical 

properties of mucoadhesive polymer coated liposomes and SLPs including particle size, 

encapsulation efficiency (EE), zeta potential, polydispersity index (PDI), drug-lipid-polymer 

interactions and stability against enzymatic degradation were measured as a comparison. The 

cytotoxicity, the cellular uptake and transport mechanisms were investigated for the optimum 

formulation using Colon adenocarcinoma (Caco-2) cells. Pharmacokinetic parameters 

associated with different formulations were determined using an in vivo rat tail vein model. 

Results and discussion: Particle size of optimized polymer coated liposome and SLPs were 

determined as from 429.6 to 740.2 nm or from 459.5 to 518.5 nm, respectively, depending on 

the polymer type. The drug EE of mucoadhesive SLPs was 92.02% higher than that of 

liposomes. SEM and TEM confirmed that hydrophilic polymer chains not only gathered 

around the globular surface of these lipid particles forming the coating layer, but also 

attached on particles forming self-assembling polymer-particle networks. Differential 

scanning calorimetry (DSC) and Fourier transform infrared (FTIR) revealed that bLf was 

presented in SLPs in an amorphous state and no interactions among drug-lipid-polymer were 
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observed, whereas bLf may insert into liposomal membrane. Compared with liposomes, 

polymer coated SLPs exhibited better physical stability against aggregation induced by pH 

change, high temperature and high electrolyte concentration. Up to 83.67% of bLf remained 

in polymer coated SLPs after 6 hours (hr) digestion in rat luminal extract. ~ 30-40% of bLf 

can be retained in SLPs formulations over long term storage of 180 days. Moreover, SLPs 

formulations were less susceptible to lipolysis than liposomes, as cleaving into low amounts 

(~ 12%) of free fatty acids (FFA) in simulated intestinal fluids (SIF).  

Owing to the benefits above, SLPs were further studied at the level of the cell. Polymer 

coated SLPs showed biocompatibility towards Caco-2 cells up to 300 µg/mL for 8 hr. In vitro 

uptake of SLPs was time -, temperature - and concentration - dependent, suggesting the 

particles were taken up by endocytosis. Polymer coated SLPs, particularly chitosan, increased 

cellular uptake (~ 19%) and transport rate (~ 136.9%) of bLf across the Caco-2 cells. In vivo 

studies, chitosan coated SLPs also proved to be the most effective carrier in ehancing the oral 

bioavailability of bLf as relative bioavailability (Fbio) increased 2.69-fold in comparison to 

liposomes (up to 2.24-fold) and free bLf as the control. 

Conclusion: The project has demonstrated that the developed mucoadhesive polymer coated 

liposomes and SLPs were able to improve the physio-chemical stability of bLf; impart an 

absorption ehnacing effect in the Caco-2 cells, hence increase the oral bioavailability of bLf 

in rat models. The research also highlighted mucoadhesive SLPs were superior to 

mucoadhesive liposomes, and possess promising features for its future applications as a 

potential oral delivery system for therapeutic proteins and peptides. 
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  Chapter 1 – General Introduction 

Chapter 1 GENERAL INTRODUCTION 

1.1 An overview of oral delivery of peptides and proteins 

The advent of recombinant technology in protein synthesis and separation technology has 

given birth to a new range of biopharmaceuticals with more than 100 peptide and protein 

drugs currently marketed worldwide, ~ 270 peptides in clinical testing and over 500 in 

preclinical developments (1, 2). The biopharmaceutical market, estimated at $199.7 billion 

globally in 2013, is further projected to reach $497.9 billion by 2020, growing at 13.5% 

compound annual growth rate between 2010 and 2020 (3). Patent applications by leading 

pharmaceutical companies for biopharmaceuticals now exceed that of small molecules and 

the gap is widening. Reflecting this, some of the top selling pharmaceutical drugs of 2013 

were protein drugs (more specifically antibodies): adalimumab (Humira®, Abbvie) and 

infliximab (Remicade®, Johnson & Johnson, Merck & Co.) (4). In fact seven of the top ten 

highest selling drugs were protein-based drugs (4). This shift away from smaller molecules 

towards larger biopharmaceuticals presents new challenges to formulators. 

These therapeutic peptides and proteins are now emerging as an imperative part of various 

treatment protocols, i.e. treatment of disease instead of symptoms unlike blockbuster 

chemical drugs (5). The vast majority of peptide and protein drugs are only available by 

injection despite oral administration being the most desirous dosage form from the patient’s 

view. The gastrointestinal (GI) tract contains numerous obstacles to oral delivery of peptide 

and protein drugs resulting in low oral bioavailability (6). Table 1.1 lists the bioavailability of 

peptide and protein drugs when administered orally or directly to various segments of 

humans and animals. With the exception of cyclosporine A, all of the peptides and proteins 

listed have bioavailabilities of < 5% in conscious animals, relative to intravenous or 

subcutaneous administration, regardless of their molecular weight (MW). Such low 

bioavailabilities imply that even if peptide/protein delivery is targeted to a specific part of the 

GI tract it will still experience huge obstacles to its stability and absorption. Although the 

results were gathered from many different studies that may have used different parameters 

making comparison difficult, it may present the challenges incurred in the oral delivery of 

peptides and proteins. 
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Table 1.1 Bioavailabilities of peptide and protein drugs when administered to intestinal 
segments in humans/animals orally. 

Peptide/protein 
(number of amino acids, MW) 

Oral bioavailability relative to 
intravenous/subcutaneous dose (%) 

Thyrotropin releasing hormone-rat (3, 0.4 kDa) 1.6% (7) 
 

Vancomycin-rat (7, 1.4 kDa) 1.7% (8) 
 

Octreotide-human (8, 1 kDa) 1.26% (9) 
 

Octreotide-rat (8, 1 kDa) 4.3% (9) 
 

Leuprolide-rat (9, 1.2 kDa) 0.02-0.3%, 1.2% (10-12) 
 

Vasopressin analogs-rat (9  or 10, 1.1 kDa) < 0.1% (13) 
 

Cyclosporine A-human (11, 1.2 kDa) 20-50% (14) 
 

Linaclotide-rat (14, 1.5 kDa) 0.1% (15) 
 

Calcitonin-rat (32, 3.4 kDa) 0-0.2% (16-18) 
 

Calcitonin-human (32, 3.4 kDa) 0.8% (19) 
 

Exenatide-rat (39, 4.2 kDa) 0% (20) 
 

Insulin-rat (51, 5.8 kDa) 0.7%, < 1% (17, 21) 
 

Parathyroid hormone-rat/monkey (84, 9.4 kDa) 0% (22) 
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1.2 Lactoferrin (Lf) 

Lf is an iron-binding glycoprotein of ~ 80,000 Dalton (80 kDa) and consists of a single 

polypeptide chain of about 690 amino acids, first discovered in 1939 (23) as “red protein 

from bovine milk” and later in human milk in 1960 (24). bLf has two homologous globular 

N- and C- lobes. Each lobe is further composed of two sub-lobes which form a cleft where 

the ferric ion is tightly bound in synergistic cooperation with carbohydrate moieties (Figure 

1.1). Apart from milk, Lf is present in various secretory fluids such as saliva, tears, seminal 

fluid and mucous secretion of mammals. It also present endogenously within specific 

granules of neutrophils. Lf is saturated with iron and has a salmon colour. The intensity of 

pink colour of Lf depends on the degree of iron saturation. Commonly iron saturation in Lf is 

15 - 20% in its natural form. Lf with less than 5% iron saturation is termed apolactoferrin and 

Lf saturated with iron is referred to as hololacotferrin. Human lactoferrin (hLf) and bLf share 

69% sequence homology and are structurally very similar (25). Moreover, the structures of Lf 

from other animal species are known, such as buffalo (26), horse (27) and camel (28) which 

share over 90% sequence identity with hLf and represent a high degree of homology among 

species. Lf has a net positive charge, making it highly basic with isoelectric point (PI) of 

around 9.  

As one of the minor whey proteins, Lf has traditionally not received as much attention, 

probably because it is a by-product of cheesing making and casein manufacture in the dairy 

industry. Since large-scale high purity manufacturing of bLf was established over 30 years 

ago using bovine skim milk and whey as the source, bLf has been regarded as a prominent 

milk protein which has various biological effects, including: antibacterial (29-31), antiviral 

(32-34), antitumor (35,36), anti-inflammatory (37, 38) and anabolic to bone thus being 

considered as an inhibition of osteoporosis (39). Recently orally administered Lf has been 

investigated for various health beneficial effects such as anti-infective activities not only in 

the infant but also in adults (40, 41). Furthermore, Weinberg (42) reported that recombinant 

bLf and hLf have great potential to develop pharmaceutical products which can be used in 

angiogenesis, bone remodelling, infection, neoplasia, inflammation and wounding healing. 

The mechanism by which Lf exerts these multifunctional roles is likely the control of the iron 

catalysed Fenton reaction, which generates the potent hydroxyl free radical from peroxide 

(43, 44). 
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Figure 1.1 Schematic diagram of bLf molecule. The copyright permission has been granted 
by the publisher (See appendix 1) (45). 

1.3 Barriers to oral absorption of Lf 

The efficiency of transfer of orally administered drugs from the site of administration to the 

site of action may be limited by several factors. These include the release of the drug from the 

administered formulation and the different physiological conditions that the drug has to pass 

on its way to the target receptor. The primary problems encountered with orally delivered 

protein pharmaceuticals include the poor intrinsic permeability across the intestinal 

epithelium (physical barrier), susceptibility to enzymatic degradation in the GI tract 

(enzymatic barrier), rapid post-absorptive clearance, and chemical instability. All present 

limitations also associated with this promising candidate (Lf), among variable barriers 

physical and enzymatic barriers are a major obstacle with regards to the absorption of Lf via 

oral administration. 

This first enzymatic barrier faced by orally administered Lf is the stomach. The stomach 

contains two major threats to stability: acid and pepsin (46). Gastric pH may alter the 

ionisation of amino acids affecting the bonds that hold together the secondary and tertiary 

structure of larger peptides and proteins causing a loss of specific structure and function. 

Pepsin cleaves peptide bonds within a peptide chain (endopeptidase) between hydrophobic or 

aromatic residues. Gastric stability of peptides and protein is partly dependent on their size 
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(3). The smaller peptides have high stability in gastric fluids and mucosa. This may be due to 

their lack of higher structure that could be disrupted by acid and lack of specific pepsin 

cleavage motifs. However, larger peptides and proteins appear to be susceptible to gastric 

denaturation. For example, amylase (51-54 kDa), bovine serum albumin (BSA) (66.5 kDa) or 

chicken egg yolk immunoglobulin (150 kDa) incubated in simulated gastric fluid (SGF) with 

pepsin were completely denatured within 60 minutes (min) (47-49).  

The small intestine is the major digestion site for peptide and protein drugs and represents the 

second enzymatic barrier to oral Lf delivery. The peptide and protein drugs after reaching the 

intestine are further degraded to amino acids by various proteolytic enzymes such as trypsin, 

chymotrypsin, amino and carboxyl peptidase. The peptides and proteins digested in simulated 

intestinal fluids (SIF) also displayed a size-dependent stability (3). The smaller proteins do 

not have as easily accessible peptide bonds as their peptide chains are involved in complex 

secondary and tertiary structures, and are usually stable in the SIF. However, large-sized 

proteins are susceptible to SIF possibly due to the presence of more enzyme cleavage sites. 

Proteolysis of Lf will likely take place in the GI tract by various enzymes via hydrolytic 

cleavage of peptide bond (protease) or chemical modification of the protein such as oxidation 

and phosphorylation because of large size of molecule (50). In severa in vivo studies, Lf has 

been found to be completely degraded during passage though the stomach and the small 

intestine in humans (51). Lf is also reported to be more susceptive to luminal peptidases 

rather than mucosal enzymes, and almost complete proteolysis of Lf was observed in the 

luminal extract from jejunal (52). In other studies, Lf is known to be partially metabolized by 

enzymatic activity in the GI tract (53-55). It has been reported that bLf is hydrolyzed by 

trypsin into fragments with various molecular mass (56) but the large fragments (> ~ 30 kDa) 

showed resistance to further degradation.  

Even if some Lf escapes enzymatic attack in the GI tract, the absorption from the intestinal 

lumen into systemic circulation is inhibited by the mucus gel layer covering GI epithelial 

tissue leading to very poor permeability. Permeability has been found to be size dependent 

and decrease rapidly when MW is greater than 700 Da (57-59). Small lipophilic proteins and 

peptides are primarily absorbed by epithelial cells via the transcellular pathway, whereas 

more hydrophilic and relatively bigger proteins and peptides can to a very limited extent enter 

the systemic circulation via the paracellular pathway through tight junctions (60). 

Consequently, the absolute oral bioavailability levels of native Lf may be less than 1% (51). 
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As a result, both of the enzymatic and the physical barriers contribute to the overall very poor 

bioavailability of Lf across intestinal epithelium. 

1.4 Strategies to enhance bioavailability of Lf 

In order to overcome both enzymatic degradation and membrane permeation problems, the 

formulation of Lf in oral delivery systems has been approached from different angles to 

enhance its oral bioavailability and have included chemical modification, enzymatic 

inhibitors and advanced drug carrier systems. 

1.4.1 Chemical modification 

Structural modification by conjugating peptide bond mimetics, unnatural amino acids, 

conformational constraints, or non-peptide scaffolds (61) can alter the pharmacokinetics of 

bioactive peptides. When chemical modification is applied to alter the biopharmaceutical 

properties of a peptide drug, it should not adversely affect the pharmacodynamics of the 

original active drug substance (62). The covalent attachment of polyethylene glycol (PEG) to 

therapeutic polypeptides is termed PEGylation and has been shown to elongate a biological 

half-life due to steric hindrance against proteolytic enzyme, increase in the molecular mass 

and improve both pharmacokinetic and pharmacodynamic properties (63). These features of 

PEGylation hold true for Lf.  

Many PEG derivatives have been developed as bioconjugation reagents. PEG-NHS, an N-

hydroxysuccinimidil ester of PEG-COOH, is often used. The free amino groups of proteins 

are derivatized with PEG-NHS without side reactions. PEG-introduced Lf, named PEG-Lf, 

was synthesized by the reaction of Lf with PEG-NHS. Nojima et al. (64) first synthesized 

mono-PEGylated Lf with PEG-NHS with a MW of 20 kDa, which has named 20k-PEG-Lf. 

This conjugate showed a relatively high anti-inflammatory effect (~ 70% of intact Lf) in an in 

vitro stimulation test using cultured cells. The proteolytic half-life of the PEGylated bLf was 

found to be prolonged by ~ 2-fold in an in vitro degradation test using SGF containing pepsin 

due to steric hindrance and the increased molecular mass after PEGylation. In an animal 

study, 20k-PEG-Lf also exhibited extended retention time in the blood circulation, and the 

absorption of 20k-PEG-Lf from the rat intestinal tract increased ~ 9-fold compared with 

unmodified bLf. PEGylated bLf might be adsorbed by intestinal epithelium via two possible 

pathways, specific receptor-mediated transcytosis and nonselective transcytosi. Considering 

that the ligand-recetpor interaction could be reduced due to PEGylation, enhanced uptake of 
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PEGylated bLf could not be explained by specific receptor-mediated transcytosis. Therefore, 

the authors considered that this phenomenon might be mainly associated with nonselective 

transcytosis or the permeability of the epithelial membranes might be altered by PEGylated 

bLf. Then, Nojima et al. (65) added 40 kDa PEG to bLf by amino conjugation. The bLf 

PEGylated with 40 kDa PEG exhibited improved in vitro bioactivity, stability and enhanced 

pharmacokinetic properties as compared with bLf PEGylated with 20 kDa PEG. 

Additionally, Sugiyama et al. (66) examined the hepatoprotective effects of PEGylated bLf 

(using 20 kDa or 40 kDa PEG) against acute liver injury in rats, and stated that PEGylated 

bLf better prevented the elevation of serum levels of hepatic enzyme markers and inhibited 

inflammatory and hemorrhagic changes and hepatic apoptosis induced by D-

galactosamine/lipopolysaccharide (LPS) than unmodified bLf. Recently, a newly synthesized 

PEGlated bLf conjugated with PEG-p-nitrophenyl active esters provided much greater 

stability against hydrolysis under acidic conditions than bLf PEGlated with PEG only (67). 

1.4.2 Enzymatic inhibitors 

In order to limit the degradation of protein drugs during GI tract passage, enzymatic 

inhibitors have been considered as potential tools for oral protein delivery. Generally, enzyme 

inhibitors can be divided into: polypeptide protease inhibitors, peptides, amino acids, and 

inhibitors which are not based on amino acids (68). The investigations of such inhibitors to 

enhance the oral bioavailability of Lf are rare in the literature, but successful application with 

other proteins (e.g. isulin, metkephamid and buserelin) suggests Lf delivery might be 

improved by the use of enzymatic inhibitors. 

Bacitracin has been used to inhibit the degradation of various therapeutic peptides, such as 

insulin, metkephamid and buserelin (69-71). Additionally, several amino acids (e.g. 

aminoboronic acid derivatives) (72) and non-amino acid based inhibitors (e.g. chymotrypsin 

inhibitor FK-448) (73) could provide an inhibitory effect. However, their practical use is 

questionable due to their low inhibitory activity. By contrast, the polypeptide protease 

inhibitors have been used to a high extent as auxiliary agents to overcome the enzymatic 

barrier of orally administered therapeutic proteins, due to their low toxicity and strong 

inhibitory activity (74). For example, aprotinin leads to an increased bioavailability of peptide 

and protein drugs, due to its inhibitory effect towards trypsin as well as chymotrypsin (75). 

Another two protease inhibitors, Bowman-Birk inhibitor and soybean trypsin inhibitor 

(SBTI), are known to improve peptide absorption in animal studies (76, 77). Nevertheless, 
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most natural inhibitors have to be co-administrated excessively in large amounts because 

these compounds are ultimately susceptible to enzymatic degradation in gut. Even large 

amounts of these inhibitors may not be adequate to reduce protease activity which may 

necessitate the encapsulation of proteins and peptides in particulate delivery systems. On the 

other hand, chronic and prolonged usage of these inhibitors may result in toxicity. It may also 

affect the absorption of other proteins that normally would be degraded. A major drawback 

associated with these inhibitors is that the non-site specific activity of such compounds will 

noticeably alter the metabolic pattern in the GI tract and intestinal membrane primarily due to 

reduced digestion of food proteins (78). 

1.4.3 Absorption enhancers 

The absorption enhancers are a varied class of chemical moieties that enhance the 

permeability or transport of molecules across biological membrane barriers (79). Absorption 

enhancers have different mechanisms of action which include: a change in membrane 

fluidity, a decrease in mucus viscosity, leakage of proteins through membranes, and opening 

tight junctions (80). Chitosan has been studies for its enhanced permeation effect for various 

peptide drugs (81, 82). Chitosan is a biodegradable, nontoxic polymer obtained by 

deacetylation of the N-acetyl glucosamine units of chitin, generally by hydrolysis under alkali 

conditions at high temperature (81). Chitosan also constitute semi-natural bioadhesive 

polymer. The phenomenon of bioadhesion allows a greater amount of drug to be retained at 

the target absorption site resulting in increased systemic delivery (83). The ability of the 

mucoadhesive polymers to adhere to mucin layer on the mucosal epithelium can improve oral 

bioavailability of protein and peptide therapeutics. Therefore, chitosan owing to its 

multifunctional effects have generated significant interest. For instance, chitosan-

ethylenediaminetetraacetic acid (EDTA) conjugate protected peptide and protein drugs from 

enzymatic degradation across the GI tract (84). The covalent attachment of EDTA to chitosan 

was achieved by the formation of amide bonds between carboxylic acid groups of the 

polymer. Currently, other new chitosan derivatives have been developed to improve 

permeation enhancement, such as chitosan-thiobutylamidine (85), N-trimethy chitosan (86), 

and methyl-pyrolidinone chitosan (87). It is widely recognised that chitosan and its 

derivatives should have no toxic adverse effects (88). However, several reports indicated 

absorption enhancers can cause damage, or can even enter the systemic circulation due to 

their low molecular mass leading to systemic toxic effect (89, 90). 
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1.4.4 Microparticuate carrier systems 

Microparticles are defined as a solid porous spherical particle with the size varying typically 

from 1 to 100 micrometer (µm) containing a core substance (91). It can be formed from a 

number of different polymers such as gelatine (92), chitosan (93) or polylactide-co-glycolide 

(PLGA) (94). Microparticles have been investigated for protein delivery and it has been 

shown that encapsulation of various hormones (e.g. leuprorelin and androgens) in PLGA 

microparticles achieved a sustained biological activity both in animal models and human 

(95). Other components (e.g. glycol chitosan, sucrose acetate isobutyrate and hydroxyapatite) 

can be incorporated into PLGA microparticles matrix as protein stabilizer and peptide loading 

enhancer (96-98). Surface modification of microparticles by conjugation, crosslinking or 

coating has been used to further prolong the release of proteins. For example, collagen 

microparticles modified by photochemical crosslinking (99), gelatine microparticles cross-

linked with genipin (100) and silk coated PGLA and alginate microparticles (101). Moreover, 

Yu et al. (102) synthesized an insulin-loaded composite alginate/PLGA microparticulate 

system which exhibited improved encapsulation efficiency (EE) and prolong drug release (~ 

4 months) compared with conventional microparticles. Several new microparticuate systems 

such as temperature-responsive microspheres (103), dynamic hydrogel microspheres (104) 

and glucose-responsive microspheres (105) have been designed to release protein following 

stimulation by various triggers. 

Although various microparticles mentioned above could be prepared for encapsulation of Lf, 

their particle characteristics, such as size, physical stability and release rate, must also be 

considered. It is important to optimize the conditions of microparticles so that they can 

deliver Lf efficiently to the target, especially, intestinal Lf receptors. Takeuchi et al. (106) 

developed enteric formulated bLf power < 1 millimeter (mm). Following the intragastric 

administration, enteric formulations resist peptic digestion and are more efficiently absorbed 

from the intestine than free intact bLf. Kumar et al. (107) showed the β-glucan microparticles 

might protect the loaded bLf against gastric conditions. Furthmore, Onishi et al. (108) first 

synthesized microparticulate formulations of bLf using chitosan as a carrier which were 

found to enhance adhesion and penetration into the mucus layer. In their study, bLf-loaded 

chitosan microparticles were prepared using an emulsification-solvent evaporation technique. 

Briefly, chitosan and bLf were dissolved in aqueous media, and mixed with the organic phase 

(e.g. sesame oil) forming the W/O emulsion. Chitosan microparticles loaded with bLf with a 

mean diameter of 4.9 µm were produced by evaporation of solvent from the emulsion using a 
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rotary evaporator. However, chitosan will swell and dissolve at gastric pH (109). To address 

this short coming of chitosan derivatives such as chitosan-succinate and chitosan-phthalate 

have been proposed due to their low solubility under acidic condition and higher solubility 

under alkaline condition. Onishi et al. (110) developed chitosan coated alginate/calcium 

complex microparticles to enhance the bioavailability of bLf. In vivo animal studies with 

chitosan coated alginate/calcium complex microparticles loaded with bLf exhibited a 

promoted anti-inflammatory effect against carrageenan induced edema in rats compared with 

bLf alone (111).   

1.4.5 Nanoparticulate carrier systems 

Unlike chitsoan microparticles (µm size range in diameter) which may have the effect of 

opening tight junctions, nano-particulate carrier systems (< 1 µm) such as microemulsions, 

liposomes and polymeric or lipid nanoparticles for oral delivery of Lf are of interest mainly 

owing to the possibility of absorption by intracellular endocytic pathways. During the process 

of endocytosis, the plasma membrane invaginates and pinches off to form enclosed vesicles. 

Thus, upon uptake by cells through receptor-mediated endocytosis, particles would deliver 

encapsulated drug from the intestine to the circulation (112). Particle size has a significant 

impact on the pathways of intestinal drug absorption. Particles smaller than 500 nanometer 

(nm) are usually internalized by endocytosis (113). Literature evidence also indicates that 

particles of less than 500 nm showed significantly higher absorption than larger particles      

(1 µm to 10 µm) (114). Furthermore nano-particulate delivery systems are of interest for the 

orally delivery Lf because they may provide protection of Lf from enzymatic degradation, a 

controlled release rate, and targeting Lf to specific intestinal sites. However, limitations of 

nano-particulate carrier systems are usually associated with low loading efficiency and 

particle aggregates due to thermodynamic instability (115). The major challenge facing such 

delivery systems for oral delivery of Lf includes ensuring sufficient Lf with uniform nano-

scale dimension is delivered to the site of absorption and its release or delivery across the 

mucosal membrane.  

1.4.5.1 Microemulsion  

Definitions of what constitutes a microemulsion have been proposed since at least as early as 

1981; being an isotropic, thermodynamically stable transparent system of oil, water, and 

surfactant, frequently in combination with a co-surfactant (116). Droplet size is typically less 
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than 100 nm (117, 118). Structurally, they are divided into oil in water (O/W), water in oil 

(W/O) and bicontinuous microemulsion (the amounts of water and oil are similar) (119). The 

type of microemulsion formed is influenced by the surfactant type. Surfactants with a 

hydrophilic lipophilic balance (HLB) value > 12 are predominantly hydrophilic and favour 

the formation of O/W emulsions, while surfactants with HLB values < 12 are hydrophobic 

and form W/O emulsion (120). Surfactants having HLB greater than 20 often require the 

presence of co-surfactants to modify the overall HLB of the system. Attwood et al. (1992) 

(121) stated the surfactant and co-surfactant ratio was a key factor influencing the phase 

properties of microemulsions. Thus a mixture of oil, water, and surfactants/or co-surfactants 

are able to form a wide variety of structures and phases depending on the proportions of these 

components. 

The use of microemulsion as carriers for orally administrated peptide drugs has been 

investigated for the improved drug solubilisation and protection against enzymatic 

degradation as well as the potential for enhanced absorption due to the inclusion of 

absorption afforded by surfactant/or co-surfactant induced membrane fluidity and thus 

permeability changes (122, 123). There are limited numbers of investigations into emulsion 

based formulations of Lf, focused mostly on the ability of Lf to influence emulsion stability. 

It has been demonstrated that Lf may improve the oxidative stability of an emulsion by 

preventing lipid oxidation catalysts from interacting with emulsified lipids (124-126). 

Additionally, Lf has also been shown to be able to improve the physical stability of emulsion 

in response to pH changes, high salt concentration and temperature (127, 128). It has been 

reported that microemulsions have successfully enhanced the oral bioavailability of various 

peptide drugs. For example, Naicker et al. (129) described cyclosporin A in an O/W 

microemulsion system which provided superior drug bioavailability and reduced adverse 

effects associated with oral administration. The bioavailability of SK&F-106760 peptide (a 

water-soluble arginylglycylaspartic acid peptide) was increased dramatically when 

formulated in a W/O microemulsion with a mean diameter of 15.2 nm compared with that of 

an aqueous solution (130). In addition, Kraeling and Ritschel (131) found that the oral 

bioavailability of insulin dissolved in W/O microemulsions showed an increase (~ 2.1%) 

compared with intravenous insulin. The improved oral delivery of insulin from 

microemulsion systems has been reported by others (132-134). Furthermore, microemulsion 

systems have also been claimed to improve storage stability of protein. For example, 

improved chemical stability of horse radish peroxidase after storage in W/O microemulsion 
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compared with aqueous solution has been reported (135). In recent years, self-

microemulsifying drug delivery systems (SMEDDS), which emulsify spontaneously when 

exposed to fluids of the GI tract to form microemulsions, are receiving increased attention as 

a possible means to enhance the oral bioavailability of protein drugs (136, 137), and may 

provide a new approach for the oral delivery of Lf. However, the use of microemulsion is 

limited not only by drug loading capacity but also the amounts of excipients. Surfactants and 

cosolvents may have toxic effects at high doses, and result in the reduced uptake levels. 

Formulators aim to optimize microemulsion systems with maximum drug loading efficiency 

while using minimum amounts of surfactant and cosolvents (138). 

1.4.5.2 Nanoparticles 

Nanoparticles are well-defined, solid, colloidal particles, ranging in size approximately from 

1 to 1000 nm (usually 200 - 300 nm), having a core or multi-core shell structure 

(nanocapsules) or a continuous monlithic structure (nanospheres) (139, 140). Common 

polymeric materials used for formulation of nanoparticles include poly lactic acids (PLA) 

(141), PLGA (142), gelatin (143), or chitosan (144). There are various methods for the 

preparation of nanoparticles such as interfacial polymerization, solvent evaporation and phase 

separation. The solvent evaporation method is widely used for peptide formulations due to its 

simplicity and high EE. A number of studies have demonstrated that nanoparticles can 

enhance the oral bioavailability of encapsulated therapeutic peptides and proteins. For 

instance when calcitonin was incorporated in nanoparticles, oral absorption was enhanced in 

rats and consequently calcium concentration in blood was decreased with oral administration 

of a calcitonin solution (145). BSA has been encapsulated in PLA nanoparticles (146), 

PLGA-polyvinyl alcohol composite nanoparticles (147) and gelatine nanoparticles (148). 

Many insulin-loaded nanoparticles of PLGA (149), PCL (150) and chitosan (151) have been 

formulated and maintain the integrity of insulin for oral administration with high EE ranging 

from 70 to 96%. EL-Shabouri (152) explored chitosan nanoparticles to increase absorption of 

cyclosporia A. As mentioned earlier chitosan has mucoadhesive properties, and is able to 

adhere to the apical intestinal cell membrane. Its absorption enhancing properties are 

attributed to the ability to reduce the transepithelial electrical resistance by transiently 

opening tight conjunctions and allowing the passage of small electrolytes. When dextran 

sulfate is incorporated into chitosan nanoparticles forming Chitosan-dextran sulfate 

nanoparticles, longer drug circulation time have been reported to be due to the intrinsically 
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hydrophilic properties (153). Prego et al. (154) developed nanoparticles composed of 

chitosan chemically modified with PEG for oral delivery of salmon calcitonin. It was 

suggested that the presence of PEG improved the stability of nanoparticles in GI fluids and 

reduced nanoparticle cytotoxicity. 

Recently, increasing attention has been focused on SLPs as an efficient and non-toxic drug 

carrier. Different from ordinary nanoparticles, SLPs are spherical particles with a monolithic 

matrix structure based on pure solid lipid (Figure 1.2). The lipid is often naturally occurring 

lipid substances such mono-, di- and triglycerides, fatty acids, steroids, and waxes. They are 

derived from O/W emulsions by replacing the liquid lipid with a lipid that is solid at body 

temperature (155). The use of solid lipids instead of oils is a very excellent idea to 

accomplish controlled drug release, because drug mobility in a solid lipid should be 

considerably lower compared with an oily phase (156). Due to small particle size, SLPs may 

exhibit bioadhesion to the GI tract wall by lodging in the intervillar space, thus increasing 

their residence time leading to an enhanced bioavailability (157, 158). Several promising 

results have been reported by incorporating therapeutically relevant peptides and proteins in 

SLPs (Table 1.2). 

 

 

 

 

 

 

Figure 1.2 SLPs consists of a solid lipid or a mixture of solid lipids which from almost a 
perfect crystalline structure. 
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There are no investigations into encapsulation of Lf within SLPs, but the brain targeting 

ability of Lf has been investigated as a ligand conjugated with nanoparticles to construct a 

brain delivery system (177-179). It was demonstrated that Lf-modified nanoparticles could 

mediate efficient expression of exogenous genes in the brain via intravenous administration. 

Additionally, Hu et al. (180) stated Lf conjugated PEG-PLA nanoparticles could be a novel 

biodegradable brain drug delivery system with low toxicity. Encouraged by the successes in 

other peptide and protein drugs via SLPs, it would be interesting to investigate the 

characteristics of Lf encapsulated SLPs for oral administration. 

Table 1.2 Examples of peptide and protein drugs associated to SLPs. 

Peptide/protein 
 

References related to SLPs 

BSA 159,160 
 

Calcitonin 161,162 
 

Cell penetrating peptides 163,164 
 

Gonadorelin 165 
 

Cyclosporine A 158,166 
 

Human serum albumin 
 

167 

Insulin 168-170 
 

Luteinizing hormone releasing hormone 
 
Lysozime 
 
Ovalbumin 

171 
 

172 
 

173 
 

Somatostatin 174 
 

Streptavidin 175 
 

Thymopentin 
 
Yak interferon-α 
 

155 
 

176 

 BSA: bovine serum albumin 
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1.4.5.3 Liposomes 

Liposomes are spherical particles, of a size between 20 nm to 2 μm, consisting of one or 

more double layers, generated through dispersion of amphiphilic lipids such as natural or 

synthetic phospholipids in aqueous medium (181). Liposomes can be classified into six 

categories based on their size and numbers of bilayers as follow: small unilamellar vesicles 

(SUVs), large unilamellar vesicles (LUVs), multilamellar vesicles (MLVs), multivesicular 

vesicles (MVVs), oligolamellar vesicles (OLVs) and giant unilamellar vesicles (GUVs) 

(Figure 1.3). Lipophilic molecules are embedded in the phospholipid layers while hydrophilic 

molecules are entrapped in the aqueous inner cavity. In this way, liposomes can incorporate 

both lipophilic and hydrophilic drugs concurrently.  

 

 

 

 

 

 

 

Figure 1.3 Liposomes showing different model membranes. SUVs: small unilamellar 
vesicles; LUVs: large unilamellar vesicles; MLVs: multilamellar vesicles; MVVs: 
multivesicular vesicles; OLVs: oligolamellar vesicles; GUVs: giant unilamellar vesicles. 

Several attempts have been made to improve the efficacy of orally administered insulin using 

liposomes and reduced blood glucose levels were observed (182-184). Other protein agents 

such as erythropoietin (185), calcitonin and parathyroid hormone (186) also have been shown 

to have improved pharmacological effects following oral administration by incorporation into 

liposomes. In case of Lf, liposome encapsulation is used most frequently than other drug 

delivery approach. For example, Ishikado et al. (187) developed bLf encapsulated into 

liposomes composed of phosphatidylcholine (PC). Oral administration of liposomal Lf 

exhibited more suppressive effects than non-liposomal Lf on LPS induced tumor necrosis 

factor (TNF)-α production from mouse peripheral blood mononuclear cells, as well as on 

TNF-α expression in marginal periodontal tissue (188). Yamano et al. (189) demonstrated 
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liposomes loaded with Lf improved the resistance of Lf to digestive enzymes, thus enhancing 

the inhibitory effect of orally administered Lf on alveolar bone resorption using LPS-induced 

periodontitis rat models. Similarly, Roseanu et al. (190) reported liposomal entrapment of Lf 

enhanced its anti-tumoral effects on melanoma cells. Lately, Ma et al. (191) also observed 

that Lf loaded PC liposomes was more significant than Lf in inhibiting human tumor cells 

proliferation by assessing the cellular viability in Caco-2 cells. The capacity of liposomes to 

increase the effectiveness and stabilities of Lf might be explained by their accumulation into 

cells and ability to protect Lf from enzymatic degradation.  

However, liposomes are prone to the combined degrading effects of the acidic pH of the 

stomach, bile salts, and pancreatic lipases. To overcome these drawbacks crosslinking 

polymers on the liposome surface have been investigated by Takeuchi et al. (192) who found 

enhanced enteral absorption of calcitonin with chitosan-coated liposomes. These liposomes 

showed the greatest mucoadhesion in an in vitro adhesion assessment. Using the same 

approach, chitosan-coated liposome also improved the bioavailability of orally administered 

insulin in rats (193). In addition, encapsulation of calcitonin with pectin-coated liposomes 

also showed improved pharmacological action over calcitonin-load standard liposomes (194), 

with an enhanced and prolonged reduction in plasmas calcium concentration, which was 

attributed to the ability of pectin-coated liposomes to adhere to the mucus layer and prolong 

retention in the intestinal mucosa. Zhang et al. (195) modified insulin loaded liposomes with 

lectins, resulting in promoted oral absorption. Other groups reported that the colloidal 

stability of liposomes in the GI tract was increased by a polysaccharide,                                          

O-palmitoylscleroglucan coating resulting in a decreased degradation of leuprolide in GI 

fluids as compared with non-coated liposomes (196). Therefore, the combined use of 

mucoadhesive polymers with liposomes might provide another potential approach to further 

extend the release of Lf and increase its stability in contact with GI tract. 
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1.5 Bioadhesive lipid based delivery systems selected for this study 

Almost all known pharmaceutical technologies have been tested in the delivery of Lf aiming 

to improve bioavailability. Some of them are more success than others. Oral bioavailabilites 

are still much lower than those of injected doses, and much high doses would have to be 

administered orally to have the same effect. The toxicity implications of administering 

relatively large doses of peptide and protein drugs orally must be considered. Therefore, the 

primarily focus of this thesis on lipid based drug delivery systems is a result of the 

biocompatibility of the lipid matrix. Lipid carriers prepared with several lipids and 

emulsifying agents did not exhibit any cytotoxic effects in vitro up to concentrations of 2.5% 

lipid (158, 197). In fact it has been shown that even concentrations higher than 10% of lipid 

phase led to a viability of 80% with human granulocytes in culture (198).  

It is difficult to single out a lipid based carrier that is more suitable than others for the 

delivery of Lf. However emulsion based formulation has not been investigated for this thesis 

due to the use of high amounts of surfactant and co-surfactants which may cause toxic 

effects. One of the most important issues for pharmaceutical industry is the safety of the 

material, which has to meet the demands of the regulatory authorities. Therefore, liposomes 

and lipid nanoparticles (or SLPs) attract greatest interest as ideal delivery systems for orally 

administered Lf. Since their initial proposal, particle size and drug EE are two key parameters 

for the evaluation of lipid based drug delivery systems. It is well documented that the size of 

particles influences pharmacokinetics, tissue distribution, and clearance. High EE constitutes 

an ‘economic’ loading process where the major proportion of the drug is effectively loaded 

into particles. Table 1.3 gives a comparison of characterization between liposomes and SLPs 

to encapsulate the same protein drug. As a result, such significant difference is largely 

attributed to lipid layer building block, with fatty acyl chains of varying lengths and 

saturation.  
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Table 1.3 A comparison of liposomes and SLPs for protein encapsulation.  

Peptide/protein Liposomes SLPs 
Characterization References Characterization References 

Bovine insulin  Size (nm): 348-453 
EE (%): 31.4-37.7 
 

(199) Size (nm): 197 
EE (%): 57 

(200) 

Porcine insulin  Size (nm): 166.2-194.1 
EE (%): 30.3-82.5 
 

(195) Size (nm): 114.7 
EE (%): 97.8 

(201) 

Human insulin Size (nm): 4.2-41.8 
EE (%): 17.4-40.2 
 

(202) Size (nm): 361 
EE (%): 43 

(203) 

Salmon calcitonin Size (nm): 305.2 
EE (%): 87 

(204) Size (nm): 226-537 
EE (%): > 90 

(161) 

SLPs: solid lipid particles; EE: encapsulation efficiency 

The major lipid typically used to prepare liposomes or SLPs are summarized in Table 1.4.  

Liposomal bilayer membranes are prepared with phospholipids containing a charged or 

hydrophilic domain and two fatty acyl chains (tails) typically 14-18 carbons in length with 

unsaturated bond. Liposome structure highly resembles the basic structure of the eukaryotic 

cell, which allows passive cellular uptakes by endocytosis (205, 206). SLPs, on the contrary, 

are often made of long chain lipids, thus physically protect the drugs inside the solid lipid 

core which will avoid exposure to the GI fluid to some extent (207). The research presented 

in this thesis is particularly directed both toward the encapsulation of Lf to avoid enzymatic 

degradation and increase transfer across biological membranes and toward the passive and 

active drug targeting to specific sites of action to increase the efficacy and reduce the toxicity 

of drug therapy. Hence, both liposomes and SLPs owing to specific advantages meet criteria 

to formulate Lf in the following investigations. 
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Table 1.4 Overview of phospholipids and solid lipid which were used to prepare liposomes 
or SLPs. 

 

 

 

Liposomes (206) 

Phospholipids 

PC 

PE 

PS 

PG 

SPH 

 

 

 

 

SLPs (207) 

Solid lipids 

Cetylpalmitate 

Compritol 888 ATO 

Glycerol monostearate 

Glycerol palmitosterarate 

Palmitic acid 

Precirol ATO 5 

Stearic acid 

Tripalmitin 

Tristearin 

PC: phosphatidylcholine; PE: phosphatidylethanolamine; PS: Phosphatidylserine; PG: 
phosphatidylglycerol; SPH: sphingomyelin 

Conventional lipid particles often exhibit colloidal instability in the GI tract due to particle 

aggregation or collapse. Without significant drug exposure in target tissues, enhancing 

delivery to cell or intracellular drug targets is unlikely. The second step of our study is to 

further stabilize liposomes or SLPs by modifying the particle surface by hydrophilic polymer 

coating. The coating particles with polymers utilize the electrostatic interaction between 

polymers and surfactant shown in Figure 1.4. By altering surface characteristic (the reduced 

clearance of particles and the mucoadhesive and mucus penetration properties of polymers), 

the residence time of either liposomes or SLPs can be further prolonged and the active can 

reach the site of action in effective concentrations. In the present study, we attempt to use 

such polymer coated lipid particles encapsulating our model protein drug-bLf. The hypothesis 

will be that encapsulation of bLf within the developed delivery system would alter its 

susceptibility to proteolysis after oral administration leading to an increased bioavailability 

and therapeutic effect. 
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Figure 1.4 Long-circulating protected particulate grafted with a protective polymer which 
shields the surface of lipid partice. 

1.6 The selection of biodegradable mucoadhesive polymers 

A polymer is considered to be biodegradable if the degradation is caused by either 

biocatalytic processes (involving bacteria, fungi, and enzyme) or chemical and radical 

process alone (hydrolysis, oxidation, and UV irradiation (208). Depending on the mode of 

degradation, biodegradable polymers can be classified into hydrolytically degradable 

polymers and enzymatically degradable polymers. In pharmaceutical science, however, 

biodegradable polymers are preferably classified as natural-origin and synthetic. Synthetic 

biodegradable polymers are composed of repeated structural units that are formed through 

chemical synthesis. In contrast, naturally derived biodegradable polymers include polymers 

with molecular basis as diverse as peptides and oligosaccharides (209). Table 1.5 provides a 

list of biodegradable polymers with their applications commonly used in pharmaceutical 

science. Although the number of biodegradable polymers is large, only a limited number of 

polymers are suitable for drug delivery applications. In general, the desirable biopolymer 

properties are film forming (coating), thickening (rheology modifier), gelling (controlled 

release), adhesion (binding), pH-dependent solubility (controlled release), solubility in 

organic solvent (taste masking), and barrier properties (protection and packaging) (237). 

Biopolymers as drug carriers have been often prepared as particulate spheres where the active 

molecules have been incorporated either inside the spheres or have been absorbed onto the 

surface or both. It is understood that while the drug is delivered at rates that maintain its 

optimum therapeutic activity at the active site, concurrently side effects should be minimized 

 

Protective 
polymer 

Lipid layer 
(or bilayer) 
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(238). Thus delivering drugs using biopolymer systems are considered a primary choice when 

aiming to reduce adverse actions. Therefore, biopolymer materials have to be so chosen from 

those posses several characteristics that have been summarised as: 

• Biocompatible and the ability to be eliminated from the body. 

• Processability, sterilizability and storage stability (239). 

• Enable hydrophobic drug encapsulation (e.g. formulated as micelles), favourably alter 

bio-distribution (e.g. formulated into nanoparticles) and prolong drug availability (e.g. 

formulated as hydrogels or microparticles) (240). 

• No inhibitory effects on drug therapies. 

• The ability to target specific sites in the body. 

Table 1.5 Biodegradable polymers in pharmaceutical science. 

 

 

Classification Structure Applications Reference 
Natural-derived  Protein 
Albumin A single polypeptide chain (MW 

~ 69 kDa) 
Coating materials for 
cardiovascular derives 
 
Intravenous drug and gene 
delivery 
 
Brain delivery 

 

 
 
 
210, 211 

Collagen A triple helix of three 
polypeptide chains (MW ~ 
300kDa) 

A scaffolding material for 
accelerated tissue regeneration  
 
Antibiotic collagen delivery 
system 
 
Protein drug carrier vehicles 
 
Gene and plasmid DNA delivery 
 

 
 
 
 
212, 213 

Gelatin A single polypeptide chain 
derived by partial hydrolysis of 
collagen (MW 15-250 kDa) 
 

Protein drug carrier vehicles 
 
Gene and plasmid DNA delivery 

 
214, 215 

Zein A prolamine protein (MW 17-25 
kDA) 

Reverse enteric coating and 
delayed release 
 

216 
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Table 1.5 Continued 

 

 

 

 

 

Polysaccharides 
Starch 
 
 
 

Linear and helical 
α-amylose (20-30%) and 
branched amylopectin (70-80%) 

Anticancer drug delivery 
 
Protein drug carrier vehicles 
 
Intravenous drug delivery 
 

 
 
217, 218 

Chitosan A linear polysaccharide 
composed of  β(1→4)-
glucosamine and N-acetyl-D-
glucosamine (MW 10 kDa-1000 
kDa) 
 

Protein drug carrier vehicles 
 
Parenteral drug delivery 
 
Tumour targeted delivery 

 
 
219, 220 

Dextran The straight chain consists of 
α(1→6)-linked D-glucose 
residues with some degree of 
branching via α(1→3) linkages 
 

Anticancer drug delivery 
 
Protein drug carrier vehicles  
 
Gene delivery 
 

 
 
221, 222  

Alginate Linear block copolymers 
composed of  D-mannuronic 
acid and L-guluronic acid via 
1,4 linkage 
 
 

Protein drug carrier vehicles 
  
Gene delivery 

 
 
223 

κ-, ι-, and λ-
Carrageenan 

A linear polysaccharide 
composed of (1→3)-linked β-D-
galactose and (1→4)-linked α-
D-galactose 
 

Novel pelletisation aid 
 
Protein drug carrier vehicles  
 

 
224 

Pectin A linear polymer of α-(1→4) 
linked D-galacturonic acid and 
its methyl ester  (MW 50 kDa-
180 kDa) 
 

Colonic drug delivery 225 

Xanthan gum  A polymer consists of (1→4) 
linked b-D-glucose residues, 
having a trisaccharide side chain 
of b-D-mannoseb-D-glucuronic 
acid-a-D-mannose attached to 
alternate D-glucose units of the 
main chain 
 

Control drug delivery 226 
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Table 1.5 Continued 

Synthetic polymers 
Poly(lactic acid) 
(PLA) 

 
 

OH

CH3

O

O H

n
 

Gene delivery systems 
 
Brain delivery 
 
Ophthalmic drug delivery 
 
Anticancer delivery 
 
Anti-HIV drug delivery 
 

 
 
 
 
227,228 
 

Poly(ε-caprolactone) 
(PCL) 

 
O

O
A A

n
 

Protein drug carrier vehicles  
 
Antitumor drug delivery 
 
Gene delivery systems 
 

 
 
229 
 
 
 
 

Poly (Lactic Acid-
co-Glycolic Acid) 
(PLGA) 

 
 

A O

CH3

O

O

O

A

mn

z

 
 

Gene delivery systems 
 
Brain delivery 
 
Lung delivery 
 
Pulmonary drug delivery 
 
Anticancer delivery 
 
Protein drug carrier vehicles 
 

 
 
 
 
 
 
230,231 

Polyamino acids  

NHA

O

NH

A
A

n

 

Intravenous drug and  gene 
delivery 
 

232 
 

Polyanhydrides  

A
R

O O

O
A

n
 

Protein drug carrier vehicles 
 
Anticancer delivery 
 
Gene delivery 

 
 
233,234 

Polyalkyl 
cyanoacrylates 

AA

CN

O OR n

 

Protein drug carrier vehicles 
 
Antitumor drug delivery 
 
Oxygen carriers 

 
 
235,236 
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Despite synthetic polymers offer the biggest advantage in that either homo- or co-polymers 

can be tailored uniformly to provide a wide range of properties (241), natural polymers 

extracted from abundant natural resources possess several inherent advantages such as 

bioactivity, the ability to present receptor-binding ligands to cells, susceptibility to cell-

triggered proteolytic degradation and natural remodelling (242). Therefore, natural 

biodegradable polymers are considered as the first option. Proteins (e.g. gelation, collagen, 

and albumin) and polysaccharides (e.g. alginate, carrageenan, chitin/chitosan, starch and 

dextran) are examples of natural biodegradable polymers families that have been used in the 

production of drug delivery systems.  

In this study, two polysaccharides polymers are used to modify lipid carrier: pectin and 

chitosan. Pectin is a promising polymer in drug delivery due to the lack of toxicity and the 

low cost, in addition to its ability to form gels. However, most of this research has been 

focused on macroscopic formulations of pectin and on mucoadhesion in the GI tract. Little 

information is available on pectin’s mucoadhesive properties when it is adsorbed to lipid 

based particulates or on its mucoadhesiveness towards other mucosal surfaces. In contrast to 

pectin, chitosan exhibits a cationic character rendering it unique. This cationic character 

being based on its primary amino groups is responsible for its multifunctional roles, such as 

permeation enhancing, controlled drug release, and mucoadhesive properties which we have 

mentioned above.  

1.7 Mechanism of bioadhesive particles interact with mucus layer 

The mucosal surfaces are covered with a mucus layer, in which mucins are the major 

components. Mucins are highly glucosylated glycoproteins with a large peptide backbone and 

oligosaccharides as side chains. Their protein backbone is characterized by the presence of 

repeating sequences rich in serine, threonine and proline residues. Many of the O-linked 

oligosaccharide side chains are often terminated in sialic acid, sulfonic acid, or L-fructose. As 

a result, mucins are negatively charged at physiological pH (243). Mechanisms of adhesion 

of certain macromolecules to the surface of a mucous tissue are not yet fully understood. 

However, bioadhesive lipid based carriers systems possibly deliver therapeutic drugs at the 

tissue site by two steps, the contact stage and the consolidation stage (Figure 1.5).  
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Figure 1.5 Mechanism of mucoadhesion. The mucoadhesion takes place in two stages. (A) 
Contact stage: Initial contact between a bioadhesive and a membrane (wetting or swelling 
phenomenon). (B) Interactive stage: Penetration of the bioadhesive into the tissue or into the 
surface of the mucous membrane (interpenetration). 

The first stage is characterized by the contact between the mucoadhesive and the mucous 

membrane, with spreading and swelling of the formulation, initiating its deep contact with the 

mucus layer (244). In oral delivery, mucoadhesion can be promoted by peristalsis, the motion 

of organic fluids in the organ cavity, or by Brownian motion. If the particle reaches the 

mucous surface, it will come into contact with repulsive forces (osmotic pressure, 

electrostatic repulsion, etc.) and attractive forces (van der Waals forces and electrostatic 

attraction) (245). For mucoadhesion to occur, the attractive interaction should be larger than 

non-specific repulsion. In the consolidation step (Figure 1.5), the mucoadhesive particles are 

activated by the presence of moisture. Moisture plasticizes the system, allowing the 

mucoadhesive molecules to break free and to link up by weak van der Waals and hydrogen 

bonds (245). Essentially, there are two theories explaining the consolidation step: the 

diffusion theory and the dehydration theory. According to diffusion theory, the mucoadhesive 

molecules and the glycoproteins of the mucus mutually interact by means of interpenetration 

of their chains and the building of secondary bonds (245). For this to take place, the 

mucoadhesive particle has features which favour both chemical and mechanical interactions. 

For example, particles with hydrogen bonds building groups (-OH, -COOH), with an anionic 

surface charge, high MW, flexible chains and surface-active properties, which induct its 

spread throughout the mucus layer, can present mucoadhesive properties (246). According to 

dehydration theory, particles that are able to readily jellify in an aqueous environment, when 

placed in contact with the mucus can cause its dehydration due to the difference of osmotic 

pressure. The difference in concentration gradient draws the water into the formulation until 

the osmotic balance is reached. This process leads to the mixture of formulation and mucus 

and can thus increase contact time with the mucous membrane. Therefore, it is the water 
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motion that leads to the consolidation of the adhesive bond, and not the interpenetration of 

macromolecular chains (247). 

1.8 The impact of interactions among polymer, lipid and protein  

Polymer coated lipid particles, which combine the characteristic of both polymer and lipid 

particles, comprise two components. They are [1] a lipid core in which the therapeutic protein 

is encapsulated, and [2] an outer polymer layer enveloping the lipid core, which functions as 

a coating that reduces the lipid layer degradation rate in the GI tract, as well as prolonging 

delivery time. In order to obtain stable polymer coated lipid particles, the surface has to be 

completely covered by the screened polymer. The stability of the coated particle is decreased 

when insufficient amounts of the polymer are utilized (248).  Such coated particles however 

tend to form large aggregates due to bridging flocculation. Further destabilization of the 

coated particles may also occur when excess amounts of the polymer are present, due to 

depletion flocculation (249). Drug EE has been shown to decrease as polymer is added to 

lipid particles due to disturbance of lipid layers. For example, Guo et al. (250) found that the 

interaction between chitosan and the polar head groups on the surface of phospholipid 

bilayers may interfere with leuprolide entrapped in liposomes, resulting in the leakage of 

leuprolide. In addition to complex formation, another mechanism of polymer coating on the 

surface of lipid particle might be anchoring of the hydrophobic regions of polymer molecules. 

Thongborisute et al. (251) demonstrated that the hydrophobic side of dodecylated chitosan 

inserts itself into lipid bilayer of liposomes due to the long alkyl chain, while chitosan 

provided only an electrostatic force when used for coating liposomes. Conversely, such 

polymer inserted lipid particles increased drug EE due to a thick coating layer (252, 253). 

In designing polymer coated liposomes containing peptide and protein drugs, attention should 

be paid to their structure. Proteins can be loaded into a lipid carrier system in one or both of 

two ways. They can be encapsulated within lipid particles or they can be held on the outside 

of particles by adsorption onto their surfaces. The function of protein-lipid bilayer (or layer) 

interaction has been identified with different explanations: bilayer fluidity (254); bilayer 

deformation energy (255); acyl chain packing (256); bilayer free volume (257); lipid packing 

stress (258); or bilayer stiffness (259). To study the protein-liposome interactions, it would be 

valuable to review some of the descriptions on how proteins are organized in eukaryotic cell 

membranes. It is generally agreed that the fluid mosaic model of membrane structure (260) 

provides a basic paradigm for membrane organization of the proteins and lipids of most 

26 
 



  Chapter 1 – General Introduction 

functional membranes. In this model, the lipid bilayer serves as a viscous matrix for 

membrane proteins, some of which span the bilayer. Furthermore, it was proposed that 

membranes whose proteins and polar lipids were distributed asymmetrically in the two halves 

of the membrane bilayer can act as bilayer couples. The bilayer deformation associated with a 

bilayer-protein hydrophobic mismatch involved a local bilayer compression/extension and 

monolayer bending and the deformation energy should vary as a function of the hydrophobic 

mismatch and intrinsic lipid curvature (254, 255). Fattal and Ben-Shaul (256) established a 

molecular model for lipid-protein interaction in membranes. According to this model, 

qualitative interpretation between lipid and protein in membranes are supported by detailed 

numerical calculations of the various contributions to both interaction free energy and of 

chain conformational properties. Recently, reports indicated that membrane protein function 

was associated with the bilayer elasticity (258, 259). Additionally, secondary interactions 

among proteins embedded in the lipid, the intrinsic proteins, and those between the intrinsic 

proteins and non-embedded or peripheral proteins influence the dynamic aspects of 

membrane behaviour (261). Two major models are considered as the mechanisms for protein 

assembly into membranes: “signal hypothesis” and “trigger hypothesis”. The “signal 

hypothesis” (261) suggests that intrinsic proteins are assembled into the membrane during 

protein translation and that distinct “signal” sequence of amino acids are responsible, first for 

the initial binding of the nascent polypeptide to the membrane and second for locking the 

completed polypeptide chain into the membrane environment. The “trigger hypothesis” (262) 

supposes that membrane proteins are synthesized initially in soluble form, undergo a 

conformational change on accounting a membrane and then insert themselves into the 

membrane environment. For example, some membrane proteins, such as erythrocyte 

glycophporin (263) and certain viral spike glyciproteins (264), are quite consistent with 

signal hypothesis, while certain membrane transport proteins such as erythrocyte band III 

(265) are explained in terms of trigger hypothesis model. But no matter how proteins are 

assembled into the membrane, it is undoubtedly clear that many proteins have the capacity to 

bind to the lipid bilayer and penetrate into the lipid matrix.  

A variety of factors govern the ability of proteins and liposomes to interact. Perhaps the 

simplest factor is surface charge. Many types of proteins interact most strongly with lipid 

vesicle if the vesicle and protein bear opposite charges. For proteins that are negatively 

charged, reducing the pH to below their PI tends to promote liposome interactions under 

physiological conditions (266). A second factor influencing protein interactions is the fluidity 
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and packing of the phospholipid bilayer. Proteins most readily penetrate into the membrane 

when the film pressure is low (267). The fluid-to-solid phase transition increases the packing 

of lipid molecules, thus tending to exclude protein from penetrating the lipid film. The fluid-

solid phase transition is mainly influenced by the temperature at which the lipid shifts from a 

condensed gel-like state to a more fluid state. Similarly, the addition of cholesterol to bilayer 

membrane has a condensing effected and tends to retard protein penetration (268). As a 

result, the binding and penetration of protein into the lipid bilayer can markedly alter the 

biophysical properties of liposomes (269, 270). Observed changes include expansion and 

fluidization of the bilayer, alteration of the enthalpy and phase transition temperature (Tc), 

and increases in permeability to ions and small molecules. 

Respect to SLPs, there is comparatively little known about the type of interaction with 

encapsulated drugs, e.g., regarding the state and localization of the drug within the 

dispersions. When rather high fractions of drug can be incorporated into the crystal lattice of 

the lipid matrix and additionally in the emulsifier shell, the association between drug 

substance and carrier material may, for example, be reflected in influences on the melting and 

crystallization temperature as well as on the time course of polymorphic transitions (271, 

272). But the highly ordered and tightly packed crystalline lipid core of the particles is 

expected to be a rather unfavourable site of localization for the incorporation of at least larger 

amounts of drugs since the drug will disturb the order of the crystal lattice (273). Studies 

comparing the drug loading capacity of SLPs with that of lipid nanoemulsions often indicate 

a higher loading potential for the liquid droplets which are most probably due to a better 

incorporability of the drug substances within the amorphous liquid core of the emulsion 

droplets (274). Other studies also stated that drug molecules that cannot be accommodated 

within the crystalline matrix may adsorb at the nanoparticle surface or will have to separate 

from the particles (275-277).  

Investigations on the interaction of our model protein drug - Lf with other particle 

compositions should be treated as an imperative part to ensure correct selection of lipids or 

emulsifiers, hereby, increasing the possibility of developing a successful delivery system. 

These interactions between lipids, polymer and drug are generally studied by Fourier-

transform infrared (FTIR) spectroscopy and Raman spectroscopy (278). In both methods, 

formation of the complex is confirmed by comparing the spectrum of the complex with the 

spectrum of the individual. For example, the infrared spectrum (or Raman spectrum) of a 

complex might show a broad peak for the N-H group in place of the sharp peak of the N-H 
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group in the drug (which shows that some interaction has occurred at the N-H group). Either 

FTIR or Raman spectroscopy offers detailed fingerprint regions of associated functional 

groups, and conformations of molecules including biopolymers and provide significant 

structural information about the interaction among lipids and their environment (279). 

Furthermore, they can provide the characterization of chemical structure, conformational 

order or disorder and specific orientation of membrane-associated proteins and lipids (279). 

However, FTIR and Raman spectroscopy are unable to provide detailed thermodynamic 

information related to phase transition, which could be an important indicator to investigate 

drug conformation. A thermodynamic approach known as differential scanning calorimetry 

(DSC) is applied to screen for drug-excipient incompatibility. DSC measures the heat loss or 

gain resulting from physical or chemical changes within a sample. If a mixture of drugs and 

polymer is agglomerated together, changes in properties can be concluded with DSC by 

elimination of the endothermic peak, appearance of a new peak, and change in peak shape 

and its onset, peak temperature/melting point and relative peak area or enthalpy (280). 

1.9 Characterisation of bioadhesive liposomes and SLPs 

1.9.1 Particle size, size distribution and zeta potential 

The particle size of liposomes or SLPs is a key parameter which influences pharmacokinetics, 

tissue distribution, and clearance (in the following, particle size refers to the diameter). 

Hepatic uptake and accumulation, tissue extravasation, tissue diffusion, and kidney excretion 

may depend heavily upon particle size. It was found that liposomes within a particular size (≤ 

100-150 nm) were able to exit or enter fenestrated vessels in the liver endothelium or tumor 

microenvironment (281). Table 1.6 shows the estimated pore size of capillaries in various 

organs. These capillary pore size data provide a context of why most liposome preparations 

of 50-200 nm do not easily escape from continuous blood capillaries in their intact form. 

Liposomes and particles, 100-200 nm in diameter, may distribute to bone marrow, spleen, 

and liver sinusoids, and to some extent may escape through sinusoidal capillaries within these 

organs, whereas liposomes in blood vessels do not easily escape out of capillaries that perfuse 

tissues such as the lung, brain, and kidney if they are within the diameter range of 100-150 

nm (Table 1.6).  
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Table 1.6 The different types of tissue blood capillary microvasculature. 

Types of blood 

capillaries 

Physiological 

structure  

Physiologic upper limit of 

pore size  

Representative tissue  

 

Continuous 

capillaries 

Zona occludens 

tight junctions 

< 1 nm Brain-spinal cord (282) 

Nerve endoneurium (283) 

Macula occludens 

tight junctions 

~ 5 nm Cortical Bone (284) 

Lung (285) 

 

Fenestrated 

capillaries 

Diaphragmed 

fenestrae 

6-12 nm Eye choriocapillaris (286) 

Exocrine glands (287) 

Kidney peritubules (288) 

Open fenestrae ~ 15 nm Kidney Glomerulus (289) 

 

 

Sinusoidal 

capillaries  

open fenestrae  ~ 180 nm (Human, Rabbit ) 

~ 280 nm (Mouse, Rat) 

Live (290,291) 

Interendothelial 

junctions 

~ 5 nm Bone marrow (292) 

Terminal capillary 

ending 

~ 5 µm Spleen (293) 

      

On the other hand, Jani et al. (294, 295) observed that particles with mean diameters of 50 

nm and 100 nm showed a higher uptake in the rat intestine than larger particles. Literature 

evidence also indicates that particles of less than 500 nm showed significantly higher 

absorption than larger particles (1-10 μm) (296). It has been also reported that nanoparticles 

are able to penetrate through the submucosal layers while the larger microparticles are 

predominantly localized in the epithelial lining (297). These findings suggest that cellular 

internalization: phagocytosis, macropinocytosis, caveolin - and clathrin - dependent 

endocytosis, and caveolin - and clathrin - independent endocytosis may also be related to 

particle size. Caveolin - and clathrin - dependent and caveolin - and clathrin - independent 

endocytosis is most relevant to particles of 50-150 nm in diameter (298). Particles less than 

10 nm undergo renal filtration through the glomerular capillary wall and are not reabsorbed 

(299). Thus, to reduce the mononuclear phagocyte system (MPS) uptake and to prolong 

blood circulation time, most therapeutic liposomes and lipid nanoparticles are designed 

within 50-100 nm diameters. For instance, reduction of liposome size to 50 nm diameter 

greatly reduced MPS mediated clearance and achieved a plasma half-life similar to those 

achieved with PEGylated liposomes 100-150 nm in diameter (300, 301). In addition, 
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DaunoXome, a liposomal cancer therapeutic, consists of 45-80 nm diameter particles 

intended to reduce MPS uptake (302). 

Size distribution can be used to predict whether a delivery system will retain structure and 

function during storage or processing as well as an indicator of particle stability. Ideally, 

polymeric particles should have a reproducible, homogeneous and narrow size distribution. 

The uniformity and distribution of polymeric particles are represented by the polydispersity 

index (PDI). PDI is close to zero for a monodisperse samples, smaller for narrower 

distribution, and larger for a wider distribution. Two methods are commonly used to 

determine size and size distribution of particulate delivery system. The first is direct 

visualization using electron microscopy. Several variations on electron microscopy such as 

negative staining, freeze-fracture transmission electron microscopy (TEM), scanning electron 

microscopy (SEM) and cryo-TEM, provide valuable information on particles since they yield 

a view of morphology and surface properties and can resolve particles of varying size. 

However, organic surface ligands are difficult to resolve owing to their low electron density, 

so the TEM determined size mainly reflects the size of the core. In addition, electron 

microscopy usually requires complicated sample preparation, can generate artefacts, induce 

shrinkage and shape distortion, and may be time consuming to obtain a representative size 

distribution of the population, thus electron microscopy is not always amenable to routine 

measurement (303). The second is an indirect method, dynamic light scattering, also referred 

to as photon correlation spectroscopy (PCS). PCS measures the time dependent fluctuations 

of light scattered from particle exhibiting Brownian motion, which results from collisions 

between suspended particles and solvent molecules (304). As a result, it provides information 

on the mean size of the sample and on the width of the size distribution from aqueous 

suspensions of particles. However, this method suffers from low sensitivity toward small 

particles and possible interference from light-absorbing species (305). PCS is not a suitable 

and precise technique for the characterization of inhomogeneous spheres. Ingebrigtsen and 

Brandl (306) reported that PCS appeared to underestimate very small particles below 30 nm 

if a small proportion of larger particles were present. Therefore, a combination of dynamic 

light scattering and electron microscopy techniques is helpful to overcome the weakness of 

the single techniques. 

Depending on the lipid composition and the head group of lipids, liposomes or SLPs may 

carry a negative, neutral or positive net charge. The overall net charge of the particles is 

typically expressed as zeta potential. Zeta potential is the electrical potential at the plane of 
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shear as particles move in an electrical field, providing an indication of the surface charge of 

the particles (307). Zeta potential determines inter-particle interactions and hence contributes 

towards resistance to aggregation. Particles without charge have higher tendency to aggregate 

than those with net charge. Lipid particles with zeta potentials more positive than + 30 

millivolt (mV) or more negative than - 30 mV are considered stable, when combined with 

steric stabilization, ± 20 mV is sufficient (308).The zeta potential can also be used to 

determine whether a charged active material is encapsulated within the centre of the 

nanocapsule or adsorbed onto the surface. PCS may be combined within zeta potential 

measurement within the one instrument. 

In solution, surface charge of particles depends on the lipid head group composition, salt and 

pH. At physiologic pH 7.4, liposomes composed of SPH, PC, or PE carry a neutral net 

charge, whereas PS and PG exhibit one negative net charge. Respect to SLPs, most of solid 

triglycerides shown in Table 1.4 gives a negative charge on the surface (309). Similar to 

particle size, the nature and density of the surface charge may impact pharmacokinetics, 

biodistribution, cellular affinity and drug internalization. Generally, the plasma membrane of 

cells is negatively charged. Hence, nanoparticles with positive charges are easily adsorbed on 

negatively charged areas of cell membrane and further translocated into cytoplasm via direct 

penetration and various endocytosis pathways (310). For example, Liu et al. (311) revealed 

that the cell uptake of curcumin was greatly enhanced by encapsulating into cationic 

chitosan/PCL nanoparticles. Furthermore, Jiang et al. (312) designed a cationic core-shell 

liponanoparticle by enveloping the plasmid-laden chitosan nanoparticle into a cationic lipid 

shell, showing that the cellular uptake increased up to 1.25-fold and 5-fold than that of 

chitosan nanoparticles and lipid-coated chitosan nanoparticles. However, cationic lipid 

particle therapeutic have not been approved by the USA Food and drug administration 

(FDA). Possibly because cationic particles have been claimed to enhance cytotoxicity (313). 

Cationic charge also posses a membrane destabilizing and concomitantly destructive effect 

resulting from an interaction of positive charge and negative charge of membrane (314). 

Although the positively charged areas on the cell membranes are much less than the 

negatively charged areas, negatively charged nanoparticles could be internalized by certain 

cells even though negatively charged nanoparticles gave rise to repelling interactions with 

negatively charged cell membranes (315). Non-phagocytic cells, such as those in tumours, 

have a preference for nanoparticles with slight negative charges (316). Moreover, negatively 

charged nanoparticles are cleared more slowly from the blood compared with positively 
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charged nanoparticles and remained in blood stream for longer time (317). Because cationic 

lipid nanoparticles with net positive charges have a tendency to interact with proteins in 

serum and lead to enhance uptake by the MPA and cause a rapid clearance by the lung, liver 

or spleen (318). Also, negatively charged particles had lower cytotoxicity compared with 

positively charged and have been approved by FDA for some particulate therapeutics (313). 

In summary, both positive and negative zeta potential have their benefits. Therefore, the 

surface charge density of nanoparticles should be optimized for minimal toxicity and 

effective intracellular delivery of encapsulated drug. 

1.9.2 Drug loading, drug release and drug absorption 

As noted previously, liposomes load hydrophilic drugs in the aqueous core and hydrophobic 

drugs in the lipid bilayered membrane. In SLPs, the drug locates between fatty acid chains, 

between lipid layers, in lipid crystal imperfections. Ideally a successful nanoparticulate 

system should have a high drug-loading capacity thereby reduce the quantity of matrix 

materials for administration. Drug loading is highly dependent on the solid-state drug 

solubility in matrix materials, which is related to lipid composition, surfactant, drug MW, or 

different preparation techniques (319-321). 

EE and drug loading capacity are frequently used terms to express the successfulness of 

loading and the amounts of drugs in the particles. The EE (%) is the amount of the drug 

loaded into the particles divided by the total amount of the drug both inside and remaining 

outside the formulation (i.e. unsuccessfully encapsulated). The EE of drug into the particles 

can be determined directly or indirectly (322). In the direct way, the drug content is extracted 

by dissolving the particles in a suitable solvent and analyzed for amount. In the indirect 

method, ultracentrifugation is utilized to separate efficiently the particles from the 

supernatant and the supernatant is analyzed for the free drug concentration. Moreover, drug 

loading capacity (weight per weight) (w/w) shows the percentage of drug in relation to the 

dry particles which serves to estimate the effectiveness and ability of the particles to 

encapsulate and hold the drug. 

Drugs stably entrapped inside a particulate delivery system are not biologically active and 

must be released to gain access to their target. Drug release from the lipid based nanoparticles 

may follow four mechanisms: First mechanism involves pH dependent neutralisation of 

charged functional groups of lipid core components (323); Second mechanism involves pH 

dependent hydrolysis of non-charged components integrated in lipid core (324); Third 
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mechanism involves thiolysis of disulfide bonds present in lipids. Thiolysis occurs by change 

of redox potential of surrounding environment, for example on moving from extracellular 

surface to cytoplasm (325); and fourth mechanism uses temperature for release of drug (326). 

In addition, the kinetic profile of drug release may exhibit different profiles: such as zero-

order, monophasic, biphasic, and triphasic, depending on the dynamics of any initial burst 

release, diffusion through the lipid matrix and pores, and the stages of degradation and 

erosion (327). Zero-order release is desirable where a constant release rate is maintained, but 

a tri-phasic profile is probably most common (328, 329). The classic tri-phasic release profile 

is given in Figure 1.6. 

 

Figure 1.6 Tri-phasic release profile consisting of phase I (burst), phase II (sustain release) 
and phase III (second burst). 

Phase I is described as a burst release and is attributed to surface-bound (or very near surface) 

and poorly encapsulated drugs or rapid disintegration of the matrix (330, 331). Phase II is a 

characteristic of a slow diffusion-controlled release which may be attributed to binding or 

entrapment of the drug within the lipid matrix (332). Phase III is due to erosion-controlled 

release which is usually a period of faster release, commencing at the onset of erosion (329). 

The release mechanisms are mainly based on the diffusion coefficient of the drug and 

biodegradation rate of lipid matrix. However, large particles often exhibit this tri-phasic 

release due to heterogeneous degradation, and small particles exhibit a bi-phasic release 

profile with a relative rapid second phase (333, 334). Combining particles of different size 
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has been shown to offer a means of altering the overall drug release profile, from a Fickian 

diffusion profile and a sigmoidal profile to a zero-order profile (335). 

To obtain sustained drug release, changing the content of the lipid core to tighten the fluidity 

is the common approach. For example, Incorporation of other lipidic molecules such as 

cholesterol into a liposomal bilayer may lead to a decrease in membrane fluidity and reduce 

the leakage of drugs from liposomes (336); Triglycerides with long chain fatty acids showed 

slower drug release from the SLPs matrix compared with short chain fatty acids (337). If a 

lipid nanoparticle is coated by polymer, the release is then controlled by diffusion of the drug 

from the lipid core across the polymeric membrane. The membrane coating acts as a barrier 

to release, therefore, the solubility and diffusivity of drug in polymer membrane becomes 

determining factor in drug release. In vitro methods that have been commonly used to 

investigate release profiles include: side-by-side such as Ussing chambers or Franz-type 

diffusion cells with artificial or biological membranes (cell culture models and tissue 

preparations), dialysis bag diffusion or reverse dialysis set-ups, ultracentrifugation or 

ultrafiltration (338-340). 

Absorption is a vital process by which molecules after digestion are circulated throughout the 

body by blood and lymph. This process takes place from the mouth to the stomach, small 

intestine and finally colon. There are four distinct mechanisms for molecules to cross the cell 

membrane: via paracellular, transcellular, carrier-mediated, and receptor-mediated transport. 

The paracellular transport is the pathway of substances across an epithelium by passing 

through the intercellular spaces in between enterocytes under the control of tight junctions. 

The average size of aqueous pores created by epithelial tight junctions is approximately 7-9 

nm for the jejunum, 3-4 nm for the ileum, and 8-9 nm for the colon in the human intestine 

(341). This data suggests that solutes with a molecular radius exceeding 15 nm 

(approximately 3.5 kDa) cannot be transported via this route (342). Furthermore, tight 

junctions comprise only about 0.01% of the total absorption surface area of the intestine 

(343). The carrier-mediated transport is suitable and utilized by small hydrophilic molecules, 

e.g. small di/tri peptides, monosaccharides, and amino acids (344). In receptor-mediated 

transport, drug carriers require a receptor specific ligand for cell surface receptors or a 

receptor for cell surface ligands (345). Consequently, Lf load nanoparticle across mucosal 

epithelia using paracellular transport, carrier-mediated transport and receptor-mediated 

transport is severely restricted. Transcellular transport occurs through the intestinal epithelial 

cells by transcytosis, a particular process by which particles are taken up by cells. This starts 
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with an endocytic process that takes place at the cell apical membrane. The membrane 

invaginates and pinches off to form enclosed vesicles. Then, particles are transported through 

the cells and released at the basolateral membrane. Particle uptake by the transcellular 

transport includes (A) Enterocytes transport and (B) M cell transport (Figure 1.7).  

 

 

 

 

 

 

 

 

 

Figure 1.7 Absorption of nanoparticles through intestine after oral administrations: (A) 
Enterocytes absorption and (B) M cell uptake. 

Enterocytes represent the majority of cells lining the GI tract and M cells are mainly located 

within the epithelium of Peyer's patches and represent a very small proportion of the 

intestinal epithelium (5% of the human follicle-associated epithelium, i.e., about 1% of the 

total intestinal surface) (346). M cells represent a potential portal for oral delivery of proteins 

and peptides due to their high endocytosis ability. M cells possess a high transcytotic capacity 

and transport a wide variety of materials, including nanoparticles (347, 348). A study carried 

out by Yuan et al. (349) reported that ~ 77.9% of absorbed SLPs was transported into 

systematic circulation via lymph through M cell uptake, which is the major transport 

pathway. The rest of the absorbed SLPs were transported directly into blood through capillary 

vessel or intestinal epithelial cells by exploiting enterocyte uptake. In addition, Li et al. (350) 

also showed enhanced oral absorption of drug-loaded SLPs through different segments of the 

GI tract with different patterns and extents of absorption. The results indicated that SLPs 

could be absorbed in all GI tract segments with different percentage and pattern of 

absorption. The absorption of SLPs was only 6% from stomach while 82% from intestine and 
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colon region. Permeation of drug loaded liposomes through the GI epithelial cells after oral 

administration also has been reported by several research groups (351, 352), suggesting that 

large surface for adhesion (presence of M cells in Peyer’s patches) were preferable 

mechanism of oral uptake of nanoparticles in intestine and colon. Enhancement of drug 

absorption can be achieved by modulation of drug or particle transport. It has been shown 

that polymers (e.g. chitosan) were able to enhance the absorption of protein drug release from 

the particle (353). In addition, the use of mucoadhesive polymer coating enables these lipid 

based nanoparticles to increase the chance for mucosal absorption into lymphatic circulation, 

especially by lactoeals (354). Compounds absorbed by the intestinal lymphatics drain via the 

thoracic lymph and enter the systemic circulation at the junction of the left internal jugular 

vein and the left subclavian vein, thereby avoiding potential first-pass metabolism. 

Caco-2 cell monolayers were used to model human intestinal absorption and have become a 

standard tool for the predication of intestinal drug absorption and for mechanistic 

investigations of drug transport (355, 356). Originally isolated from a human colon 

adenocarcinoma, Caco-2 cells undergo spontaneous enterocytic differentiation in culture to 

resemble epithelial cells of the small intestine (357). When grown to confluence, cell polarity 

and tight junctions are established in the Caco-2 cell monolayers and several active transport 

systems are expressed as in the walls of the human small intestine. 

1.9.3 Drug stability  

Stability of lipid nanoparticulates is mainly related to either stability of encapsulated 

therapeutic drug or lipids in their nanoparticulate form, since they are more prone to 

degradation or coalescence. Besides the instability of bLf in GI tract which discussed in 

section 1.3, special care has to be taken since stability problems can easily disrupt the protein 

structures when exposed to various types of stress during formulating processes (Table 1.7).  
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Table 1.7 Main stress factors which potentially impede protein stability during 
manufacturing. Summarised from Hawe et al. (358) 

Stress Factor Encountered 

Elevated temperature Rotary evaporation; Ultrasonication; Specific production processes 

(e.g. spray-drying) 

Freezing, freeze-thawing Accidental freezing during storage; Storage of frozen (bulk) material; 

Lyophilization 

Mechanical stress Production (pumping, filtration, stirring, and so on); Handling (e.g. 

shaking) 

Light Exposure to daylight or artificial light during production, storage or 

handling; UV detection during downstream processing 

Oxidative stress Contact with oxygen (air, dissolved O2); Excipients (e.g. peroxide 

impurities in polysorbate); Metal ion traces from production 

equipment or excipients; Light; Vaporized sanitation agents (e.g. 

vaporized hydrogen peroxide); Cavitation 

pH changes Formulation; Dilution  

 

With increasing temperature, proteins may undergo conformational changes such as 

unfolding or partial unfolding. These changes may subsequently lead to other degradation 

reactions, including aggregation. Starting from the onset temperature of unfolding toward the 

denaturation temperature (Tm) of the protein, a gradual destabilization of the native protein 

state becomes apparent, which often leads to the loss of protein secondary or tertiary structure 

(or both) (359). Consequently, the protein changes its physical state, but the chemical 

composition remains the same. Such behaviour is often observed using DSC and FTIR (360). 

In DSC protein unfolding gives an endothermic peak whereas aggregation is shown as an 

exothermic peak. The FITR technique is used to determination of secondary structure of 

proteins and any changes in the secondary structure or any interaction with other excipients, 

which can be evaluated by looking at the amide regions. Apart from physical instabilities, 

chemical instabilities may also take place in degradation processes that make or break 

covalent bonds, generating new chemical entities. This includes deamidation, hydrolysis and 

oxidation (361). Deamidation, which involves the hydrolysis of asparagine and glutamine 

side chain amides, was regarded as the most common chemical degradation pathway for 

peptides and proteins. Subsequently, hydrolysis is a continuation step after deamidation of 

asparagine residue in protein therapeutics. There were a few examples of deamidation in 
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pharmaceutically relevant proteins, including human growth hormone (362), insulin (363), 

and BSA (364).  

Chemical degradation of a protein due to oxidation is the other primary degradation process 

that occurs, along with the hydrolytic reactions described above. Any protein that contains 

methionine, cysteine, tyrosine and tryptophan amino acids can be potentially damaged by 

reaction with any of a number of reactive oxygen species (365-367). Oxidation of these 

reactive side chains in a protein can occur during any stage of protein production, 

purification, formulation and storage. Even presence of less than 1 % of atmospheric oxygen 

in the vial is sufficient to produce complete oxidation. Chemically degraded proteins and 

peptides are often monitored by high performance liquid chromatography (HPLC), mass 

spectrometry (MS), and sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE). In case of HPLC, reserve phase HPLC (RP-HPLC) is widely used for quantitation 

and separation of protein and peptide fragments. Due to the sensitivity of reversed-phase 

interactions with peptides, any changes in a peptide result in a change in the retention time of 

that peptide. By interfacing with MS, HPLC-MS further confirms the purity of each peak or 

shows that two or more peptides are coeluting and reports their MW. There were various 

examples to study the integrity of proteins using HPLC-MS (368-370). In contrast, SDS-

PAGE is another commonly used tool for separating proteins based on their ability to move 

within an electrical current, which is a function of the length of their polypeptide chains or of 

their MW. This is achieved by adding SDS detergent to remove secondary and tertiary 

protein structures and to maintain the proteins as polypeptide chains purity (371). SDS-PAGE 

allows direct visualization of protein degradation. But it requires a lot of manual effort and is 

time consuming. 

With respect to lipid matrix in particle delivery system, various external energy sources, 

including temperature, acidic stress, fluid mobility and along with a mixture of enzymes such 

as lipase or colipase present on entire GI tract segment also can cause the degradation of the 

natural lipid composition, especially for phospholipids. Oxidation of phospholipids in 

liposomes mainly takes place in unsaturated fatty acyl chain-carrying phospholipids, and 

saturated fatty acids can also be oxidized at high temperatures (372). Phospholipids 

containing polyunsaturated fatty acids are the most sensitive to radical formation. If oxygen is 

present, the process is developed further and the formation of hydroperoxides fission of the 

fatty acid chain can occur (373). Hydrolytic degradation starts with cleavage of the ester bond 

either on sn-1 or sn-2 position of a phospholipid and continues by cleaving off the second 
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fatty acid (374). Hydrolysis of esters is catalysed in the presence of acid and base. The 

hydrolytic stability is thus pH-dependent and has an optimum pH around 6.5 in the case of 

PC (375). The effect of temperature on the hydrolysis of phospholipids could be described by 

Arrhenius kinetics, and hydrolytic degradation accelerates as the temperature rises (376). 

Hydrolysis of phospholipids cannot be avoided unless water is fully removed by means of 

drying methods. Degradation velocity and thus stability was dependent on the nature of the 

lipid matrix. For instance, SLPs prepared using shorter chain lipids showed higher 

degradation than that of prepared using longer chain lipids (207).  

The stability of lipids in enzymatic solution of pancreatic lipase and colipase was usually 

estimated by measuring the free fatty acids (FFA) content by pH titration (377). The sample 

is placed in a temperature-controlled vessel under stirring, containing appropriate 

concentrations of digestive components mimicking GI fluid. pH is constantly measured using 

a pH electrode. As lipolysis takes place, one triglyceride molecule produces two FFA and one 

2-monoglyceride. The released fatty acids produce a drop in pH, which is compensated by the 

addition of sodium hydroxide (NaOH) to maintain a constant pH. The concentration of added 

NaOH is then recorded versus time and therefore the amount of released FFA can be inferred, 

since a 1:1 reaction between NaOH and FFA is assumed (378). Nevertheless, pH titration 

does not provide any information about the individual products of lipolysis and their rate of 

formation, since it takes into account only FFA as lipolysis product and it does not 

differentiate between FFA. To overcome this weakness, Wulff-Perez et al. (379) employed 

HPLC and HPLC-MS to study the fate of a particular lipolytic product, and found a 

qualitative correlation compared with those obtained using conventional pH titration. 

Forced degradation studies have to go hand in hand with analytical characterization 

mentioned above. Because the outcome of these studies depends on not only the analytical 

methods included to assess stability, but also the conditions applied. The exposure to various 

extreme conditions summarized in Table 1.7 can be considered as a stress method to address 

the robustness of a drug loaded particulate delivery system during processing and 

formulation. Such conditions can have influences on changes in the average particle size and 

size distribution due to vesicle aggregation and fusion and loss of entrapped materials due to 

leakage, thus accelerating the chemical and physical degradation of entrapped protein or lipid 

compositions. 
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1.9.4 Pharmacokinetics, oral bioavailability and safety 

Pharmacokinetics is the study of the time course of the absorption, distribution, metabolism 

and excretion of a drug, which referred to as ‘‘what the body does to a drug’’. There are four 

pharmacokinetics parameters which are the most useful in characterizing the in vivo 

disposition of a drug (380), including clearance, volume of distribution, half-life and 

bioavailability. Almost all pharmacokinetics of particle delivery systems are based on 

quantification of drug remained in the blood or plasma over time following its administration. 

However, plasma is more widely analyzed than blood because sample preparation and 

analysis methods are easier for plasma than for blood. 

To estimate pharmacokinetic parameters from plasma concentration versus time profiles, 

non-compartmental analysis is more commonly used than compartmental analysis due to 

requiring minimal a priori assumptions on the structure of the pharmacokinetic model. The 

non-compartmental approach is based on the area under the drug concentration versus time 

cure (AUC) and the mean residence time (MRT) (381). From a pharmacokinetic perspective, 

the bioavailability is the fraction of an extravascularly administered dose that reaches the 

systemic circulation. Bioavailability may be assessed by measurements intended to reflect the 

rate and extent to which the active drug become available at the site of action. A drug given 

by the intravenous route is considered to have an absolute bioavailability of 100%. Hence, to 

determine absolute oral bioavailability of a drug, a pharmacokinetic study must be done to 

obtain a plasma concentration vs time plot for the drug after both intravenous and oral 

administration. The absolute bioavailability is then determined by calculating the ratio of the 

dose-corrected AUC oral to AUC intravenous. Relative bioavailability (Fbio %) is employed 

to assess bioequivalence between two drug formulations, which similarly calculated as the 

ratio of the dose-normalized AUC of the test formulation to the dose-normalized AUC of the 

reference formulation. The MRT is the arithmetic mean of the duration that a compound 

resides in the body before being eliminated. Formulation of drugs in lipid based 

nanoparticulates generally leads to enhanced MRT in the systemic circulation as well as in 

various tissues. Yang et al. (382) and Yang et al. (383) reported that MRT of drug loaded 

SLPs in systemic circulation increased 18 times by the intravenous route and 2 times by the 

oral administration, respectively. The reason behind this enhanced MRT may be the delayed 

elimination of drug, since it takes place only after the drug is released from the lipid matrix. 
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A true estimate of the total body or systemic clearance of a drug can be obtained from its 

concentration versus time profile after administration. This is because systemic clearance of a 

drug is defined as its rate of elimination from the body normalized to the concentration of the 

drug in the body fluid (plasma or blood) in which the drug is introduced. For oral delivery, 

Cmax and tmax are critical to pharmacokinetics behaviours, Cmax is the highest drug 

concentration after administration, and tmax is the time at which Cmax is observed. The volume 

of distribution is a direct measure of the accumulation from the plasma to several tissue 

compartments including brain, kidneys, liver, spleen, lungs, heart, blood, and tumor if 

applicable (384). In many studies, following oral administration of the nanocarriers, organs 

are harvested and analyzed for nanoparticle and drug content using analytical techniques (e.g. 

HPLC) (385). And lastly, terminal half-life (t1/2) is the time required to reduce the 

concentration in blood or plasma to one-half after equilibrium has been reached. This 

parameter can be determined from the slope of the terminal line of a semilogarithmic plot by 

regression analysis. This parameter is important for the selection of the type (matrix) of lipid 

based particle delivery systems. The shorter the terminal t1/2 the greater will be the amount of 

the drug that will be incorporated into the system.  

The cytotoxicity of oral drug delivery systems has been estimated by the (4,5-

dimethylthiazol-2-yl) 2,5-dyphenyltetrazolium bromide (MTT) assay, which assesses the 

mitochondrial function of the Caco-2 cells (386). Only live cells are able to react with the 

MTT reagent. Other studies could be carried out to study different cytotoxic effects, such as 

the oxidative potential, i.e. the effect of lipid peroxidation of the nanocarriers in cells (387). 

Lipid based carriers are well tolerated in living systems because they are made of 

physiological or physiological similar compounds and therefore, metabolic pathways exist 

decreasing the risk of acute and chronic toxicity. For example, cytotoxicity of chitosan-coated 

liposomes was decreased towards Caco-2 cells (388). Nonetheless, the toxicity of 

components of the aqueous phase, especially non-ionic emulsifiers and preservatives that 

have been used for stabilizing these particles, has to be considered. 

1.10 Preparation of bioadhesive liposomes and SLPs 

The method of preparing bioadhesive lipid based nanoparticles involves two basic stages: 

Preparation of non-coated nanoparticulates and coating of these prepared particles with 

polymers by electrostatic interaction. The thin-film hydration is the most simple and widely 

used method for preparation of liposomes (389). Briefly, a lipid phase was prepared by 
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dissolving an accurately weighed quantity of the lipids in the organic solvent using a round-

bottom flask. The solvent mixture was removed from the lipid phase by rotary evaporation 

resulting on the thin film of lipids. The dry thin film was hydrated with an aqueous buffer at a 

temperature above Tc (390). But this method has limited use because of its low encapsulation 

ability and difficulty with scale-up. Microfluidization (high-pressure homogenization) is 

considered as commercially-feasible method that can be directly scaled-up to accomplish 

large-scale production of liposomes. In microfluidization, the phospholipid and the material 

to be entrapped are dispersed in a liquid phase. This may be water, an aqueous buffer 

solution, or a solvent, depending on the solubilities of the components. The solution is 

pressurized in continuous flow, and split into two streams that are then forced together at high 

velocity. The resulting release of kinetic energy provides the required activation energy to 

break up the large phospholipid bilayer sheets into smaller fragments (391). To minimize 

surface energy, the ends wrap around, forming bilayer liposomes. However, the input of high 

mechanical energy may cause metal particle formation, deterioration of lipids and proteins. 

Therefore, focus has been directed towards the reverse phase evaporation (REV) method 

which has been used to encapsulate macromolecules with high efficiency (392). Accordingly, 

a lipid solution in organic solvents is introduced into a round flask and the organic solvent is 

removed under reduced pressure in a rotary evaporator. The lipids are re-dissolved in the 

organic solvent to promote liposome formation. Then, a buffer as an aqueous phase is mixed 

with the organic phase forming an emulsion after sonication. The emulsion is evaporated to 

remove the organic solvent until a gel is formed and broken to become a semi-transparent 

liquid indicating the formation of the liposomes. 

Techniques commonly used to produce SLPs include; the high pressure homogenization, 

microemulsion and solvent emulsification-evaporation method. Basically, there are two 

approaches for SLPs production by high pressure homogenization namely hot and cold 

homogenization techniques. In both the techniques, the drug is dissolved or solubilized in the 

lipid being melted at approximately 5-10 ºC above its melting point. For the hot 

homogenization technique, the drug-containing melt is dispersed under stirring in a hot 

aqueous surfactant solution at the same temperature. Then the obtained pre-emulsion is 

homogenized using a piston-gap homogenizer, the resulted hot O/W nanoemulsion is cooled 

down to room temperature and the obtained lipids recrystallize forming the SLPs (393). For 

the cold homogenization technique, the drug lipid mixture is rapidly cooled to solid state. The 

solid lipid ground to lipid microparticles that are dispersed in a cold surfactant solution 
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yielding a pre-suspension. This pre-suspension is subjected to high pressure homogenization 

at room or below room temperature, where the cavitation force is strong enough to break the 

microparticles to SLPs (394). Refer to microemulsion technique, the solid lipids are melted at 

a temperature above the melting point of the lipids. Then, a mixture of drug, surfactant and 

co-surfactant is heated to same temperature as the lipid and then added to melted lipid under 

mild stirring. Subsequent addition of the microemulsion to water leads to precipitation of the 

lipid phase forming fine particles (395). The disadvantage associated with those techniques is 

that the degradation rate of drug and carrier increases significantly due to high temperature. 

Even cold homogenization only minimizes the thermal exposure of drug, but it does not 

avoid it completely due to melting of the lipid/drug mixture in the first step of preparation. 

Hence, this thesis has focuses on producing SLPs by the emulsion/solvent evaporation 

method. The emulsion/solvent evaporation method firstly used for SLPs preparation was 

described by Sjostrom and Bergenstahl (396). In this method, SLPs are prepared by 

dissolving the mixture of drug and lipid in the solvent. Then the aqueous solution containing 

the surfactant is added slowly to the organic phase in a sonicator bath. The suspensions are 

poured into the surfactant solution under continual stirring to allow solvent evaporation. 

Furthermore, Trottal et al. (397) developed a solvent diffusion method to obtain the SLPs. 

Distinct from solvent evaporation method, the initial O/W emulsions containing drug, lipid, 

solvent and surfactant are poured into cold water and stirred to extract the solvent into the 

continuous phase. Subsequently, the particles are isolated by centrifugation. To achieve a fast 

separation of SLPs from the SLPs suspension, the initial O/W emulsions could be poured into 

the acid solution (e.g. hydrochloric acid) instead of cold water (398). Under very lower pH 

condition, the zeta potential of system is more nearly zero, attribute to aggregation of the 

SLPs, and it is easy to be separated by the centrifugation. 
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1.11 Thesis aims and structure 

This review Chapter has provided background knowledge and laid a foundation for the 

current research on the barriers for oral delivery of bLf and the rationales for using lipid 

based delivery carriers. As outlined in Section 1.5, bioadhesive lipid particles have the 

potential to be effective oral carrier systems. They have the ability to protect drug against 

enzymatic degradation in GI tract, control drug release, increase contact time with the 

mucous membrane, and enhance drug absorption. 

The aim of this thesis is to develop, formulate and characterise novel oral delivery systems 

for improving oral bioavailability of bLf via liposomes and SLPs coated using pectin and 

chitosan. To achieve this aim the following specific objectives were envisaged: 

1. To develop and validate an isocratic RP-HPLC method for qualifying and quantifying 

bLf and its proteolytic degradation in simulated GI fluids and rat GI fluids (Chapter 2). 

 

2. To prepare, optimise and characterize bioadhesive lipid particles (Chapter 3): 

i. Preparation of bLf loaded liposomes and SLPs and optimization of 

formulations by changing various parameters using experimental design. 

 

ii. Surface modification of the optimized liposomes and SLPs using pectin and 

chitosan. 

 

iii. Characterization of the physico-chemical properties of pectin and chitosan 

coated liposomes and SLPs such as morphology, release profiles and 

interactions among drug, lipid and polymer. 

3. To evaluate the physico-chemical stability of pectin and chitosan coated liposomes and 

SLPs when exposed to specific conditions, including pH adjustment, thermal treatment, 

ionic strength, long term storage and simulated intestinal fluid (SIF) (Chapter 4). 

 

4. To perform in vitro and in vivo evaluation of bLf loaded pectin and chitosan coated 

liposomes and SLPs (Chapter 5): 
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i. Investigation of cytotoxicity, cellular uptake and transport mechanism of free 

bLf and bLf loaded novel delivery systems using Caco-2 cell monolayer as in 

vitro model. 

 

ii. Pharmacokinetic study of free bLf and bLf loaded novel delivery systems 

using an in vivo rat tail vein model. 

The final chapter (Chapter 6) presents the general discussion and future directions arising 

from this work. 
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Chapter 2 HPLC METHOD FOR DETERMINATION 
bLf AND ITS DEGRADATION 

2.1 Introduction 

The enzyme linked immunosorbent assay (ELISA) can be used to determine bLf 

concentration at nanogram/milliliter (ng/mL) levels (399). However, this very sensitive 

technique suffers from high cost and sometimes cross reactivity with similar molecules. 

Therefore, to use routinely, an easy and low cost detection method is required to determine 

bLf concentration in biological fluid or preparations. HPLC in its various modes has become 

the pivotal technique in the isolation and characterization of peptides and proteins (400). In 

particular, RP-HPLC has been utilized to identify casein variants and whey protein variants in 

bovine milk widely (401), but they suffered from insufficient resolution and sensitivity for 

analyzing milk proteins at low concentrations. Furthermore, the different iron saturation of 

bLf might affect their physicochemical properties (25), which in turn might affect their HPLC 

separation performance. Hence, the challenge of analyzing bLf by RP-HPLC is the selection 

of the initial separation conditions and subsequent optimization of the appropriate 

experimental parameters. 

Lipid based carriers can be used as oral delivery systems to protect proteins and peptides 

from proteolysis in the GI tract because of their ability to shield drugs from luminal and 

mucosal enzymatic attack (402, 403). However, the encapsulating systems must ensure the 

delivery of bLf in its native folding state to sustain biological activity. For protein molecules, 

HPLC also has been widely employed to evaluate their stability, since it allows the 

identification of entire proteins or the peptide fragments derived from protein transformation 

(404). In addition, evaluation of EE is a regulatory requirement for formulation development. 

In general, EE of drug in such potential carriers is determined based on separation of free 

drug from drug loaded carriers by centrifugation (405). Therefore, there is a compelling need 

for an HPLC method to evaluate encapsulated bLf and free bLf separately in a formulation. 

Enzymes in the GI tract catalyze degradative processes of bLf though hydrolytic cleavage of 

peptide bonds (protease) or chemical modification of the protein such as oxidation and 

phosphorylation (50). bLf has been reported to be completely degraded during passage 

through the stomach and the small intestine in humans (51). However, other studies report 

bLf partial degradation by enzymatic activity in GI tract (54, 55). bLf may also be hydrolyzed 
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by trypsin into fragments of various molecular mass, but larger fragments (> ~ 30 kDa) show 

resistance to further degradation (56). However a clear understanding of bLf degradation has 

proved difficult to ascertain as it has also been shown to resist major proteolytic degradation 

in the intestinal lumen of adult mice and was transported across the intestinal lumen intact 

(53-56). In order to limit the degradation of protein drugs during GI tract passage, enzymatic 

inhibitors have been successfully used to inhibit the proteolysis of various therapeutic 

peptides, such as insulin, metkephamid and buserelin (69-71). However, there are no studies 

reported on enzymatic inhibitors to inhibit bLf degradation. Identifying the exact 

contributions of enzymatic inhibitors would help to understand the mechanism of bLf 

degradation in the GI tract. 

In this chapter, the aim was to improve and validate the RP-HPLC method for a rapid 

determination of bLf. Blank liposomes and SLPs were spiked with bLf to investigate their 

influences on bLf separation as well as peak integrity. This kind of assay specificity would 

provide an indicator for bLf encapsulated delivery systems in subsequent studies. Various 

proteolytic enzymes were applied with bLf to investigate their influences on the stability of 

bLf by the validated RP-HPLC method. Isolated rat intestinal material was   further 

investigated as a “real digestive environment” to determine the kinetics of bLf degradation in 

two major compositions of intestinal fluids: luminal extracts and mucosal homogenates. 

Finally, four inhibitors including SBTI, sodium deoxycholate (SDA), bestatin and bacitracin, 

were evaluated to determine the extent to which inhibitors could prevent bLf proteolysis both 

in luminal extracts and mucosal homogenates. 

2.2 Materials 

Bovine lactoferrin (bLf) was provided by Fonterra (Palmerston North, NZ). Trifluoroacetic 

acid (TFA; Puriss p.a., for HPLC, ≥ 99% GC), L-a-phosphatidylcholine from soybean, 

cholesterol (Sigma, ≥ 99%), stearic acid (grade I, ≥ 99% GC), pepsin, trypsin, α-

chymotrypsin, SBTI, SDA, bestatin and bacitracin were purchased from Sigma Aldrich (St. 

Louis, USA). HPLC-grade acetonitrile and Tween® 80 for synthesis were purchased from 

Merck (Whitehouse Station, USA). Soybean lecithin was purchased from BDH (Poole, UK). 

Poloxamer 188 (Lutrol F68) was purchased from BASF (Ludwigshafen, Germany). All other 

reagents and chemicals were of analytical grade. 
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2.3 Methods 

2.3.1 Chromatographic conditions 

RP-HPLC analysis was performed using an Agilent 1100 HPLC system (Waldbronn, 

Germany) with a diode array UV detector G1315B. Data acquisition was provided through 

the Agilent ChemStation software (Rev.A.10.02). Absorbance was measured at the 

wavelength 210 nm. Separation was performed on a C18 HPLC column (Jupiter 5u C18 300R, 

250 × 4.6 mm, 5 µm, Pheonomenex, North Shore, NZ) fitted with a C18 guard column (10 × 

3.0 mm).  

The RP-HPLC gradient conditions are present in Table 2.1. A constant flow rate at 0.5 

mL/minute (mL/min) was used. The injection volume was 50 microliter (µL) and the column 

temperature was maintained at 37 °C. Mobile phase A consisted of 0.1% TFA in water and 

acetonitrile (95:5 volume per volume) (v/v). Mobile phase B consisted of 0.1% TFA in water 

and acetonitrile (5:95 v/v). Elution started with an isocratic elution from 35% mobile phase B 

for 1 min followed by a linear gradient to 60% mobile phase B for 19 min, and a final 5 min 

(post time) for equilibration.  

Table 2.1 RP-HPLC gradient conditions for bLf elution. 

 

 

 

 

Time (min) Mobile phase (B %) Flow rate (mL/min) 

0 35 0.5 

1 35 0.5 

6 45 0.5 

8 46 0.5 

10 48 0.5 

15 50 0.5 

18 55 0.5 

20 60 0.5 
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2.3.2 Stock solution preparation 

bLf stock (2 milligram) (mg) of was accurately weighted into 10 mL volumetric flask to 

which distilled water (5 mL) was added followed by sonication (Bandelin sonorex, Berlin, 

Germany) for 5 min. Distilled water was added to volume (10 mL) to give a final stock 

solution concentration of 0.2 mg/mL bLf. A series of 5, 15, 25, 50, 75 and 100 

microgram/mL (µg/mL) bLf standards were prepared by transferring 25, 75, 125, 250, 375 

and 500 µL respectively of the stock solution into separate graduated microtubes and diluting 

to 1 ml with mobile phase A. Standards solutions of bLf were stored at 4 °C for no more than 

1 hour (hr) before being discarded. 

2.3.3 Assay validation 

2.3.3.1 Specificity  

The specificity was demonstrated by comparing the peak area of standard bLf, bLf spiked 

blank liposomes and bLf spiked blank SLPs. The HPLC chromatograms were visually 

inspected for interfering peaks from endogenous substances. Blank liposomes were prepared 

by REV method as described by Szoka and Papahadjopoulos (392) with modifications. 

Briefly, L-α-phosphatidylcholine (32 mg) and cholesterol (8 mg) were accurately weighed 

into a round-bottom flask and dissolved into chloroform/methanol mixture (4:1 v/v) (10 mL). 

A thin lipid film was formed on the inner side of the flask by evaporating the organic solvents 

under vacuum at 40 °C, using a rotary evaporator (R215 rotavapor, Buchi, Flawil, 

Switzerland) followed by nitrogen flushing to remove residue solvents. The lipid film was 

redissolved in diethyl ether (10 mL), in which the reversed-phase vesicles were formed. Then 

5 mL of phosphate buffered saline (PBS) (0.1 molar (M), pH 7.4) containing Tween 80 (10 

mg) was mixed with the organic phase. The W/O emulsion was sonicated by using a probe 

sonicator (UP200S, Hielscher, Teltow, Germany) for 5 min at frequency of 0.5 cycles and 50% 

amplitude in an ice bath. The W/O emulsion was then placed on the rotary evaporator again, 

and a gel was obtained following evaporation of diethyl ether under atmospheric pressure at 

40 °C. The resultant gel was broken to form the liposomes by further vigorous rotary 

evaporation. Finally, another 5 mL of PBS (0.1 M, pH 7.4) was added with gentle vortex and 

the remaining fumes of diethyl ether were evacuated by nitrogen flushing. A final liposomes 

suspension ~ 10 mL was stored at 4 °C in a refrigerator. 
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Blank SLPs were prepared by emulsion/solvent evaporation method as described by Sjostrom 

and Bergenstahl (396). In brief, the organic phase was formed by dissolving 32 mg stearic 

acid and 8 mg lecithin in 10 mL of mixture of acetone/dichloromethane (DCM) (1:4 v/v). 

Then 5 mL of PBS (0.1 M, pH 7.4) was slowly added to the organic phase in a bath sonicator. 

The mixture was sonicated by probe sonicator for 5 min at frequency of 0.5 cycles and 50 % 

amplitude in an ice bath. The formed W/O primary emulsion was immediately poured into 25 

mL of PBS buffer (0.1 M, pH 7.4) containing 10 mg poloxamer 188 continuously stirred at 

500 revolutions per minute (rpm) (30 × g-force) (30 × g) and the solvent was added to 

evaporate for ~ 6 hr. The SLPs suspension ~ 30 mL was collected and stored at 4 °C in a 

refrigerator. 

Prior to HPLC analysis, blank liposomes and blank SLPs were passed 3 times through a 0.45 

µm syringe filter (Sartorius, Goettingen, Germany). The obtained solution was then diluted 

approximately 4.5-fold with mobile phase A for liposomes and 2-fold for SLPs. bLf was 

accurately weighted and dissolved into diluted liposome and SLP solutions, and gave a final 

concentration of 50 µg/mL bLf. 

2.3.3.2 Linearity 

A standard curve was obtained by plotting the peak area against six concentrations of the 

standard bLf solution in the range of 5-100 µg/ml (5, 15, 25, 50, 75 and 100 µg/ml). The 

slope, y-intercept and linearity of the curve were evaluated by linear regression analysis. 

2.3.3.3 Sensitivity  

Sensitivity was determined by evaluation of limit of detection (LOD) and limit of 

quantification (LOQ). LOD is the lowest concentration of the analyte the method can detect 

and LOQ is the lowest concentration that can be quantified accurately by the method. 

According to Internationl Conference on Harmonisation 1994, LOD and LOQ were 

expressed using the following equtions based on the standard deviation (SD) of the response 

(σ) and the slope (S): LOD = 3.3 σ/S; LOQ = 10 σ/S, where σ is the SD of y-intercepts of 

regression lines, S is the slope of the calibration curve. 
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2.3.3.4 Repeatability 

Repeatability was evaluated by calculating the percentage of relative standard deviation (% 

RSD) for results of five sample solutions of bLf at low, medium and high concentration 

levels (15, 50 and 75 µg/mL) during the same day. 

2.3.3.5 Recovery 

Recovery of bLf was calculated by comparing the results for the directly-injected bLf 

standards (10, 60 and 100 µg/mL) with the concentration of bLf in the blank liposomes and 

SLPs were 10, 60 and 100 µg/mL, respectively. 

2.3.3.6 Accuracy and precision 

Intra-day accuracy and precision were determined by three replicate analyses of 10, 60 and 

100 µg/mL standard solutions on the same day. Inter-day accuracy and precision were 

determined by the analysis of the same three standard solutions on three consecutive days. 

Precision was calculated in terms of % RSD of the results. Percentage of accuracy was 

calculated by dividing the means of measured concentrations to their true concentrations.   

2.3.4 Proteolysis of bLf in simulated GI fluids 

The protein substrate was prepared by dissolving bLf into PBS buffer (0.1 M, pH 7.4) (2 

mg/mL). bLf cleavage with pepsin, trypsin and α-chymotrypsin were conducted to simulate 

the human GI digestion process. Proteolysis of bLf in SGF was simulated by adding pepsin at 

pH 2 (adjusted with 1 M hydrogen chloride) (HCl). Trypsin and α-chymotrypsin (1:1) at pH 

7.4 (adjusted with 1 M NaOH) simulated the intestinal fluid. The enzyme/substrate mixture 

was incubated at 37 °C with a ratio of 1/20,000 (w/w). Samples were taken at various times 

(0, 5, 10, 15, 30, 45, 60, 90, 120, 150 and 180 min). Subsequently, the samples were placed in 

a boiling water bath for 5 min to inactive enzyme activity, and centrifuged at 13,400 rpm 

(21,480 × g) for 5 min at 4 °C. The supernatants were applied to RP-HPLC system for 

separation of proteolytic fragments under step gradient condition described in Section 2.3.1. 

Furthermore, the rate constant of proteolysis (k) was determined by monitoring the 

disappearance of an intact bLf in a degradation reaction by RP-HPLC method. Nonlinear 

curve-fitting of the plot of the band intensity versus time to a first-order rate equation gives a 

k value. The first-order model can be expressed by the following equation: log10 [At]/[A0] = -
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k.t, where At was the concentration of the intact bLf (µg/mL) at the incubation time t (min), 

Ao was the initial concentration of bLf, and k was the first order rate constant. 

2.3.5 Proteolysis of bLf in rat GI fluids 

2.3.5.1 Preparation of luminal extracts and mucosal homogenates  

Adult male Wistar rats (n = 3) were obtained from the Vernon Jansen Unit (University of 

Auckland, New Zealand). They were euthanized using high concentration CO2. A midline 

incision was made, the intestine removed and the different regions of intestine such as the 

duodenum, jejunum, ileum, and proximal colon were identified and sectioned as described by 

Lonnberg (406). The luminal extracts of each region were removed, diluted with a minimal 

volume of 0.125 M sodium chloride (NaCl) solution and then centrifuged at 13,400 rpm 

(21,480 × g) (Minispin, Eppendorf, Germany) for 15 min at 4 °C. The supernatants were 

collected and diluted to 5 mL with PBS (50 millimolar (mM), pH 7.4). Aliquots (1 mL) were 

placed in 1.5 mL labelled tubes, and separately stored at -80 °C. Similarly, the mucosal 

surface of each section of intestine was washed with PBS (50 mM, pH 7.4) and the mucosal 

tissue collected immediately by scraping off the epithelial cell layers with the edge of a 

microscope slide. The recovered tissue was then suspended in 5 mL of PBS (50 mM, pH 7.4) 

and centrifuged at 13,400 rpm (21,480 × g) for 15 min at 4 °C. Aliquots 1 mL was taken from 

the supernatants which contain brush border enzymes and stored at -80 °C until required. 

2.3.5.2 Analysis of total enzyme concentrations in the luminal extracts and mucosal 
homogenates 

The total concentration of proteins was determined by Pierce® bicinchoninic acid (BCA) 

protein assay (Thermo scientific, Waltham, USA). The assay was carried out as per the 

manufacturer’s protocol as follows: BSA standards ranging from 0 to 2000 µg/mL were 

prepared, and the BCA working reagent (WR) was prepared by mixing BCA Reagent A with 

Reagent B in a ratio of 50:1. 25 µL of each standard or sample was pipetting in triplicate into 

a 96-well plate followed by adding 200 µL of WR to each well. The plate was placed on a 

plate shaker for 30 seconds (s) and incubated at 37 °C for 30 min. After cooling to room 

temperature, the 96-well plate was read using a SepctraMax Plus 384 (Molecular Devices, 

Sunnyvale, USA) at 562 nm. The total amount of protein in each sample was determined by 

comparison with the BSA standard curve (y = 0.008x + 0.4932) (Figure 2.1). 
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Figure 2.1 BCA standard curve of total enzymes ranging from 0-2000 µg/mL (mean ± SD, n 
= 3, wavelength = 562 nm). 

2.3.5.3 bLf degradation by rat GI fluids 

The protein substrate was prepared by dissolving bLf (1 mg/mL) into PBS (0.1 M, pH 7.4) 

and warmed to 37 °C in a water bath. Frozen luminal extracts and frozen mucosal 

homogenates (enzymes) from each region were thawed and warmed to 37 °C in the water 

bath. Then enzyme-substrate mixture (1/1,400 w/w) was incubated at 37 °C. Samples (250 

µL) were taken at various times (0, 30, 60, 120, 180, 240, 300 and 360 min) to which was 

added 0.1 M HCl (50 µL) to terminate enzymatic activity. Collected samples were 

centrifuged at 13,400 rpm (21,480 × g) for 5 min at 4 °C and the supernatants analysed by 

RP-HPLC as described above for bLf content. Similarly, the rate constant of bLf proteolysis 

(k) in rat GI fluids was determined by first-order rate equation described in Section 2.3.4. 

2.3.6 Inhibition of proteolysis of bLf by various enzyme inhibitors 

Inhibition of enzymatic degradation was evaluated in vitro by incubating bLf in luminal 

extracts and mucosal homogenates in either the presence or absence of selected inhibitors. 

Four inhibitors were selected to inactive the enzyme: SBTI, SDA, bestatin and bacitracin. 

Briefly, luminal extracts or mucosal homogenates from each region (50 µL) were incubated 

for 30 min at 37 °C with 50 µL of PBS (0.1 M, pH 7.4) (as blank) or 50 µL of PBS 

containing various concentrations of enzymatic inhibitors: SBTI (0.25 or 1 mg/mL), SDA (2 

or 10 mM), bestatin (2.25 or 9 mM) and bacitracin (0.63 or 2.5 mM). The mixture was then 
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added to the bLf substrate (1 mg/mL) in an enzyme-substrate ratio of 1/1,400 (w/w). After 6 

hr incubation at 37 °C, enzymatic activity in samples (250 µL) were terminated by the 

addition of 0.1 M HCl (50 µL)  followed by centrifugation at 13,400 rpm (21,480 × g) for 5 

min at 4 °C. The supernatants were analyzed by RP-HPLC to determine the concentrations of 

the remaining bLf. 

2.3.7 Data analysis 

All data were expressed as mean ± SD. One-way analysis of variance was performed to 

assess the statistical significant difference between the data using SPSS Statistics Version 22 

software (IBM, Chicago, USA). Differences were considered to be statistically significant at 

*p < 0.05 or  **p < 0.01. 

2.4 Results 

2.4.1 Chromatography and specificity 

Specificity was assessed by comparing the chromatograms of the standard bLf with the 

corresponding spiked samples (Figure 2.2). The standard bLf exhibited a sharp and 

symmetric peak at 11.600 min, well separated from the solvent front. The spiked bLf samples 

(with blank liposomes and blank SLPs) maintained the peak corresponding to bLf at the 

retention time of 11.596 and 11.552 min, respectively. Under these chromatographic 

conditions, interferences from the matrix components on the retention time of standard bLf 

were not observed.  
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Figure 2.2 Chromatograms of standard bLf (50 µg/mL) (A), and the bLf samples which were 
spiked with blank liposomes (B) and blank SLPs (C) at 210 nm. The retention time of bLf 
was ~ 11.6 min. 
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2.4.2 Linearity, sensitivity and repeatability  

The assay exhibited linearity between the mean peak area (y) and the corresponding 

concentration of bLf (x), for 5-100 µg/mL. The typical equation obtained was y = 86.10x + 

178.31 (n = 3) (Figure 2.3). The results of linear regression analysis showed that the 

correlation coefficient (r2) of the standard curve was 0.9997. The LOD (found at 3.3 σ/S) and 

LOQ (found at 10 σ/S) were ~ 0.5 µg/mL and ~ 1.5 µg/mL respectively. The repeatability 

was obtained from the results from replicate measurements (n = 5) of each sample and it was 

expressed as % RSD. The mean RSD was 2.05% (Table 2.2), and demonstrated that the 

developed RP-HPLC assay was reproducible. 

 

Figure 2.3 The typical calibration curve relating the concentration of bLf (X-axis) to the 
mean peak area (Y-axis) (mean ± SD, n = 3). 

 

Table 2.2 Repeatability of HPLC assay for determination of bLf (mean ± SD, n = 5). 

Concentration (µg/mL) Average Calculated concentration 
(µg/mL) 

%RSD 

15 14.43 ± 0.41 2.84 

50 49.96 ± 0.67 1.34 

75 74.84 ± 1.47 1.96 

  Mean      2.05 

y = 86.104x + 178.31 
R² = 0.9997 
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2.4.3 Recovery, accuracy and precision 

The intra-day and inter-day accuracy and precision of the assay were determined by three 

replicate measurements of each sample at low, medium and high concentration. Results were 

summarised in Table 2.3. In this assay, the mean intra-day and inter-day precision were 2.11% 

and 1.84% respectively. The mean intra-day and inter-day accuracy were 101.3% and 100.9% 

respectively, which demonstrated that the measured values agreed well with the true values. 

In all cases, the mean recovery of bLf at each concentration which spiked with blank 

liposomes and SLPs was > 95% (Table 2.4). As evidenced by the results above, the RP-

HPLC assay for bLf determination was reliable, accurate and precise.  

Table 2.3 Intra- and inter- day precision and accuracy of HPLC assay for determination of 
bLf (mean ± SD, n = 3). 

Concentration 
(µg/mL) 

Average calculated 
concentration 

(µg/mL) 

Accuracy (%) Precision (%) RSD 

Intra-day:    

10 9.89 ± 0.10 98.9 1.01 

60 60.84 ± 1.76 101.6 2.89 

100 103.25 ± 2.51 103.3 2.43 

  Mean     101.3                2.11 

Inter-day:    

10 10.05 ± 0.41 100.5 4.08 

60 60.04 ± 0.74 100.1 1.23 

100 101.99 ± 0.21 102.0 0.21 

  Mean     100.9                1.84 

 

Table 2.4 Recovery of bLf spiked with blank liposomes and SLPs (mean ± SD, n = 3). 

Concentration (µg/mL) Recovery (%) 
Spiked with blank liposomes:  

10 95.10 ± 4.2 
60 95.21 ± 0.8 

100 97.78 ± 2.0 
Spiked with blank SLPs:  

10 95.93 ± 1.81 
60 96.74 ± 1.39 

100 98.53 ± 0.93 
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2.4.4 bLf degradation in simulated GI fluids 

The effect of proteolytic enzymes on the integrity of bLf and the corresponding peptide 

mapping were performed by RP-HPLC. Pepsinolysis of bLf is shown in Figure 2.4 which 

illustrated an accumulation of degraded bLf fragments. The peak corresponding to bLf 

decreased by approximately 89% after 5 min of incubation. Complete cleavage of bLf with 

pepsin occurred after 90 min of incubation at pH 2.0. As a result, several metabolites were 

generated. Such degradation products separated into 4 major peaks (Figure 2.4) and identified 

by RP-HPLC. Similarly, trypsin/chymotrypsin digested bLf efficiently (Figure 2.5), leaving 

only 8.4% intact bLf after 15 min of incubation. However, the complete degradation of bLf 

with trypsin/chymotrypsin was observed after 180 min, with the consequence of 3 major 

peptides peak generated. Owing to high sensitivity of the developed RP-HPLC method for 

this study, it was able to isolate each peptide fragments from bLf during its proteolysis.  

The kinetics of bLf proteolysis was described by HPLC analysis by following the decrease in 

the concentration of the residual intact bLf as a function of the incubation time. The resulting 

kinetics (Figure 2.6) followed a first order rate, described by the following equation: log10 

[At]/[A0] = -k.t, where At was the concentration of the intact bLf (µg/mL) at the incubation 

time t (min), Ao was the initial concentration of bLf, and k was the first order rate constant. 

The typical equation obtained by pepsin was log10 [At]/[A0] = -0.03x (r2 = 0.85), and log10 

[At]/[A0] = -0.01x (r2 = 0.81) for trypsin and chymotrypsin combination. As found the rate 

constant k, the half-life t1/2 was calculated from the equation: t1/2 = ln2/k. The t1/2 with pepsin 

degradation equalled 23.1 min, while t1/2 incubated with trypsin and chymotrypsin was 69.3 

min. In SGF, acid hydrolysis at pH 2 conjugated with pepsin cleavage had a significant effect 

on the proteolysis of bLf, and resulting in a rapid degradation. In comparison, only 

proteolytic enzymes contributed to the predominant degradation of bLf in simulated intestinal 

conditions.  
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Figure 2.4 Metabolism of bLf (initial concentration, 2 mg/mL) by pepsin, as shown by the 
reduction in bLf peak area at retention time of 12.3 min after 0, 5, 15, 45 and 90 min 
incubated at 37 °C. Major fractions of peaks 1, 2, 3, and 4 were observed after the incubation 
of 90 min. 
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Figure 2.5 Metabolism of bLf (initial concentration, 2 mg/mL) by trypsin/chymotrypsin, as 
shown by the reduction in bLf peak area at retention time of 12.1 min after 0, 15, 45,120 and 
180 min incubated at 37 °C. Major fractions of peaks 1, 2, and 3 were observed after the 
incubation of 180 min. 
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Figure 2.6 Proteolytic degradation of bLf incubated with (A) pepsin, and (B) trypsin: α-
chymotrypsin (1:1) at 37 °C (mean ± SD, n = 3).  

2.4.5 bLf degradation in rat GI fluids 

The concentrations of luminal enzymes and mucosal enzymes (as estimated by total protein 

concentration) isolated from duodenum, jejunum, ileum, and proximal colon presented in 

Table 2.5. 

 

Table 2.5 Using the amounts of total protein to express the enzyme concentrations in the 
luminal and mucosal samples from four regions of the rat intestine (mean ± SD, n = 3). 

Samples Estimated protein concentration (mg/mL) 

Luminal extracts 

duodenum 7.86 ± 0.11 

jejunum 7.11 ± 0.28 

ileum 7.64 ± 1.42 

colon 7.91 ± 0.22 

Mucosal homogenates 

duodenum 12.15 ± 0.79 

jejunum 13.53 ± 0.48 

ileum 13.01 ± 0.71 

colon 12.49 ± 0.43 

A: y = -0.03x 
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B: y = -0.01x 
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Estimation of the total protein concentration of luminal and mucosal regions of the rat 

intestine enable bLf to be incubated at an enzyme-substrate ratio of 1:1,400 (w/w). The 

degradation of bLf proteolysis in each sample was monitored by RP-HPLC analysis by 

following the decrease in the concentration of the residual intact bLf as a function of the 

incubation time. The resulting degradation (Figure 2.7) followed first-order rate kinetics, 

described by the following equation: log10 [At]/[A0] = -k.t, where At is the concentration of the 

intact bLf (µg/mL) at the incubation time t (hr), A0 is the initial concentration of bLf, and k is 

the first-order rate constant. The corresponding typical equation obtained by luminal extracts 

from duodenum, jejunum, ileum and colon were: y = -0.17x (r2 = 0.90), y = -0.37x (r2 = 0.85), 

y = -0.27x (r2 = 0.90) and y = -0.19x (r2 = 0.94) respectively, while k generated from mucosal 

homogenates decreased under same incubation conditions, they were: y = -0.05x (r2 = 0.96), y 

= -0.15x (r2 = 0.91), y = -0.08x (r2 = 0.97) and y = -0.09x (r2 = 0.93) respectively. Using the 

rate constant k, the half-life t1/2 was calculated from by the equation: t1/2 = ln2/k. The 

corresponding t1/2 of bLf digestion by luminal enzymes from the duodenum, jejunum, ileum 

and colon was: 4.08 hr, 1.87 hr, 2.57 hr and 3.65 hr, respectively. In comparison, greater half-

life was observed for bLf degradation when incubated with mucosal enzymes from the 

duodenum, jejunum, ileum and colon regions: 13.86 hr, 4.62 hr, 8.66 hr and 7.70 hr, 

respectively. 

Specific bLf proteolytic activities described as µg of bLf hydrolysed per hr per mg estimated 

protein are shown in Table 2.6. Although containing less total protein concentrations than 

mucosal homogenates, luminal extracts from four regions have higher specific proteolytic 

activity with a 3-4 fold difference between the least and the most active region, and exhibited 

maximum specific activity in jejunum at ~ 462.78 µg/hr/mg (of enzyme). While the lowest 

specific proteolytic activity, ~ 123.5 µg/hr/mg (of enzyme) was present in mucosal 

homogenates from the duodenum. The rank order of specific proteolytic activity in both of 

luminal extracts and mucosal homogenates towards bLf were jejunum > ileum > colon > 

duodenum. 
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Figure 2.7 Metabolism of bLf incubated with (A) luminal contents and (B) mucosal 
homogenates from the duodenum (), jejunum (), ileum () and colon () of rat intestine 
in PBS (0.1 M, pH 7.4) at 37 °C (mean ± SD, n = 3). 
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Table 2.6 Specific proteolytic activity of luminal contents and mucosal homogenates towards 
bLf in PBS at 37 °C. Specific bLf proteolytic activity (µg/hr/mg) is expressed as µg of bLf 
hydrolysed per hr per mg protein (mean ± SD, n = 3). 

Samples Specific peptidolytic activity towards bLf 

(µg/hr/mg) 

Luminal extracts 

duodenum 374.68 ± 4.03 

jejunum 462.78 ± 1.17 

ileum 420.60 ± 1.74 

colon 384.47 ± 3.58 

Mucosal homogenates 

duodenum 123.50 ± 14.15 

jejunum 208.27 ± 0.69 

ileum 157.83 ± 13.58 

colon 179.33 ± 10.75 

2.4.6 Effects of inhibitors on proteolysis of bLf 

The effects of four different inhibitors on the proteolysis of bLf in luminal extracts and 

mucosal homogenates are summarized in Table 2.7. Each inhibitor was assessed at two levels; 

low and high concentrations. Percentage inhibition of bLf degradation by inhibitors was 

calculated from (1- specific activity of experimental group/specific activity of control) × 100, 

where specific activity was calculated as µg of bLf hydrolysed per hr per mg protein in the 

presence or absence of inhibitor. In most case, the efficiency of an inhibitor increased with an 

increasing in inhibitor concentration. SBTI was found to inhibit the degradation of bLf in all 

enzyme samples, especially from the jejunum region which owned the highest specific 

proteolytic activity, and resulted in up to 92% reduction of bLf degradation rate. SDA was 

the weakest inhibitor with little inhibitory effect even at high concentration of 10 mM with 

luminal extracts from jejunum and mucosal homogenates from ileum.  

The concentrations of intact bLf remained after incubation in luminal extract or mucosal 

homogenates from each region in presence of inhibitors at high concentrations are shown in 

Figure 2.8. In luminal extracts, degradation of bLf could be significantly inhibited by SBTI, 

SDA, bestatin and bacitracin (*p < 0.05 or **p < 0.01), but highly dependent on the regional 

differences of intestine. For mucosal homogenates, the addition of bestatin and bacitracin 

maintained over 0.80 mg/mL of bLf remained after incubation in ileum mucosal 
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homogenates, whereas there was no significant inhibition of bLf hydrolysis in colonic 

homogenates (p > 0.05). Overall, the efficiency of preventing bLf hydrolysis in both luminal 

extracts and mucosal homogenates was in order of SBTI > bestatin ≥ bacitracin > SDA, SBTI 

showed almost complete inhibition with most bLf remaining intact compared with the control 

(1.00 mg/mL). 

Table 2.7 Percentage inhibition of bLf proteolysis by SBTI, SDA, bestatin and bacitracin 
incubated with luminal contents or mucosal homogenates from each region. Inhibition is 
expressed as (1- specific activity of experimental group/specific activity of control) × 100 (n 
= 3 at each concentration, *p < 0.05; **p < 0.01). -, no inhibition.  

 

Inhibitor Concentration  Luminal contents 

  Duodenum Jejunum Ileum Colon 

SBTI 0.25 mg/mL 

1 mg/mL 

16.1 ± 3.1** 

35.1 ± 2.7** 

85.3 ± 1.8** 

91.0 ± 3.8** 

90.3 ± 7.1** 

71.1 ± 2.5** 

78.0 ± 5.8** 

83.1 ± 1.5** 

SDA 2 mM 

10 mM 

- 

- 

4.9 ± 1.9* 

3.4 ±1.5* 

- 

- 

- 

- 

Bestatin 2.25 mM 

9 mM 

1.1 ± 1.5 

4.0 ± 1.8* 

22.6 ± 2.2** 

27.6 ± 1.4** 

3.6 ± 0.6** 

3.7 ± 1.0** 

1.6 ± 1.4* 

6.7 ± 2.6* 

Bacitracin 0.63 mM 

2.5 mM 

- 

- 

20.0 ± 1.2** 

24.2 ± 2.1** 

3.3 ± 0.6** 

4.8 ± 0.7** 

4.2 ± 2.2* 

5.1 ± 1.3* 

  Mucosal homogenates 

  Duodenum Jejunum Ileum Colon 

SBTI 0.25 mg/mL 

1 mg/mL 

45.9 ± 5.4** 

44.1 ± 6.1** 

82.8 ± 1.3** 

92.5 ± 3.9** 

81.3 ± 2.8** 

62.4 ±4.4** 

46.3 ± 3.4** 

94.6 ± 1.5** 

SDA 2 mM 

10 mM 

- 

- 

- 

- 

42.9 ± 2.2** 

56.0 ± 2.9** 

- 

- 

Bestatin 2.25 mM 

9 mM 

4.9 ± 4.7 

5.0 ± 4.4 

10.0 ± 1.7** 

23.1 ± 0.9** 

47.9 ± 4.2** 

82.9 ± 2.0** 

- 

- 

Bacitracin 0.63 mM 

2.5 mM 

- 

- 

16.3 ± 1.9** 

21.7 ± 1.0** 

89.8 ± 5.5** 

83.6 ± 2.4** 

- 

2.5 ± 1.0 
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Figure 2.8 Effects of inhibitors (1 mg/mL SBTI, 10 mM SDA, 9 mM Bestatin and 2.5 mM 
Bacitracin) on bLf proteolysis in (A) luminal contents and (B) mucosal homogenates from 
each region in PBS (0.1 M, pH 7.4) at 37 °C. Each point is expressed as the concentration of 
intact bLf remained after 6 hr incubation (n = 3 at each point, *p < 0.05; **p < 0.01). 
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2.5 Discussion  

The RP-HPLC in this study was designed to present the protein profile with high resolution 

and sensitivity and allow bLf to be eluted quickly from the column. The separation of bLf 

was based on a C18 column. However, the most recommended column for protein separation 

was preferred with a C3-C8 packing (407). Many significant studies have shown that utilizing 

RP-HPLC with a C4 or C8 column to determine Lf derived from various sources, such as 

rabbit tears, bovine milk and goat milk (408-410). Recently, C18 column has been applied for 

bLf determination (411). Our RP-HPLC method using C18 column showed the high 

sensitivity, accuracy and reproducibility, which is in good agreement with them. However, 

bLf was eluted quickly at ~ 12 min which was shorter than those reported by Zhou et al. (408) 

(~ 28.5 min) and Hoek et al. (412) (~ 20 min). The improved RP-HPLC should be an ideal 

analytical method for routine bLf determination. The investigation of proteolysis of bLf in 

simulated GI tract was based on the improved RP-HPLC method. bLf was proteolytically 

cleaved to generate small peptide fragments. These small peptide fragments were easily 

separated and identified by RP-HPLC. We observed that the solvent peak area was increasing 

slowly during the digestion process (Figure 2.4 and 2.5). That’s because small hydrophilic 

peptides generating from bLf degradation eluted very early in the chromatogram, perhaps 

even as part of the solvent peak (413). Furthermore, many potential small molecule peptides 

derived from Lf (e.g. lactoferricin) during the degradation were successfully isolated and 

characterized by RP-HPLC with a C18 column (412), and implied that the evaluation of Lf 

stability can be achieved by monitoring the degradation products using RP-HPLC. As a result, 

the HPLC analysis in this work provided the necessary resolution to qualitatively and 

quantitatively evaluate changes in bLf. 

The degradation results pointed out that the non-protected bLf had a short lifetime against 

proteolysis in simulated GI fluids. In other words, bLf cannot avoid enzyme proteolysis and 

acid hydrolysis to maintain its actual protein structure, resulting in the poor bioavailability in 

human GI tract. Many reports have demonstrated that various therapeutic proteins carried by 

lipid based systems can enhance their bioavailability by improving their stability, 

permeability and giving a target ability and time release (181, 414). When bLf is 

encapsulated into lipid based delivery system, the ability of bLf to interact with the lipid layer 

is essential to be understood. For SLPs, protein molecules insertion into the monolayers leads 

to an increase surface pressure (415). Similarly, proteins have the capacity to bind to 
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phospholipid bilayers of liposomes, and penetrated into the lipid matrix (262). As a result, the 

binding and penetration of protein into lipid layer can markedly alter the biophysical 

properties of these lipid based delivery systems, such as expansion and fluidization of the 

lipid layer, alteration of the enthalpy, Tc and increase in permeability to ions and small 

molecule (415). In this study, there was no different in peak shape and retention time between 

the chromatograms of standard bLf and bLf spiked with liposomes and SLPs (Figure 2.2). 

This implied that the lipid matrix in liposomes or SLPs did not affect the chemical integrity 

of bLf. Moreover, the absence of additional peaks indicated that no degradation chemicals 

were formed during the process.  

This study was further designed to examine and inhibit bLf degradation in rat intestinal fluids. 

In most studies, model digestion assays use commercial enzymes that are purified from 

animal origins and consist mainly of pepsin, trypsin or chymotrypsin, or a combination of 

purified enzymes in different ratios (416, 417). In contrast, our study was conducted with 

isolated rat intestinal fluids which are natural mixtures of many enzymes that may contribute 

to bLf degradation. Moreover, peptidases present in the intestinal and protease secreted from 

pancreas split amide linkages and thereby inactivate bLf. Bacterial microflora of the colon 

and the mucosa wall possess phase II metabolizing enzymes which also play a major role in 

the deactivation of proteins drugs (418). Therefore, both of luminal extracts and mucosal 

homogenates were collected from duodenum, jejunum, ileum and proximal colon of rat 

intestine for investigating the relative contributions to bLf degradation. As a result, the almost 

complete and greater rate of hydrolysis of bLf was observed when exposed to luminal 

extracts may indicate that bLf is more susceptive to luminal peptidases rather than mucosal 

enzymes. bLf has been reported to be totally degraded in the upper GI tract (55).  In 

accordance with that report, our proteolytic study showed ~ 99.4% of bLf digested after 6 hr 

in the jejunal lumen. However, a relative large amount of intact bLf was observed in 

duodenal lumen (~ 9.5%) or colon lumen (~ 7.2%), suggesting sufficient bLf at these sites 

may remain intact bLf and could be available to be transferred across intestinal epithelium 

and is in agreement with other studies (54, 56). A high level of individual variation in the 

activity of the GI tract enzymes has been observed (419, 420). In addition, it is believed that 

only mature digestive systems can achieve complete digestion of bLf in the upper GI tract of 

human adults (421).  
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The presence of SBTI, which has primarily trypsin inhibitory activity, prevented the 

degradation of bLf by up to 94.6% in various luminal and mucosal preparations. This 

suggested that trypsin was the major enzyme responsible for bLf digestion in the lumen of rat 

intestine. SBTI also has been demonstrated to inhibit the degradation of other protein drugs in 

animal luminal extracts, e.g. calcitonin, BSA and luteinizing hormone releasing hormone 

(422,423). SDA, as bile salts molecules, is reported to aggregate to form micelles around 

peptides, thereby protected them from proteolytic enzymes (424) and coadministration has 

been reported to enhance the absorption of insulin (MW ~ 5.8 kDa) (425), however our study 

did not show 10 mM of SDA could inhibit the degradation of bLf (MW ~ 80 kDa) in most 

luminal and mucosal preparations. To fully encapsulate a large protein, higher concentration 

of SDA may be required. Unfortunately, even 2.4 mM of SDA has been shown to damage 

plasma and nuclear membranes (426). Bacitracin, a cyclic polypeptide antibiotic, is known to 

be a leucine aminopeptidase inhibitor. The absorption of various proteins (e.g. insulin, 

buerelin and calcitonin) was improved by co-administration with bacitracin by inhibiting 

their degradation in the intestine (70, 402, 427). Similarly, bestatin has an inhibitory effect on 

the activity of aminopeptidases and leucine aminopeptidase (428). A significant reduction of 

bLf proteolysis was observed in the presence of bestatin and bacitracin, suggesting that 

aminopeptidase-like proteases play an important role in the degradation of bLf in the intestine. 

Overall, trypsin and aminopeptidase-like proteases play a key role in the digestion of bLf in 

the intestine. 

2.6 Conclusion 

In summary, the improved and validated C18-RP-HPLC method is a rapid, sensitive, 

reproducible and specific assay for determination of bLf. bLf well maintained its integrity 

whether it spiked with liposomes or SLPs. It is able to provide a quantitative analysis of bLf 

especially by monitoring any peptides derived from bLf during the degradation. Free bLf 

cannot avoid enzymatic proteolysis resulting in either partial or complete degradation, 

leading to a short half-life either in the simulated GI fluids or rat digestion models. 

Additionally, high proteolytic rates of bLf determined in luminal extracts, particularly from 

the jejunal, demonstrated that bLf is more susceptive to luminal peptidases rather than 

mucosal enzymes. The presence of SBTI, bestatin and bacitracin, exhibited significant 

inhibitory effects on the activity of enzymes associated with the degradation of bLf, 

especially trypsin and aminopeptidase-like proteases. Protection of bLf against degradation is 
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of great significance for its potential use as enhancing its absorption via oral administration. 

bLf, as a multifunctional therapeutic protein, incorporating with lipid based delivery systems 

needed to be further studied in Chapter 3. 
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Chapter 3 PREPARATION, OPTIMIZATION AND 
CHARACTERIZATION OF DELIVERY SYSTEMS 

3.1 Introduction 

As presented in Chapter 2, bLf is fragile due to its susceptibility to enzymatic degradation in 

the GI tract, and such conformational changes may reduce its therapeutic efficiency. 

Moreover, the absorption barrier presented by the mucus layer covering GI epithelial 

membranes also limits the drug transfer to systemic sites of action due to the large 

hydrophilic nature of the drug molecule (60). Consequently, the absolute oral bioavailability 

levels of native bLf may be less than 1% (51). 

Recently, increasing attention has been focused on SLPs as an efficient drug carrier. Due to 

small particle size (< 1000 nm), SLPs may exhibit bioadhesion to the GI tract wall by lodging 

in the intervillous space, thus increasing their residence time leading to enhanced 

bioavailability (157, 158). Orally administered SLPs incorporating proteins, such as 

calcitonin (161) and insulin (403), have showed prolonged plasma levels and increased 

therapeutic effects. However, there have been no reported studies on SLPs to encapsulate bLf. 

The oral administration of liposomal bLf has exhibited enhanced bioavailability due to the 

capacity of liposomes to increase protein uptake and its accumulation into cells as well as 

protecting bLf from enzymatic degradation (187-190). However, liposomes are prone to the 

combined degrading effects of the acidic pH of the stomach, bile salts, and pancreatic lipases. 

To overcome these drawbacks, crosslinking the liposomes with biopolymers such as pectin, 

alginate or chitosan could potentially prolong drug release and improve the pharmacological 

action by increasing mucoadhesiveness (192, 429). 

The physicochemical characterizations of these lipid based particles, including EE, drug 

loading, surface charge and particle size show variation according to formulation components, 

such as lipid concentration, surfactant concentration and process conditions (430), which can 

influence drug release, in vivo stability and biodistribution (431). A strategy for evaluation 

and optimization of the formulation parameters in an efficient approach is necessary. 

Experimental factorial design is considered to be the effective method for estimating the 

correlations between factors and performances as well as identifying interactions between 

different factors (432). 
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A full factorial experiment consists of two or more factors, each with discrete possible levels, 

and the whole experimental units take on all combinations of the experimental factor levels. 

A k factor, n level, full experimental design involves nk experiments. Two-level (2k) factorial 

design is the most popular design in pharmaceutical development due to its saving of 

experimental time and materials (433). The use of variance analysis and factorial design of 

experiments allows us to express relationship of factors and responses as a polynomial model. 

By using the generated mathematical polynomial model, each experimental response can be 

predicted in relation to changing independent variables levels. An interaction is the failure of 

a factor to produce the same response at the different levels of the other factor (434). A 

significant interaction effect shows the influence of an individual factor on the response is 

highly dependent on the other factors. 

In this chapter, development and optimization of bLf loaded liposomes and SLPs modified by 

pectin and chitosan were attempted. Firstly, a 24 full factorial design was employed to 

evaluate the main factors which affect liposomes and SLPs particle size and EE. Optimized 

liposomes and SLPs formulations were then prepared on the basis of the predicted optimum 

levels of the factors from the factorial design. Secondly, different proportions of pectin or 

chitosan were used to further modify the optimized liposomes and SLPs. In vitro drug release 

profiles were evaluated to determine the optimized proportions of polymers added. Finally, 

morphological examination, FTIR and DSC were performed to characterize the properties of 

the selected pectin and chitosan modified liposomes and SLPs.  

3.2 Materials 

bLf from bovine colostrums was provided by Fonterra (Palmerston North, NZ). TFA (puriss. 

p.a., for HPLC, ≥ 99% GC), L-α-phosphatidylcholine from egg yolk, cholesterol (Sigma 

Grade, ≥ 99%), stearic acid (Grade I, ≥ 99% GC) and mix high and low methoxyl pectin from 

apple were purchased from Sigma Aldrich (St. Louis, USA). HPLC grade acetonitrile and 

Tween® 80 were purchased from Merck (Whitehouse Station, USA). Soybean lecithin was 

purchased from BDH (Poole, UK). Poloxamer 188 was purchased from BASF 

(Ludwigshafen, Germany). Chitosan low viscosity was purchased from Fluka (Park Rabin 

Rehovot, Israel). All other reagents and chemicals were of analytical grade. 
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3.3 Methods 

3.3.1 Preparation of bLf loaded liposomes 

Liposomal dispersions were prepared by REV method with modification (392). A total of 40 

mg L-α-phosphatidylcholine and cholesterol at mass ratios of 4:1 or 7:3 was accurately 

weighed and adequately dissolved into 10 mL of chloroform/methanol mixture (4:1 v/v) in a 

round bottom flask. The flask was attached to a rotary evaporator (R215 rotavapor, Buchi, 

Flawil, Switzerland), and rotated at 260 rpm (8 × g) at 40 °C under vacuum until a thin lipid 

film was formed in flask. The remaining fumes of solvent mixture were evacuated by 

nitrogen gas. The lipid film was redissolved in diethyl ether (10 mL), in which the reversed-

phase vesicles were formed. Then an aqueous phase of 5 mL PBS buffer (0.1 M, pH 7.4) 

containing bLf (1 or 3 mg) and Tween 80 (10 or 20 mg) was mixed with the organic phase. 

The W/O emulsion was sonicated using a probe sonicator (UP200S, Hielscher, Teltow, 

Germany) for 1 or 5 min at frequency of 0.5 cycles and 50% amplitude in an ice bath before 

returning to the rotary evaporator again. A gel was obtained during the evaporation 

processing under atmospheric pressure at 40 °C. The resultant gel was broken to become a 

semi-transparent liquid indicating the formation of liposomes by further rotary evaporation. 

Finally, another 5 mL of PBS (0.1 M, pH 7.4) was added with gentle vortex and the 

remaining fumes of diethyl ether were evacuated by nitrogen gas. A final liposomes 

suspension ~ 10 mL was stored at 4 °C in a refrigerator until required.  

3.3.2 Preparation of bLf loaded SLPs 

SLPs dispersions were prepared by the emulsion/solvent evaporation method (396). The 

organic phase was formed by dissolving a total of 40 mg stearic acid and lecithin at a mass 

ratio of 4:1 or 7:3 in 10 mL of acetone/DCM mixture (1:4 v/v) at room temperature. Then an 

aqueous phase of 5 mL PBS (0.1 M, pH 7.4) containing bLf (1 or 3 mg) was added slowly to 

the organic phase in a bath sonicator. The mixture was sonicated by a probe sonicator for 1 or 

5 min at 0.5 cycles and 50% amplitude in an ice bath. The formed W/O primary emulsion 

was immediately poured onto 25 mL of PBS buffer (0.1 M, pH 7.4) containing 10 or 20 mg 

poloxamer 188 and continuously stirred at a speed of 500 rpm (30 × g) to allow solvent 

evaporation for ~ 6 hr at room temperature. The SLPs suspension ~ 30 mL was collected and 

stored at 4 °C in a refrigerator until required. 
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3.3.3 Experimental design: A 24 full factorial design 

Four independent variables were analyzed using a 24 full factorial. The four independent 

factors at two levels were the percentage of cholesterol for liposome preparation (percentage 

of lecithin for SLPs preparation), initial concentration of bLf, initial concentration of 

surfactant and sonication time. The normalized factor levels of independent variables were 

given in Table 3.1. Particle size and drug EE were evaluated as dependent variables 

(response).  

Statistical analysis was performed using Design Expert (Version 7.0.0, State-Ease Inc., USA), 

for which the interactive statistical first-order computer-generated equation is defined as: Y = 

α0 + α1X1 + α2X2 + α3X3 + α4X4 + α12X1 X2 + α13X1 X3 + α14X1 X4 + α23X2 X3 + α24X2 X4 + α34X3 

X4 + α123X1 X2 X3 + α124X1 X2 X4 + α134X1 X3 X4 + α234X2 X3 X4 (Equation 3-1), where Y is the 

particle size (nm) or EE (%); X1 to X4 are the coded levels of factors; X1 X2 to X2 X3 X4 

represent the interaction terms; α0 is the intercept; α1 to α234 are the regression coefficients of 

factors and interaction terms. Maximizing the EE and minimizing the particle size were 

achieved as the objective function in the present study by investigating the relationship 

between factors and responses. 
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Table 3.1 Variables and responses in 24 full factorial design. 

 

 

Levels Used, Actual (Coded) 

       Low (-1)                 High (+1) 

Liposomes : Independent variables (factors) 

XL1 = percentage of cholesterol in lipid content (%) 20 30 

XL2 = drug concentration (mg/ 10mL) 1 3 

XL3 = surfactant (Tween 80) concentration (mg/ 10mL) 10 20 

XL4 = sonication time (min) 1 5 

Dependent variables (responses) 

YL1 = particle size (nm) 

YL2 = EE (%) 

SLPs : Independent variables (factors) 

XS1 = percentage of lecithin in lipid content (%) 20 30 

XS2 = drug concentration (mg/ 30mL) 1 3 

XS3 = surfactant (Poloxamer 188) concentration (mg/ 30mL) 10 20 

XS4 = sonication time (min) 1 5 

Dependent variables (responses) 

YS1 = particle size (nm) 

YS2 = EE (%) 

3.3.4 Preparation of pectin and chitosan modified liposomes and SLPs 

After the optimum formulation of bLf loaded liposomes and SLPs were determined based on 

24 full factorial designs, hydrophilic polymer modified liposomes and SLPs were prepared in 

a two-step process. Firstly, liposomes and SLPs with optimized compositions (F6 and F11) 

were prepared using the methods mentioned above and centrifuged at the speed of 25,000 

rpm (~ 75,000 × g) (Sorvall wx80, Langenselbold, Germany) for 1 hr at 4 °C to remove the 

supernatant. Secondly, the particle sediments were dispersed into 30 mL of PBS buffer (0.1 

M, pH 7.4) followed by pectin and chitosan added into the suspensions, respectively. The 

mixtures were mixed overnight to facilitate adsorption of the polymer onto the particles. To 

study the influence of polymer concentrations on particle properties, different polymer/lipid 

mass ratios of 0, 1:4, 1:2, 1:1 and 1.5:1 were conducted. Lipid content of the particle 

suspension in the study was kept constant at 40 mg/30mL. 
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3.3.5 Liposomes and SLPs characterization 

3.3.5.1 Particle size, size distribution and zeta potential 

The zeta average mean particle size, PDI and zeta potential of liposomes and SLPs were 

determined using a Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, UK) at 

25 °C. All measurements were measured in three replicates. The conditions of measurement 

were: He/Ne laser (wavelength = 633 nm), scattering angle 90°, refractive index for liposome 

analysis of 1.34 or 1.33 for SLPs, and the viscosity 0.8872 mPa s. Prior to the measurements, 

the concentration of liposomes was diluted 200-fold using PBS buffer (0.1 M, pH 7.4), and 

the concentration of SLPs was diluted 100-fold using PBS buffer (0.1 M, pH 7.4). 

3.3.5.2 EE  

EE of bLf was determined as followed: particle suspensions (4.5-fold dilutions for liposomes 

but no dilution for SLPs) were centrifuged at the speed of 25,000 rpm (~ 75,000 × g) for 1 hr 

at 4 °C to separate free bLf from bLf loaded particles. Free bLf in the supernatant was 

analyzed by the previously established RP-HPLC method in Chapter 2. Briefly, separation 

was performed on a C18 HPLC column (Jupiter 5u C18 300R, 250 × 4.6 mm, 5 mm, 

Pheonomenex, North Shore, NZ) fitted with a C18 guard column (10 × 3.0 mm). A constant 

flow rate of 0.5 mL/min was used. The injection volume was 50 µL and the column 

temperature was maintained at 37 °C. Mobile phase A consisted of 0.1% TFA in water and 

acetonitrile (95:5 v/v). Mobile phase B consisted of 0.1% TFA in water and acetonitrile (5:95 

v/v). Elution started with an isocratic elution from 35% mobile phase B for 1 min followed 

by a linear gradient to 60% mobile phase B for 19 min, and a final 5 min (post time) for 

equilibration. The EE of bLf was calculated using the following equation: EE = (Wt – Wf)/Wt 

× 100 %, where Wt was the total amount of initially added bLf and Wf is the free amount of 

bLf  in the supernatant. 

3.3.5.3 In vitro bLf release assessment 

The in vitro release of bLf from pectin and chitosan modified liposomes and SLPs were 

determined as followed: polymer modified liposomes and SLPs dispersions were centrifuged 

at 25,000 rpm (~ 75,000 × g) for 1 hr at 4 °C to remove free polymer from the sediments. The 

sediments were dispersed into 10 mL PBS buffer (0.1 M, pH 7.4) in a 30 mL beaker. The 

beaker was then placed on a shaking water bath (GLS Aqua 18 Plus, Grant, UK) at 100 rpm 

77 
 



                                                                                                       Chapter 3 – Formulation develpoment 
  

(1 × g) at 37 °C. 200 µL samples were withdrawn at various times (0, 0.5, 1, 3, 5 and 7 hr) 

and centrifuged at the speed of 13,000 rpm (~ 20,000 × g) (Minispin, Eppendorf, Germany) 

for 5 min. The supernatants were analyzed by the previously mentioned RP-HPLC analysis. 

The sediments dispersed with equal volume (200 µL) of fresh PBS buffer (0.1 M, pH 7.4) 

were immediately replaced into the beaker to maintain a constant volume. The release of bLf 

from polymer modified particles was evaluated using the following equation: drug release = 

Wt / Wi × 100 %, where Wi is the initial amount of encapsulated bLf before incubation and Wt 

is the free amount of bLf in the supernatant after incubation for time t. Umodified liposomes 

and SLPs with pectin or chitosan acted as controls. 

3.3.5.4 Morphology 

The morphology of unmodified, pectin and chitosan modified liposomes and SLPs were 

observed using SEM (Philips XL30S FEG, Eindhoven, the Netherlands). A small drop of 

orinigal particle suspension (~ 10 µL) was placed on a piece of cover-glass and then air-dried 

at room temperature. The samples were mounted on aluminium stubs covered with a carbon 

tape which was then coated with gold palladium. 

3.3.5.5 FTIR analysis 

FTIR analysis was performed on a Bruker Tensor 37 spectrometer using a Miracle Micro 

ATR attachment with diamond crystal (Bruker, Ettlingen, Germany). Unmodified, pectin and 

chitosan modified liposomes and SLPs were centrifuged at the speed of 25,000 rpm (~ 75,000 

× g) for 1 hr at 4 °C to remove the supernatant. The particle sediments were then placed into 

an oven at 60 °C until dry. After that, a small amount of powder sample was placed on the 

diamond crystal and compressed gently using the pressure clamp. The crystal was cleaned 

carefully before each use. Scanning was carried out in the 4000-400 centimetre-1 (cm-1) 

region with a resolution of 4 cm-1, from 64 parallel scans. The spectra were recorded and 

analyzed using OPUS software version 6.5 (Bruker, Ettlingen, Germany). 

3.3.5.6 Thermal analysis 

Thermograms of unmodified, pectin and chitosan modified liposomes and SLPs were 

obtained with a Q2000 DSC (TA instruments, New Castle, Delaware, USA). Approximately 

3.0 mg of each powder sample was placed on an aluminium hermetic pan which was tightly 

sealed by an aluminium lid, and an empty pan/lid was used a reference. DSC scans were 
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performed under a nitrogen atmosphere at a heating rate of 10 °C/min in 30-330 °C 

temperature range. 

3.3.6 Data analysis 

All data were expressed as mean ± SD. One-way analysis of variance was performed to 

assess the statistical significant difference between the data using SPSS Statistics Version 22 

software (IBM, Chicago, USA). Differences were considered to be statistically significant at 

*p < 0.05. 

3.4 Results 

3.4.1 Effect of various factors on particle size and EE 

As shown in Table 3.2, liposomal size ranged from 292.0 to 656.4 nm, and the percentage of 

bLf entrapped in the liposomes ranged from 2.05 to 58.14% for the various factor 

combinations. Mean PDI ranging from 0.38 to 0.60 indicating a narrow size distribution. 

Negative zeta potentials were observed ranging from -8.21 to -3.30.  

Mathematical modelling was carried out using the equation 3-1 (mentioned in Section 3.3.3) 

to obtain a polynomial equation. Transformed values of independent variables (XL1 to XL4, 

and XS1 to XS4) and its products as in the equation 3-1 along with dependent variables (YL1, 

YL2, YS1 and YS2) were subjected to multiple-regression analysis to determine the coefficients 

(α0 to α234) and P-values of each term of the equation. After neglecting the insignificant terms 

(P > 0.05), the fitted equations related to particle size, EE and the transformed factors are 

shown in Table 3.3. R2 value of greater than 0.9 indicated good correlation between the 

adjusted and predicted values which supports the statistical validity and significance of these 

equations for optimization. 
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Table 3.2 The characteristics of liposomes and SLPs in 24 full factorial design (mean ± SD, n 
= 3, # The optimum formulation). 

Liposomes XL1 XL2 XL3 XL4 YL1 (nm) YL2 (%) PDI ΖP 
(mV) 

F1 20 1 10 1 543.7 ± 13.11 57.44 ± 1.01 0.60 ± 0.03 -7.49 ± 0.20 
F2 20 1 20 1 523.0 ± 19.30 40.18 ± 2.08 0.46 ± 0.05 -8.21 ± 0.22 
F3 20 3 10 1 656.4 ± 23.80 27.58 ± 0.09 0.59 ± 0.02 -7.53 ± 0.19 
F4 20 3 20 1 580.0 ± 7.60 6.33 ± 0.20 0.52 ± 0.04 -7.74 ± 0.22 
F5 20 1 10 5 417.4 ± 3.96 14.91 ± 0.54 0.44 ± 0.02 -6.37 ± 0.30 
F6# 20 1 20 5 301.7 ± 3.71 58.14 ± 1.37 0.47 ± 0.01 -4.65 ± 0.04 
F7 20 3 10 5 384.7 ± 4.70 2.88 ± 0.16 0.43 ± 0.02 -6.61 ± 0.06 
F8 20 3 20 5 292.0 ± 10.19 2.05 ± 0.06 0.43 ± 0.02 -4.41 ± 0.17 
F9 30 1 10 1 536.5 ± 26.35 33.59 ± 0.18 0.46 ± 0.03 -4.16 ± 0.13 
F10 30 1 20 1 433.6 ± 28.01 32.10 ± 1.21 0.43 ± 0.02 -5.31 ± 0.14 
F11 30 3 10 1 569.7 ± 10.58 7.87 ± 0.79 0.38 ± 0.04 -3.30 ± 0.27 
F12 30 3 20 1 403.2 ± 10.27 3.23 ± 0.31 0.43 ± 0.01 -4.55 ± 0.34 
F13 30 1 10 5 565.2 ± 18.67 16.28 ± 0.42 0.47 ± 0.01 -4.15 ± 0.14 
F14 30 1 20 5 564.8 ± 29.28 41.81 ± 1.59 0.49 ± 0.03 -4.50 ± 0.35 
F15 30 3 10 5 379.2 ± 11.60 4.58 ± 0.33 0.47 ± 0.03 -3.90 ± 0.23 
F16 30 3 20 5 535.8 ± 22.38 6.42 ± 0.51 0.48 ± 0.08 -4.78 ± 0.08 

SLPs XS1 XS2 XS3 XS4 YS1 (nm) YS2 (%) PDI ΖP 
(mV) 

F1 20 1 10 1 537.3 ± 8.44 85.28 ± 0.15 0.53 ± 0.01 -12.5 ± 0.36 
F2 20 1 20 1 574.3 ± 19.11 84.22 ± 0.29 0.57 ± 0.02 -16.5 ± 0.35 
F3 20 3 10 1 267.1 ± 12.72 91.49 ± 0.33 0.44 ± 0.01 -11.3 ± 0.38 
F4 20 3 20 1 213.1 ± 4.24 90.25 ± 0.40 0.43 ± 0.02 -11.2 ± 0.31 
F5 20 1 10 5 194.1 ± 1.76 67.02 ± 0.18 0.38 ± 0.02 -15.3 ± 0.20 
F6 20 1 20 5 276.2 ± 12.06 85.59 ± 0.22 0.37 ± 0.02 -11.2 ± 0.31 
F7 20 3 10 5 220.0 ± 9.86 86.88 ± 0.27 0.42 ± 0.04 -9.92 ± 0.34 
F8 20 3 20 5 201.1 ± 8.21 88.95 ± 0.58 0.42 ± 0.01 -10.8 ± 0.50 
F9 30 1 10 1 494.4 ± 28.37 79.84 ± 0.62 0.50 ± 0.02 -13.5 ± 0.70 
F10 30 1 20 1 339.6 ± 24.91 76.79 ± 0.79 0.46 ± 0.04 -16.2 ± 0.46 
F11# 30 3 10 1 283.1 ± 4.35 92.02 ± 0.24 0.41 ± 0.05 -11.3 ± 0.46 
F12 30 3 20 1 287.2 ± 8.71 91.98 ± 0.20 0.42 ± 0.02 -14.6 ± 0.40 
F13 30 1 10 5 560.8 ± 29.9 77.00 ± 0.78 0.56 ± 0.03 -12.1 ± 0.72 
F14 30 1 20 5 285.2 ± 6.25 78.06 ± 0.07 0.41 ± 0.01 -16.7 ± 0.21 
F15 30 3 10 5 261.2 ± 8.28 85.64 ± 0.55 0.34 ± 0.01 -11.1 ± 0.10 
F16 30 3 20 5 215.9 ± 5.21 86.73 ± 0.26 0.34 ± 0.04 -10.2 ± 0.23 
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Table 3.3 Summary of results of regression analysis for responses YL1, YL2, YS1 and YS2. 

Linear Model R2 Adjusted R2 Predicted R2 
YL1 0.9746 

 
0.9639 0.9463 

YL2 0.9594 
 

0.9422 0.9142 

YS1 0.9156 
 

0.8797 0.8214 

YS2 0.9697 0.9569 0.9359 
 
Regress equations of fitted model 
 
Liposomes:   YL1 = 480.43 + 18.06 XL1 – 26.17 XL3 – 50.32 XL4 – 21.22 XL1 XL2 + 12.01 XL1 XL3+ 63.08 
XL1XL4 – 26.87 XL2 XL4 + 19.65 XL3 XL4 + 7.87 XL1 XL2 XL3 + 33.55 XL1 XL3 XL4 + 18.70 XL2 XL3 XL4 
(Equation 3-2) 
 
                        YL2 = 22.78 – 4.55 XL1 – 14.02 XL2 – 3.26 XL4 + 1.65 XL1 XL3+ 2.30 XL1XL4 – 5.25 XL2 XL3  
+ 6.58 XL3 XL4 + 1.90 XL1 XL2 XL3 – 2.39 XL1 XL3 XL4 -4.36 XL2 XL3 XL4 (Equation 3-3) 
 

 
SLPs:           YS1 = 320.01– 76.42 XS2 – 20.93 XS3 – 43.20 XS4 – 26.71 XS1 XS3+ 44.36 XS1XS4 + 24.17 XS2 
XS4 + 30.67 XS1 XS2 XS3 – 48.62 XS1 XS2 XS4 – 21.30 XS1 XS3 XS4 (Equation 3-4) 

 
                       YS2 = 84.38 – 0.58 XS1 + 4.86 XS2 + 0.93 XS3 – 2.40 XS4 +0.43 XS1 XS2 – 1.36 XS1 XS3+ 
0.45 XS1XS4 – 0.70 XS2 XS3 + 1.91 XS3 XS4 + 1.38 XS1 XS2 XS3 – 1.17 XS1 XS2 XS4 – 0.95 XS1 XS3 XS4 – 1.36 
XS2 XS3 XS4 (Equation 3-5) 
 

Particle size of liposomes was dependent on percentage of cholesterol in lipid content (XL1), 

concentration of Tween 80 (XL3) and sonication time (XL4). The large values of coefficients of 

interaction terms XL1XL2, XL1 XL3, XL1 XL4, XL2 XL4, XL3 XL4, XL1 XL2XL3 , XL1 XL3XL4 and XL2 

XL3XL4 (Equation 3-2 in Table 3.3), were also contributing in liposomal size diameter (P < 

0.05). However, the EE of liposomes was not significantly affected by Tween 80 

concentration (XL3). Figure 3.1 demonstrated the interactions among four independent 

variables on particle size and EE of liposomes. When the percentage of cholesterol was 20%, 

the concentration of Tween 80 was 2 (mg/mL) and sonication time was 5 min, the particle 

size of liposomes showed the lowest value. The EE of liposomes exhibited the highest value 

at 20% cholesterol in lipid content, 0.1 (mg/mL) bLf and 1 min sonication time. 
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Figure 3.1 3D surface plots for multifactor effect of independent variables on liposomal 
particle size and EE : (a) percentage of cholesterol (%) and tween 80 concentration 
(mg/10mL), (b) percentage of cholesterol (%) and sonication time (min), (c) percentage of 
cholesterol (%) and drug concentration (mg/10mL), and (d) percentage of cholesterol (%) and 
sonication time (min). 
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For all the formulations, SLPs had an average diameter of 194.1 to 574.3 nm with a low PDI 

of between 0.34 and 0.57 and varying EE from 67.02 to 92.02% as shown in Table 3.2. 

Negative zeta potentials ranged from - 16.70 to - 9.92. According to Equation 3-4 in Table 

3.3, drug concentration (XS2), poloxamer 188 concentration (XS3) and sonication time (XS4) 

had a dominant effect on the particle size of SLPs. Figure 3.2 showed that the smallest 

particle size was reached when the concentration of bLf was 0.1 (mg/mL), the concentration 

of Poloxamer 188 was 0.67 (mg/mL) and sonication time was 5 min. EE of SLPs was 

dependent on all four factors. The highest EE was achieved with 20 % lecithin in lipid 

content, 0.1 (mg/mL) bLf, 0.33 (mg/mL) Poloxamer 188 and 1 min sonication time. 

As a result, bLf loaded liposomes and SLPs had a particle size of < 700 nm with a low PDI   

(< 0.6), which exhibited better uniformity in diameter. The optimum formulations of bLf-

loaded liposomes and SLPs were only selected based on the criteria of obtaining the 

maximum EE. Therefore, liposome formulation F6 was selected as shown the EE of 58.14% 

with a particle size of 301.7 nm. For optimized SLPs formulation, F11 having the EE of 

92.02% with a particles size of 283.1 nm was selected for further study. 
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Figure 3.2 3D surface plots for multifactor effect of independent variables on particle size 
and EE of SLPs: (a) drug concentration (mg/30mL) and poloxamer 188 concentration 
(mg/30mL), (b) drug concentration (mg/30mL) and sonication time (min), (c) drug 
concentration (mg/30mL) and percentage of lecithin (%), and (d) poloxamer 188 
concentration (mg/30mL) and sonication time (min). 
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3.4.2 Pectin and chitosan modified liposomes and SLPs 

Liposomes and SLPs with optimized compositions (F6 and F11) were further modified by 

pectin and chitosan, respectively. Table 3.4 demonstrated the influence of these two 

hydrophilic polymers on particle size, PDI and zeta potential of liposomes and SLPs. By 

increasing the polymer/lipid mass ratio from 1:4 to 1.5:1, an increase in particle size of 

liposomes was observed. Similarly, size changes of SLPs indicated the same tendency of 

increasing particle size with increasing the polymer/lipid mass ratio. The PDI was slightly 

affected for both liposomes and SLPs. Zeta potential remained negative after modification 

with polymers.  

Table 3.4 Influence of two hydrophilic polymers on properties of liposomes and SLPs 
including particle size, PDI and zeta potential (mean ± SD, n = 3, *p < 0.05 compared with 
unmodified control). 

Polymer 
type 

Polymer to 
lipid mass 

ratio 

Liposomes SLPs 
size (nm) PDI Zeta 

potential 
(mV) 

size (nm) PDI Zeta 
potential 

(mV) 
 
Control 

 
0 

 
295.9 ± 
3.00 

 
0.46 ± 
0.01 

 
-4.51 ± 
0.37 

 
283.1 ± 
4.40 

 
0.41 ± 
0.05 

 
-12.43 ± 
0.58 

 
 
 
 
 
Pectin 

 
1:4 

 
396.3 ± 
2.90* 

 
0.44 ± 
0.07 

 
-6.55 ± 
0.18* 

 
335.1 ± 
11.00* 

 
0.44 ± 
0.02 

 
-9.63 ± 
0.85* 

 
1:2 

          

 
430.0 ± 
4.00* 

 
0.40 ± 
0.05 

 
-6.77 ± 
0.21* 

 
459.5 ± 
22.20* 

 
0.54 ± 
0.03* 

 
-5.62 ± 
0.26* 

 
1:1 

 
429.6 ± 
6.50* 

 
0.43 ± 
0.02 

 
-6.42 ± 
0.28* 

 
365.6 ± 
11.00* 

 
0.44 ± 
0.02 

 
-9.55 ± 
0.66* 

 
1.5:1 

 

 
498.9 ± 
15.70* 

 
0.49 ± 
0.03 

 
-6.70 ± 
0.47* 

 
433.6 ± 
8.60* 

 
0.52 ± 
0.12 

 
-9.00 ± 
0.85* 

 
 
 
Chitosan 

 
1:4 

 

 
657.5 ± 
9.90* 

 
0.50 ± 
0.03* 

 
-5.02 ± 
0.07 

 
245.5 ± 
18.10 

 
0.45 ± 
0.03 

 
-4.50 ± 
0.20* 

 
1:2 

 

 
674.4 ± 
22.10* 

 
0.60 ± 
0.03* 

 
-5.01 ± 
0.10 

 
518.5 ± 
18.90* 

 
0.53 ± 
0.13 

 
-8.07 ± 
0.37* 

 
1:1 

 

 
740.2 ± 
11.40* 

 
0.60 ± 
0.05* 

 
-4.56 ± 
0.05 

 
446.5 ± 
8.80* 

 
0.58 ± 
0.06* 

 
-8.62 ± 
0.23* 

 
1.5:1 

 

 
788.3 ± 
25.50* 

 
0.62 ± 
0.04* 

 
-4.85 ± 
0.19 

 
447.4 ± 
21.00* 

 
0.51 ± 
0.06 

 
-8.30 ± 
0.19* 
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In addition, in vitro release profiles of bLf from pectin and chitosan modified liposomes and 

SLPs are shown in Figure 3.3. The naked liposomes achieved a total of 44% bLf released  

with 31% of bLf released in the first 30 min and a further 13% released between 30 min and 

7 hr. The total release of bLf from pectin modified liposomes after 7 hr was reduced to 32% 

when a polymer/lipid mass ratio of 1.5 was used. However, chitosan modified liposomes 

caused more reduction (~ 27%) in the release of bLf. For SLPs modified with pectin, the bLf 

released after 7 hr decreased from 30% to 10% at a polymer/lipid mass ratio of 1.5. After 7 hr, 

SLPs prepared with a chitosan/lipid ratio of 0.25 released 28% of the entrapped bLf, whereas 

only 6% release was achieved by addition of chitosan at a ratio of 1.5. As predicted, a 

significant prolonged release profile and an increased particle size were observed with the use 

of pectin or chitosan. Liposomes prepared with a polymer/lipid ratio of 1.5 exhibited the 

longest drug release period. However, their particles size increased up to ~ 788 nm which 

were not desirable (Table 3.4). Considering the balance between particle size and bLf release 

rate, liposomes modified by the proportion of polymer to lipid at 1:1 were selected in the 

following study. On the other hand, SLPs exhibited a greater ability to prolong bLf release 

than liposomes which were even modified by polymers. Hence, the most ideal proportion at 

1:2 (polymer/lipid mass ratio) was used in SLPs modification in the following study (Sustain 

release of optimized liposomes and SLPs modfified by chitosan and pectin will be further 

carried out in Section 4.3.3.2 of Chapter 4). 
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Figure 3.3 In vitro release profiles of bLf from (A) pectin modified liposomes, (B) chitosan 
modified liposomes, (C) pectin modified SLPs, and (D) chitosan modified SLPs with 
different polymer/lipid mass ratios ( control,  1:4,  1:2,  1:1, and  1.5:1) at 37 °C 
in PBS buffer (0.1 M, pH 7.4) (mean ± SD, n = 3). 
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3.4.3 SEM studies 

The unmodified, pectin and chitosan modified liposomes and SLPs were analysed by SEM. 

Unmodified liposomes exhibited small individual and spherical vehicles (Figure 3.4A), while 

unmodified SLPs presented as solid rod-like structures (Figure 3.4D). The particle size of 

unmodified liposomes and SLPs observed in SEM images were in agreement with the mean 

size obtained by Malvern Zetasizer. In the presence of chitosan or pectin, a polysaccharide 

network appeared to form a continuous network (Figure 3.4B, 3.4C, 3.4E and 3.4F). This 

polymeric network of liposomes and SLPs is illustrated in Figure 3.4G. TEM analyisis will 

be further carried out in Section 4.3.4.1 of Chapter 4. 
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(G) 
 

Figure 3.4 SEM images of (A) unmodified liposomes, (B) chitosan chains for liposome 
modification (1:1), (C) pectin chains for liposome modification (1:1), (D) unmodified SLPs, 
(E) chitosan chains for SLPs modification (1:2), and (F) pectin chains for SLPs modification 
(1:2) in PBS buffer (0.1 M, pH 7.4).  Illustration (G) of hypothesised particulate drug carrier 
systems physically surrounded by hydrophilic polysaccharide forming a net-like structure. 
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3.4.4 Characterization by FTIR and DSC 

The infrared absorption spectrum of free bLf, empty and bLf loaded liposomes and polymer 

modified liposomes are shown in Figure 3.5. Free bLf shows the characteristic protein 

absorption band peaks, amide I at 1636.76 cm-1 due to C=O stretching vibration of the 

peptide group, and amide II at 1514.65 cm-1 due to N-H bending with contribution of C-N 

stretching vibrations. The strong band at 3367.55 cm−1 represented O-H stretching in water 

molecules, indicating that residual H2O was present. The maxima peaks at 2851.71 cm-1 and 

2922.7 cm-1 represented the C-H stretching vibration, corresponding to the symmetric and 

antisymmetric stretching in the CH2 groups of alkyl chains, respectively, with a minor 

contribution from the symmetric and antisymmetric stretching vibration in the CH3 groups at 

2873 cm−1 and 2955 cm−1 respectively. However, the intensity of C-H stretching bands 

significantly decreased after bLf loading into liposomes, suggesting that penetration of water 

into the hydrophilic core with formation of very weak hydrogen bonds between water 

molecules and C-H groups of alkyl chains.  

The absence of any shift in each peak positions after the addition of pectin or chitosan 

indicated that polymers did not chemically change the composition of liposomes, especially, 

phospholipids. However, dramatic changes were observed in the absorption spectra 

comparing bLf loaded liposomes and pectin and chitosan modified liposomes (Figure 3.5e, 

3.5f, and 3.5g) with free bLf (Figure 3.5a). The amide II peak disappeared or overlapped in 

the liposome bLf complex but the amide I still existed. By the contrast, amide I and amide II 

still presented in the bLf loaded SLPs and pectin and chitosan modified SLPs, and there was 

no shift in peak positions compared with free bLf (Figure 3.6). 

 

 

 

 

 

 

 

90 
 



                                                                                                       Chapter 3 – Formulation develpoment 
  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Comparison of the FTIR spectra of (a) free bLf, (b) empty liposome, (c) empty 
pectin modified liposome (1:1), (d) empty chitosan modified liposome (1:1), (e) bLf loaded 
liposome, (f) pectin modified bLf loaded liposome (1:1), and (g) chitosan modified bLf 
loaded liposome (1:1). 
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Figure 3.6 Comparison of the FTIR spectra of (a) free bLf, (b) empty SLPs, (c) empty pectin 
modified SLPs (1:2), (d) empty chitosan modified SLPs (1:2), (e) bLf loaded SLPs, (f) pectin 
modified bLf loaded SLPs (1:2), and (g) chitosan modified bLf loaded SLPs (1:2). 

Thermal analysis results by DSC are shown in Figure 3.7. Native bLf powder exhibited two 

endothermic peaks at 92 °C and 222 °C which correspond to Tm as two denaturation 

temperatures. The thermal properties of physical mixtures of bLf with six selected 

formulation compositions were compared with that of bLf encapsulated particles. The drug 

mixed with formulation compositions was similar to that of the weight ratio in final 

formulations. All physical mixtures exhibited the endothermic peak of bLf at 222 °C, 

suggesting the drug was not molecularly dispersed in lipid and polymer matrix (Figure 3.7A). 

Nevertheless, no melting peak of bLf was found after formulating, indicating bLf has been 

encapsulated completely (Figure 3.7B).  
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Figure 3.7 DSC thermograms in the 30 - 330 °C range for (A) physical mixtures of bLf with 
formulation components, (B) bLf loaded formulations, including (a) free bLf, (b) liposomes, 
(c) chitosan modified liposomes (1:1), (d) pectin modified liposomes (1:1), (e) SLPs, (f) 
chitosan modified SLPs (1:2), and (g) pectin modified SLPs (1:2).  
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3.5 Discussion 

To evaluate the optimum experimental conditions for liposomes and SLPs preparation, a 24 

full factorial design was employed to assess the two critical variables that are associated with 

particulate drug delivery system, namely particle size and EE. As shown in Table 3.3, three 

factors related to liposomal EE were statistically significant, namely percentage of cholesterol, 

drug concentration and sonication time. Cholesterol percentage had a negative effect on 

liposomal EE. This could be attributed to higher lipid contents resulting in a larger population 

of vesicles and consequently larger volume of lipid bilayers. However, by increasing the drug 

concentration the liposomal EE decreased, which might be related to the loading capacity of 

liposomes. The amount of bLf added could have exceeded the maximum loading capacity of 

bLf being able to be entrapped in liposomes. Hence, the EE appeared to decrease with 

increasing drug concentration, and any additional increase in the drug concentration would 

not make any appreciable difference in drug encapsulation (435). Increasing sonication time 

caused a decrease in the liposomal EE. Because high kinetic energy might generate excessive 

heat which could partially denature bLf during sonication process. 

In contrast with liposomal EE, four factors were identified as influencing SLP’s EE, 

including lecithin percentage, drug concentration, surfactant concentration and sonication 

time. Lecithin percentage and sonication time had a negative effect on EE of SLPs, while 

drug and surfactant concentration provided a positive effect. In SLPs formulations, the 

dispersion viscosity increases when increasing the solid lipid content, leading to higher 

surface tension between the lipid and aqueous phase (436). Hence, higher concentration of 

surfactant (Poloxamer 188) is required to stabilize the higher percentage of lipid and limit the 

diffusion of high concentration bLf through and out of the organic phase. The particle size is 

an important parameter because it can influence the biopharmaceutical properties, such as 

cellular uptake and the release profile of the drug (437, 438). Primary factors responsible for 

the changes in the particle size of liposome and SLPs were given in the Table 3.3. However, 

it should be noted that in all batches prepared, the average particle size were less than 656.4 

nm, which is considered suitable for cellular uptake. It is known that ingestion of particles > 

500 nm is usually a phagocytosis route and particles < 200 nm is usually through pinocytosis 

(439).  Uptake of the particles between 500 nm and 0.1 µm has been widely reported (440-

442).  

The addition of pectin and chitosan were carried out to protect the particles from degradation 
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and prolong the drug release. As shown in Figure 3.3, chitosan and pectin modified 

liposomes and SLPs prolonged bLf release compared with the unmodified particles. As the 

concentration of biopolymer increased, the drug release was significantly reduced due to 

increased polymer interaction on the surface of particles. However, the release kinetics not 

only depend on the degradation rate of particles, but also swelling and erosion of polymer 

(443). Moreover, destabilization of chitosan and pectin modified particles occurred when too 

much or little polymer was adding due to depletion flocculation (249) and bridging 

flocculation (444), and resulted in rapid sedimentation.  

The crosslinked polymer networks were observed in Figure 3.4. However, SEM images did 

not show clear particle-polymer interactions due to resolution limit of SEM. Further 

investigation combined with TEM was required to confirm this in Chapter 4.  The growth in 

particle size was possibly caused by the aggregations of free particles via bridging 

flocculation during the process of adding pectin or chitosan (445). A size increase was also 

possible if forming the structure of the polymer-particle network as large aggregates 

consisting of polymeric chains with multiple particles imbedded (446). Lofgren et al. (447) 

showed cross-linked pectin chain networks which were similar in shape shown in Figure 3.4C 

and 3.4F. The observed structure of pectin were not individual polymer chains, but appeared 

to consist of several chains that had been aligned and packed together through inter-chain 

associations (448). Subsequently long chains might lead to a high probability of crosslinking 

or entanglement with liposomes and SLPs via physical forces. With respect to chitosan, the 

images shown in Figure 3.4B and 3.4E appear similarity. Chitosan-chitosan interactions can 

led to the formation of cross-linked network (449) in which the liposomes and SLPs could be 

incorporated via either hydrophilic or hydrophobic interactions (450). The negative zeta 

potential of particles should shift towards positive values when chitosan is added (451, 452). 

However, Quemeneur et al. (453) reported that the positive zeta potential of chitosan-

modified particles became negative when increasing pH to 7.1. This was in agreement with 

our results (Table 3.4), where the zeta potential of chitosan modified liposomes and SLPs 

remained negative charge in the buffer at pH 7.4.  

bLf is a polypeptide chain folded into the N lobe and C lobe, made up of α-helix and β-sheet 

structures that create two domains for each lobe (45). The amide I bands between 1700-1600 

cm-1 can be used to define protein secondary structure (454). The correlation between amide 

II around 1550 cm-1 and protein secondary structure was less than for amide I (455) but also 

could provide structural information (456). In general, the amide I band around 1688 and 
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1672 cm-1 are assigned to β-turns, 1654 cm-1 to α-helix, 1637 cm-1 to β-sheet and 1622 cm-1 to 

self-association (457), which indicated that the amide I band at 1636.76 cm-1 presented in 

Figure 3.5a was attributed to β-sheet structure of bLf. In addition, the amide I of bLf 

entrapped in liposomes had no shift in peak position compared with free bLf. Interestingly, 

the amide II band at 1514.65 cm-1 disappeared or overlapped after entrapment in liposomes, 

which was attributed to cholesterol interaction with the polypeptide and phospholipids polar 

groups (458, 459), allowed the insertion of bLf into the bilayer forming discoidal 

phospholipid-peptide assemblies (460). With respect to SLPs, the absence of any shift in 

protein peak positions after encapsulation exhibited there was no detectable structural change 

in bLf associated with the compositions of SLPs.  

Two Tm peaks for native bLf at 92 °C and 222 °C were explained by the different heat 

sensitivity of the two lobes of bLf indicating the C lobe may be more compact than the N 

lobe in the iron-saturated protein (461). Higher Tm was observed in this study which 

exceeded the peaks of bLf in solution reported by other authors at 60 °C and 90 °C (462, 463), 

indicating dry native bLf showed higher heat stability than bLf in solution. The first Tm of 

bLf, which should occur at 92 °C, could not be investigated because it could be concealed by 

lipid and polymer matrix at 70-150 °C. But the second peak at 222 °C also presented the 

melting point of bLf due to denaturation. On the other hand, the absence of peak at 222 °C 

indicated a possible change in the physical state of encapsulated bLf from crystalline to 

amorphous state, and suggests that bLf stability could be enhanced by formulating it in the 

particulate delivery systems.  

3.6 Conclusion 

The present work demonstrated that bLf incorporated within liposomes and SLPs using the 

optimized formulation parameters depicted by factorial design had achieved minimum 

particle size with maximum EE. Subsequently, pectin and chitosan further improved 

liposomes and SLPs properties by promotion of electrostatic interactions between polymer 

chains and particles, resulted in slower bLf release. The morphologies of pectin and chitosan 

modified liposomes and SLPs were observed by SEM with showing particle-in-hydrogel net 

structures. Investigations on the interactions among drug, lipid and polymer using FTIR 

confirmed the compatibility of bLf with pectin, chitosan and the carrier lipids. In addition, 

DSC confirmed the existence of amorphous bLf and the enhanced stability in drug-lipid-

polymer melt.
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Chapter 4 PHYSICO-CHEMICAL STABILITY OF 
DELIVERY SYSTEMS 

4.1 Introduction 

The use of nanoparticulate carrier systems have received great interest as a means to address 

stability and circulation time issues, as core-shell particles provide an excellent platform to 

shield bioactive bLf from denaturation by luminal and mucosal enzymatic attack (402). For 

instance, Liu et al. (464) encapsulated bLf in liposomes prepared from milk fat globule 

membrane derived phospholipids and found that liposomes could prevent gastric degradation 

of bLf and reduce the rate of hydrolysis of bLf in intestinal conditions. Ma et al. (191) used 

the liposomes to improve the effectiveness and stability of bLf, which showed more 

significant than bLf in inhibiting human tumor cells proliferation. Moreover, David-Birman 

et al. (416) demonstrated bLf-biopolymer core-shell nanoparticles could slow bLf 

degradation, acting as a natural means to control bLf degradation and deliver intact bLf to the 

upper GI tract. In addition, Balcao et al. (465) loaded bLf into nanoemulsion to protect it 

from denaturation by proteolysis and dilution effects aimed to increase the biopharmaceutical 

applicability. 

In our previous Chapter 3, we have developed hydrophilic polymer modified liposomes and 

SLPs for bLf delivery. Although coating lipid particles with chitosan or pectin displayed 

sustained drug release profiles in many investigations (448, 451, 466), external stimuli such 

as temperature, pH and electrolyte concentration of the surrounding media may trigger the 

chemical transformation of lipid compositions, decrease emulsifying capability of surfactants, 

and lower polymer-particle surface interactions resulting in changed particle size, PDI, 

particle shape, zeta potential, load or release profiles, and in vivo and in vitro activities (467, 

468). Despite the complexity of oral environment (a mix of organic and inorganic salivary 

substances, gastric acid, digestive enzymes and food components), oral route remains the 

preferred route for drug delivery. Therefore, understanding the physico-chemical stability of 

the lipid carriers, under various physiological conditions, is important to ensure the developed 

novel delivery systems will remain in a state of adequate quality throughout their shelf life as 

well as within the human body.  
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Taking the above into consideration, the objective of this chapter was to evaluate the 

chemical and physical stability of bLf loaded pectin and chitosan modified liposomes and 

SLPs by their characteristics under various physiological conditions. Characteristics under 

investigation include particle size, zeta potential, drug EE, drug release, particle morphology, 

protein drug fragments and lipolysis of drug delivery systems. The main hypothesis was that 

encapsulation of bLf with lipid based systems would alter bLf susceptibility to proteolysis 

induced by environmental factors, especially under simulated human digestion conditions and 

rat GI fluids. 

4.2 Materials  

bLf was provided by Fonterra (Palmerston North, NZ). TFA (Puriss p.a., for HPLC, ≥ 99% 

GC), L-a-phosphatidylcholine from soybean, cholesterol (Sigma, ≥ 99 %), stearic acid (grade 

I, ≥ 99% GC), mix high and low methoxyl pectin from apple, trypsin, α-chymotrypsin, 

pancreatin from porcine pancreas and bile extract porcine were purchased from Sigma 

Aldrich (St. Louis, USA). HPLC-grade acetonitrile and Tween® 80 for synthesis were 

purchased from Merck (Whitehouse Station, USA). Soybean lecithin was purchased from 

BDH (Poole, UK). Poloxamer 188 (Lutrol F68) was purchased from BASF (Ludwigshafen, 

Germany). Chitosan low viscosity was purchased from Fluka (Park Rabin Rehovot, Israel). 

Laemmli sample buffer, Tris-Tricine running buffer, Tris-Tricine precast gels, coomassie 

brilliant blue R-250 staining and destaining solutions and protein makers were purchased 

from Bio-Rad (Hercules, USA). β-mecaptoethanol (98%) was purchased from Lancaster 

synthesis (Morecambe, UK). All other reagents and chemicals were of analytical grade. 

4.3 Methods 

4.3.1 Analysis of bLf 

bLf concentration was determined by a previously established RP-HPLC method in Chapter 2. 

Briefly, separation was performed on a C18 HPLC column (Jupiter 5u C18 300R, 250 × 4.6 

mm, 5 mm, Pheonomenex, North Shore, NZ) fitted with a C18 guard column (10 × 3.0 mm). 

A constant flow rate of 0.5 mL/min was used. The injection volume was 50 µL and the 

column temperature was maintained at 37 °C. Mobile phase A consisted of 0.1% TFA in 

water and acetonitrile (95:5 v/v). Mobile phase B consisted of 0.1% TFA in water and 

acetonitrile (5:95 v/v). Elution started with an isocratic elution from 35% mobile phase B for 

1 min followed by a linear gradient to 60% mobile phase B for 19 min, and a final 5 min 

(post time) for equilibration. 
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4.3.2 Preparation of unmodified, pectin and chitosan modified liposomes and SLPs 

Polymer modified liposomes and SLPs with optimized compositions have been formulated in 

our previous chapter 3. Briefly, L-a-phosphatidylcholine (32 mg) and cholesterol (8 mg) were 

accurately weighed into a round-bottom flask and dissolved into chloroform-methanol 

mixture (4:1 v/v; 10 mL). A thin lipid film was formed on the inner side of the flask by 

evaporating the organic solvents under vacuum at 40 °C, using a rotary evaporator (R215 

rotavapor, Buchi, Flawil, Switzerland) rotated at 260 rpm (8 × g) followed by nitrogen 

flushing to remove residue solvents. The lipid film was redissolved in diethyl ether (10 mL), 

in which the reversed-phase vesicles were formed. Then 5 mL of PBS (0.1 M, pH 7.4) 

containing bLf (1 mg) and Tween 80 (20 mg) was mixed with the organic phase. The W/O 

emulsion was sonicated using a probe sonicator (UP200S, Hielscher, Teltow, Germany) for 5 

min at frequency of 0.5 cycles and 50% amplitude in an ice bath. The W/O emulsion was 

then placed on the rotary evaporator again, and a gel was obtained following evaporation of 

diethyl ether under atmospheric pressure at 40 °C. The resultant gel was broken to form the 

liposomes by further rotary evaporation. The liposomes suspensions were further centrifuged 

at 25,000 rpm (~ 75,000 × g) (Sorvall wx80, Langenselbold, Germany) for 1 hr at 4 °C to 

separate free bLf from bLf-loaded liposomes. The free bLf in the supernatant was analyzed 

by RP-HPLC method to calculate the EE using the equation: EE = (Wt –Wf)/Wt ×100 %, 

where Wt is the total amount of initially added bLf and Wf is the free amount of bLf in the 

supernatant. The EE of bLf was ~ 57.20% in liposomes (~ 0.6 mg of bLf loaded in 40 mg of 

total lipids). To prepare pectin and chitosan coated liposomes, 40 mg of pectin or chitosan 

was added in a polymer/liposome lipid mass ratio of 1:1 and dispersed into 30 mL of PBS 

(0.1 M, pH 7.4). The mixtures were mixed overnight to facilitate adsorption of the polymer 

onto the particles. After another centrifugation at 25,000 rpm (~ 75,000 × g) for 1 hr at 4 °C, 

pectin or chitosan coated liposome sediments were dried at room temperature and stored in a 

sealed container in the refrigerator until use. 

To prepare SLPs based formulations, the organic phase was prepared by dissolving 28 mg 

stearic acid and 12 mg lecithin in 10 mL of mixture of acetone/DCM (1:4 v/v). Then 5 mL of 

PBS (0.1 M, pH 7.4) containing 3 mg bLf was added slowly to the organic phase in a bath 

sonicator. The mixture was sonicated by probe sonicator for 1 min at frequency of 0.5 cycles 

and 50% amplitude in an ice bath. The formed W/O primary emulsion was immediately 

poured onto 25 mL of PBS (0.1 M, pH 7.4) containing 10 mg poloxamer 188 and 

continuously stirred at 500 rpm (30 × g) and allowed the solvent to evaporate at room 
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temperature for ~ 6 hr. The SLPs suspension was then centrifuged at 25,000 rpm (~ 75,000 × 

g) for 1 hr at 4 °C to separate free bLf from bLf-loaded SLPs. EE was calculated by the same 

method for liposomes. The EE of bLf was ~ 92.10% in SLPs (~ 2.7 mg of bLf loaded in 40 

mg of total lipids). Pectin and chitosan coated SLPs were prepared by the same procedure as 

described above for liposomes but with a polymer/SLPs lipid mass ratio of 1:2.  

4.3.3 Evaluation of physical stability of delivery systems 

4.3.3.1 Effect of pH, temperature and ionic strength 

30 mL of unmodified, pectin and chitosan modified liposomes and SLPs were freshly 

prepared as described above and passed three times through a 1 µm polycarbonate filter using 

ER-1 extruder (Eastern Scientific LLC, Rockville, USA). The obtained suspensions were 

kept at 4 °C as the stock solution. A variety of conditions were used to assess the physical 

stability of pectin and chitosan modified liposomes and SLPs compared with unmodified 

control. 

300 µL of each stock suspension was adjusted to pH 2, 4, 6, 7, 8, 10 and 12 using 0.1 M HCl 

and 0.1 M NaOH, and a total volume of 5 ml using water. The samples were kept at 4 °C for 

24 hr followed by the measurement of particle size and zeta potential (Zetasizer Nano, 

Malvern Instruments Ltd, Worcestershire, UK). 

300 µL of each stock solution was diluted to 5 mL with PBS buffer (0.1 M, pH 7.4). Then, 

the hydrodynamic size and PDI of each sample were determined at 10°C intervals from 20 to 

80°C (Zetasizer Nano, Malvern Instruments Ltd, Worcestershire, UK).  

300 µL of each stock solution was diluted to 5 mL with eight concentrations of NaCl or 

calcium chloride (CaCl2) solution (0.2, 0.4, 0.6, 0.8, 1.2, 1.4, 1.6 and 2 M) at pH 7.4. The 

mixtures were kept for 24 hr at 4 °C before determination of particle size and zeta potential 

using Zetasizer Nano (Malvern Instruments Ltd, Worcestershire, UK). 
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4.3.3.2 Effect of long term storage 

Unmodified, pectin and chitosan modified liposomes and SLPs were weighed and re-

suspended in 10 mL of PBS buffer (0.1 M, pH 7.4) to form stock suspensions containing ~ 

100 µg/mL bLf. Each stock solution was stored in stability chambers under two different 

storage conditions of temperature 25 °C and 40 °C for up to 6 months. 1 mL of each sample 

was taken at fixed intervals (1, 7, 15, 30, 60, 90, 120, 150 and 180 days) and assayed for 

particle size (Zetasizer Nano, Malvern Instruments Ltd, Worcestershire, UK) and free bLf 

released from formulations by RP-HPLC. 

4.3.4 Evaluation of chemical stability of delivery systems 

4.3.4.1 Changes in size and shape of particles in SIF 

Simulated intestinal fluid (SIF) was prepared according to USP specifications (Test solution, 

United States Pharmacipeia 30, NF 25, 2007) with modifications. The SIF was prepared by 

dissolving 6.8 gram (g) of KH2PO4, 0.075 g of trypsin, 0,075 g of α-chymotrypsin, 3.2 g of 

pancreatin, 5 g of bile extract and 77 mL of 0.2 M NaOH in 750 mL of water. The mixture 

was adjusted to pH ~ 7.4 with either 0.2 M HCl or 0.2 M NaOH and diluted with water to 

1000 mL. The SIF solutions were stored at 4 °C in a refrigerator until required.  

Unmodified, pectin and chitosan modified liposomes and SLPs were freshly prepared as 

described above. After passing three times through a 1 µm polycarbonate filter (ER-1 

extruder, Eastern Scientific LLC, Rockville, USA), 6 ml of particle suspensions were 

incubated with SIF at a ratio of 3:1 (v/v) in a shaking water bath (37 °C, 100 rpm). Samples 

(2 mL) were collected at different time intervals (0, 20, 40 and 60 min) to which 80 µL of 0.2 

M HCl was added. Samples were analysed for particle size and zeta potential (Zetasizer Nano, 

Malvern Instruments Ltd, Worcestershire, UK). Particle morphologies of samples incubated 

for 0 and 60 min were observed by negative staining TEM. Briefly, the particles samples 

were diluted approximately 1:50 with distilled water. One drop (~ 20 µL) of the diluted 

sample was combined with a drop (~ 20 µL) of 2% uranium acetate and left for 3 min. The 

solution was then placed on a copper mesh for 2 min before the excess liquid was drawn off 

with filter paper. The mesh was examined using a Tecnai transmission electron microscope 

(FEI Company, Hillsboro, USA). 
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4.3.4.2 Lipolysis of delivery systems 

In vitro lipid digestion was monitored as described by Hu et al. (469) with modifications. The 

method only considers the duodenal step of lipolysis via incubating samples with SIF. Briefly, 

30 mL of each fresh prepared particle suspension containing 40 mg lipids in total was placed 

in a water bath (37 °C, 100 rpm). 4 mL of PBS (0.1 M, pH 7.4) containing 50 mg bile extract 

and 1 mL of PBS (0.1 M, pH 7.4) containing 22 mg CaCl2 were then added to the suspension 

under stirring. 5 mL of freshly prepared pancreatin suspension (32 mg pancreatin powder 

dispersed in 5 mL of PBS, pH 7.4) was added to the above mixture. The final composition of 

the reaction vessel (40 mL) was therefore: 1 mg/mL lipids, 1.25 mg/mL bile extract, 5 mM 

CaCl2 and 0.8 mg/mL pancreatin. A pH-stat titration unit (Metrohm, Riverview, USA) was 

used to maintain pH constant at 7.4 throughout the 60 min experimental time by titration with 

0.02 M NaOH. The volume of NaOH added was equaled to the amount of FFA released from 

the phospholipids. The percentage of FFA released was calculated using the following 

equations: FFA = (VNaOH × CNaOH × MLipid) / (2 × WLipid) × 100 %, where VNaOH is the volumes 

of NaOH titrated to neutralize the FFA released assuming that all the phospholipids are 

converted to two FFA, CNaOH is the concentration of NaOH used for titration (0.02 M), WLipid 

is the total weight of lipids initially present in the reaction vessel (0.04 g), and MLipid is the 

mean MW of the lipids (646.2 g/mol for lipid matrix in liposome while 352.11 g/mol for 

SLPs). 

4.3.4.3 Degradation of encapsulated Lf in SIF 
 

The time-dependent degradation of protein during digestion was examined using two 

methods: RP-HPLC and SDS-PAGE. The incubation mixture was prepared by dissolving 3 

mg of free bLf into 3 mL of SIF in a water bath (37 °C, 100 rpm). 250 µL of samples were 

withdrawn at specified time intervals (5, 60, 120, 160 and 240 min). The enzymes in SIF 

were inactivated by adding 10 µL of 0.2 M HCl. The mixture was treated with 240 µL of 10% 

Triton X-100 followed by using RP-HPLC to identity the bLf peak retention time and 

corresponding peptide mapping. For SDS-PAGE, 200 µL of samples were withdrawn at 

specified time intervals and immediately heated for 2 min in the water bath (95 °C) to stop 

the enzymatic activity (no addition of HCl) followed by adding 200 µL of 10% Triton X-100. 

100 µL of the mixture was diluted with 100 µL of 2 × sample buffer (5% β-mercaptoethanol 

and 95% 2 × Laemmli sample buffer, Bio-Rad Laboratories Inc., Hercules, USA) and then 

heated for 2 min at 95 °C. After cooling to room temperature, 20 µL samples were loaded on 
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to a precast gel (10 to 20% Tris-tricine/peptide, Bio-Rad Laboratories Inc., Hercules, USA) 

and run in a Mini-Protean tetra system (Bio-Rad Laboratories Inc., Hercules, USA) with 1 × 

Tris-Tricine running buffer (10 × premixed electrophoresis buffer; 100 mM Tris, 100 mM 

Tricine, 0.1% SDS, pH 8.3 following dilution to 1 × with water, Bio-Rad Laboratories Inc., 

Hercules, USA) at 110 V using a Bio-Rad power supply unit (PowerPacTM HC, Bio-Rad 

Laboratories Inc., Hercules, USA). MW protein markers (Precision plus protein dual colour 

standards, Bio-Rad Laboratories Inc., Hercules, USA) and native bLf were loaded as 

reference. The gel was then stained with staining solution (Coomassie brilliant blue R-250 

staining solution, Bio-Rad Laboratories Inc., Hercules, USA) for about 120 min and 

destained in destaining solution (Coomassie brilliant blue R-250 destaining solution, Bio-Rad 

Laboratories Inc., Hercules, USA) until the background had faded, which was then followed 

by scanning on a gel imager (Gel DocTM EZ imager, Bio-Rad Laboratories Inc., Hercules, 

USA). 

Unmodified, pectin and chitosan modified liposomes and SLPs prepared as above were 

weighed and suspended in 3 mL of SIF to form particle incubation mixtures containing ~ 1 

mg/mL bLf. Similarly, 250 µL of samples were withdrawn from the incubation mixture at 

specified time intervals up to 240 min followed by adding 50 µL of 0.2 M HCl to terminate 

degradation. The mixtures were treated with 200 µL of 10% Triton X-100 to release the 

entrapped bLf, and further analysed by RP-HPLC. For SDS-PAGE, 200 µL of samples were 

similarly treated with 200 µL of 10% Triton X-100 after heating at 95 °C. 100 µL of the 

mixtures were diluted with 100 µL of 2 × sample buffer and heated for 2 min at 95 °C. The 

same SDS-PAGE procedures as described above were used for loading the samples and 

running the gels. 

4.3.4.4 Degradation of encapsulated Lf in rat intestinal lumen 

Rat luminal extracts were used as proteases which mentioned in the section 2.3.5.1 of 

Chapter 2 due to its relatively higher proteolysis activity. The inhibitory effect was evaluated 

by comparing the bLf remaining after blank bLf and the six particulate delivery systems were 

incubated in the luminal extracts. Briefly, equal portions of luminal extracts from four 

regions (duodenum, jejunum, ileum, and proximal colon) were well mixed and incubated at 

37 °C. Subsequently, the mixed luminal extracts was then added to blank substrate (1 mg/mL 

free bLf) and other substrates containing ~ 1.14 mg/mL liposome-encapsulated bLf or ~ 0.92 

mg/mL SLPs encapsulated bLf in an enzyme-substrate ratio of 1/1,400 (w/w), respectively. 
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After 6 hr incubation at 37 °C, enzymatic activity in samples (250 µL) was terminated by the 

addition of 0.1 M HCl (50 µL). Then, 10 % Triton X-100 (200 µL) was added to destroy the 

lipid particles and to release the entrapped bLf. The samples were centrifuged at 13,400 rpm 

(21,480 × g) for 5 min at 4 °C and the supernatants analyzed by RP-HPLC as described 

above. 

4.3.5 Data analysis 

All data were expressed as mean ± SD. One-way analysis of variance was performed to 

assess the statistical significant difference between the data using SPSS Statistics Version 22 

software (IBM, Chicago, USA). Differences were considered to be statistically significant at 

*p < 0.05 or  **p < 0.01. 

4.4 Results 

4.4.1 pH, temperature and ionic strength influence 

The particle size and zeta potential of each delivery system prepared at different pH values 

are shown in Figure 4.1. Liposomes with or without pectin or chitosan size did not 

significantly change with increasing pH up to 10. However, the mean particle size increased 

dramatically at pH 12 (Figure 4.1A). pH had no influence on the size of SLPs with or without 

pectin or chitosan modified (Figure 4.1B). All liposomes and SLPs particles had positive zeta 

potential values at pH 2 but the magnitude decreased with increasing to pH 12 (less than - 20 

mV) (Figure 4.1C and 4.1D). 
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Figure 4.1 The effect of pH on the particle size and zeta potential of chitosan and pectin 
modified liposomes (A and C) and SLPs (B and D) compared with unmodified control (mean 
± SD, n = 3, *p < 0.05 compared with data measured at pH 7). 
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Thermal stability of particle delivery systems as assessed by changes in average particle size 

with increasing temperature is shown in Figure 4.2. In general, heating from 20 to 40 °C did 

not influence the particle size of all liposomal delivery systems. The particle size of 

unmodified and chitosan modified liposomes decreased as temperature increased from 50 °C 

to 80 °C. The particle size of pectin modified liposomes reduced at temperatures of 70 °C and 

above (Figure 4.2A). SLPs showed no change in mean particle size from 20 to 70 °C. At 

80 °C there was a significant increase in particle size compared with that at 20 °C (*p < 0.05) 

(Figure 4.2B). Similarly, average particle size of pectin and chitosan modified SLPs did not 

change up to 60 °C. However at 70 °C and 80 °C size significantly increased compared with 

that at 20 °C (*p < 0.05). 

 
 

Figure 4.2 The effect of temperature on the particle size of chitosan and pectin modified 
liposomes (A) and SLPs (B) compared with unmodified control (mean ± SD, n = 3, *p < 0.05 
compared with data measured at 20 °C). 
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The average particle size of each delivery system at different electrolyte concentrations is 

shown in Figure 4.3. The concentration of NaCl only significantly affected the hydrodynamic 

particle size of the unmodified liposomes when particles were suspended in 1.6 M and 2 M 

NaCl (Figure 4.3A). However, liposomes and SLPs with polymer modification remained 

stable, and did not seem to be influenced by sodium ions (Figure 4.3B). The influence of the 

same concentration range of CaCl2 on the particle size and PDI of all delivery systems were 

investigated as well, and a milky sedimentation was observed immediately following the 

addition of 0.2 M CaCl2. 

 
 

Figure 4.3 The effect of ionic concentration on the particle size of chitosan and pectin 
modified liposomes (A) and SLPs (B) compared with unmodified control (mean ± SD, n = 3, 
*p < 0.05 compared with data measured at 0.2 M NaCl). 
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4.4.2 Stability of 6 months storage 

The morphology of bLf loaded liposome and SLPs and their stability in suspension during 

long term storage over 6 months at 25 °C and 40 °C were investigated. The release of bLf 

from unmodified, chitosan and pectin modified liposomes and SLPs into the suspending 

media over time are shown in Figure 4.4. All liposomal delivery systems released 

approximately 50% bLf on day 1. Maximum release of bLf at 25 °C was observed on day 30 

for unmodified and pectin modified liposomes and on day 60 for chitosan modified 

liposomes (Figure 4.4A). When stored at 40 °C, the three liposomal delivery systems 

displayed similar release patterns with the maximum bLf release observed on day 10 (Figure 

4.4B). After maximum bLf at 25 °C or 40 °C, the complete degradation was observed 

between day 90 and day 150 for samples stored at 25 °C. All samples stored at 40 °C were 

completely degraded on day 60 (Figure 4.4A and 4.4B). On the contrary, all SLPs delivery 

systems did not show an initial rapid release of bLf (Figure 4.4C and 4.4D). Specifically, at 

25 °C the release pattern of bLF from all three SLPs delivery systems were very similar 

(Figure 4.4C), and after 6 months approximately 30-40% bLf was present in the release 

media. However when SLPs were stored at 40 °C less than 2% of bLf was detected over 180 

days (Figure 4.4D).  

Chitosan and pectin modified liposomes and SLPs showed a particle size of ~ 200 nm at 0 

day which is significantly smaller when compared to the particle size of optimal formulations 

listed in Table 3.4 in Chapter 3 (420 nm to 750 nm for liposomes, and 459 nm to 518 nm for 

SLPs). Such large particles might be contributed by aggregation and fusion of vehicles under 

the preparation. The average particle size of all three types of liposomal formulations ranged 

between ~ 200 nm and ~ 500 nm at the first 30 days under 25 °C storage condition (Figure 

4.5A). After this point, liposomes had been disintegrated into non-bilayer structure with no 

particle size changes in the latter time. At 180 days, large particle size in liposome 

suspensions stored at 40 °C could be a result of phospholipid aggregations at high 

temperature (Figure 4.5B). Similarly, three types of SLPs showed the aggregation to form 

large particles (~ 1 µm in diameter) during the storage (Figure 4.5C and 4.5D).  

 

108 
 



                                                                                                        Chapter 4 – Physicochemical stability 
  

 

 
 

Figure 4.4 The effect of storage conditions (25 °C/ 60 % RH and 40 °C/ 75 % RH) on the 
percentage of native free bLf remained in the liposomes (A and B) and SLPs (C and D) 
without degradation during 6 months storage (mean ± SD, n = 3). 
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Figure 4.5 The effect of long term storage conditions (25 °C/ 60 % RH and 40 °C/ 75 % RH 
for up to 6 months ) on the particle size of chitosan and pectin modified liposomes (A and B) 
and SLPs (C and D) compared with unmodified control (mean ± SD, n = 3). 
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4.4.3 Size and structure changes during enzymatic degradation 

The surface charge of bLf loaded liposome and SLPs incubated with SIF remained at ~ - 25 

mV and ~ - 30 mV respectively, and did not change significantly during 60 min digestion. 

However, the average particle size of both delivery systems decreased gradually under SIF 

conditions. In the absence of enzymes, the average particle size of control, chitosan and 

pectin modified liposomes were in the range of 300-350 nm followed by a decrease (~ 200-

250 nm) after incubating with SIF for 60 min (Figure 4.6A). Similar trends in the average 

particle size of the three SLPs delivery systems during SIF degradation were aslo being 

observed (Figure 4.6B). 

 

Figure 4.6 The effect of enzymatic degradation on the particle size of chitosan and pectin 
modified liposomes (A) and SLPs (B) compared with unmodified control. Each point 
represents the mean ± SD of three experiments (mean ± SD, n = 3, *p < 0.05 compared with 
data measured at 0 min incubation). 
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Major morphological changes of liposomes were assessed by TEM. Liposomes appeared to 

partially disintegrate after 60 min digestion. The outer membrane surrounding the internal 

aqueous compartment could be seen cleanly (Figure 4.7). As to chitosan and pectin modified 

liposomes, the light area on the surface indicated the presence of polymer layers surrounding 

the liposomes. After 60 min digestion, naked liposomes lost their multi-lamellar structure and 

appeared to aggregate. Chitosan and pectin modified liposomes appeared to retain their 

structure. However, the polymers seemed not to be tightly bound to the surface of liposomes 

after 60 min digestion compared those at time 0. By contrast, the micrograph of unmodified 

SLPs typically illustrated a spherical shape and a dense lipid matrix, whereas chitosan and 

pectin modified SLPs demonstrated the existence of polymer (light area) surrounded on the 

surface (Figure 4.8). SLPs particles remained largely intact after digestion. 
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Figure 4.7 TEM images of bLf loaded unmodified, chitosoan and pectin modified liposome 
before and after 60 min incubation with SIF at 37 °C. 
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Figure 4.8 TEM images of bLf loaded unmodified, chitosoan and pectin modified SLPs 
before and after 60 min incubation with SIF at 37 °C. 
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4.4.4 Lipolysis of particles containing different lipid types 

In general, the FFA release profiles followed a similar trend for all formulations, an initial 

rapid increase in FFA was observed during the first 10 min, followed by a more gradual 

increase over 50 min (Figure 4.9), However, the final amount of FFA produced strongly 

depended on formulation type: ~ 75 to 90 % for liposomal delivery systems while only ~ 12% 

for SLPs delivery systems after 60 min lipolysis. Polymer modification did not appear to 

influence stability of these lipid based delivery systems against lipolysis. 

  
 

Figure 4.9 FFA released from unmodified, chitosan and pectin modified liposomes and SLPs 
as a function of time during digestion in simulated small intestinal fluid. The reaction vessel 
contained 1 mg/mL lipids, 1.25 mg/mL bile extract, 5 mM CaCl2 and 0.8 mg/mL pancreatin 
(mean ± SD, n = 3). 

 

 

 

 

 

0

20

40

60

80

100

120

0 20 40 60

%
 F

FA
 R

el
ea

se
d 

(A)     Digestion time  (min) 

Liposomes
Chitosan modified liposomes (1:1)
Pectin modified liposomes (1:1)

0

5

10

15

0 20 40 60

%
 F

FA
 R

el
ea

se
d 

(B)     Digestion time (min) 

SLPs
Chitosan modified SLPs (1:2)
Pectin modified SLPs (1:2)

115 
 



                                                                                                        Chapter 4 – Physicochemical stability 
  

4.4.5 Conformation of structural integrity of encapsulated bLf 

The qualitative and quantitative changes of entrapped bLf when incubated with SIF were 

assessed using HPLC and SDS-PAGE. As shown in Figure 4.10A, the intact bLf exhibited a 

sharp and symmetric peak at 11.8 min, well separated from the solvent front. The 

chromatography of SIF as background represented no additional peaks at 11.8 min, indicating 

no interference (or overlapping) from the matrix components (mixture of bLf and SIF) on the 

retention time of intact bLf. After incubating with SIF for 5 min, no apparent bLf signal could 

be detected by HPLC with the consequence of several major peptide peaks generated, 

suggesting complete degradation. In contrast, the peaks corresponding to the encapsulated 

bLf were still observed at 11.8 min in both liposome and SLPs formulations even after 4 hr 

(Figure 4.10B and 4.10C). To further elucidate the protective properties, the concentration of 

intact bLf remained was calculated using peak area. The average final concentration of bLf 

remained in liposome formulations was ~ 20 µg/mL and ~ 13 µg/mL in SLPs formulations. 

However, it must be noted that SLPs contained 5-fold less lipid (stearic acid) than liposomes 

(phospholipid) to encapsulate the same amount of drug (3 mg bLf). 

bLf proteolysis was confirmed via SDS-PAGE analyses of samples collected at designated 

time intervals during SIF incubations. All of the samples showed a band at ~ 75 kDa 

corresponding to the MW of bLf (Figure 4.11A and 4.11B). This implied that the primary 

structure of loaded bLf was unchanged after formulation. Free bLf disappeared after 5 min of 

digestion without yielding a series of peptides degradation bands. On the contrary, liposomes 

and SLPs formulations protected bLf from immediate proteolysis, as the intact bLf band was 

detectable after 1hr of digestion (Lane 3 to 8, Figure 4.11A). Moreover, the traces of 

encapsulated bLf were observed after 4 hrs digestion (Lane 3 to 8, Figure 4.11B). These 

SDS-PAGE results corroborated the HPLC results above, as bLf loaded liposomes and SLPs 

exhibited a significantly increased resistance to simulated intestinal digestion while native 

bLf cleaved rapidly. 
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Figure 4.10 RP-HPLC chromatograms of (A) control bLf (500 µg/mL) at retention time of 
11.8 min, SIF (background) and complete cleavage of bLf after 5 min of SIF digestion; (B) 
the remaining bLf peaks at 11.8 min from unmodified, chitosan and pectin modified 
liposomes after 4 hr of SIF digestion; (C) the remaining bLf peaks at 11.8 min from 
unmodified, chitosan and pectin modified SLPs after 4 hr of SIF digestion. (The 
concentration of entrapped bLf was ~ 500 µg/mL initially) 
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Figure 4.11 SDS-PAGE patterns of (A): Lane 1 = control bLf (Dilution to 250 µg/mL with 
Triton X-100 and sample buffer); Lane 2 = bLf after 5 min of SIF digestion; Lane 3 to 5 = 
bLf remained in unmodified, chitosan and pectin modified liposomes after 1 hr of SIF 
digestion, respectively; Lane 6 to 8 = bLf remained in unmodified, chitosan and pectin 
modified SLPs after 1 hr of SIF digestion, respectively; Lane 9 = control SIF. (B) Lane 1 = 
control bLf (Dilution to 250 µg/mL with Triton X-100 and sample buffer); Lane 2 = bLf after 
4 hr of SIF digestion; Lane 3 to 5 = bLf remained in unmodified, chitosan and pectin 
modified liposomes after 4 hr of SIF digestion, respectively; Lane 6 to 8 = bLf remained in 
unmodified, chitosan and pectin modified SLPs after 4 hr of SIF digestion, respectively; Lane 
9 = control SIF. 
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4.4.6 bLf loaded delivery systems against proteolysis 

EE of bLf was ~ 57.20% in liposomes and ~ 92.1% in SLPs. Final % of bLf remaining 

relative to the initial bLf concentration for each delivery system was determined to indicate 

the effectiveness on protecting bLf against enzymatic degradation (Figure 4.12). After 6 hr 

incubation with proteolytic enzymes in the mixed luminal extracts, free bLf was only 1.50% 

of initial concentration, while particle loaded bLf retained at least 57.27% of initial 

concentration, indicating that bLf encapsulated into particles could be protected from 

proteolysis. The highest proportion of bLf remaining (83.67%) was observed for chitosan 

modified SLPs. The loss of bLf in these delivery systems may be associated with the bLf that 

was either surface bound or was released into the aqueous medium. In general, SLPs delivery 

systems retained more bLf than liposomal delivery systems. Additionally, pectin and chitosan 

modification provided additional protection for bLf compared with unmodified liposomes 

and SLPs after 6 hr incubation. 

 
Figure 4.12 Effects of delivery systems on bLf proteolysis in the mixed luminal contents 
when incubated at 37 °C for 6 hr. Each point is expressed as % final concentration relative to 
the initial concentration of bLf (mean ± SD, n = 3, **p < 0.01 compared with control). 
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4.5 Discussion 

Possible limitations associated with particulate delivery systems include dynamic instability 

of lipid vesicles leading to aggregation to form larger particles (470) and a tendency to 

rapidly release drug (471). The zeta potential of the liposomes or SLPs were more negative 

than - 20 mV at pH 12 which is typically regarded as stable in terms of not forming 

aggregates (472). But liposomes formulations did show an increase in mean particle size at 

alkaliane pH which may have been due to the protonation of the ether linkage in 

polyoxyethylene chains of surfactant (Tween 80) under the extreme alkaliane condition 

which would reduce interfacial adsorption of surfactant between the lipid and water phases 

(468). This could result in a decrease in the surface active properties of the surfactant which 

would lead to the formation of large aggregates. The particle size of liposome formulations 

also increased with increasing electrolyte concentration (NaCl) and was likely due to 

decreasing surface charges thereby reducing electrical repulsive forces leading to particle 

aggregation (473). However, polymer coated liposomes and SLPs remained stable due to the 

equilibrium interactions amony cationic polymers, anionic particles and sodium ions. 

Moreover, divalent salts (CaCl2) broke this equilibrium and induced larger aggregates than 

monovalent salts (NaCl) at the same concentrations, because of the stronger zeta potential 

reducing effect of polyvalent electrolytes (474). 

Liposomal delivery systems may exhibit a decrease in size as a result of exposure to high 

temperature. As the liposomal phospholipid bilayer is heated from the gel to the fluid state, 

its thickness decreases substantially due to the conformation change experienced by the acyl-

chains (475). Consequently, hydrolysis and oxidation of phospholipid liposomes occur with 

concomitant structure collapse (476). SLPs showed higher heat resistance and maintained 

their integrity but had a tendency to aggregate due to the increment of frequency of collisions 

between particles (477). 

During long term storage it is reasonable to anticipate at least some degradation of a protein 

such as bLf. Encapsulation of proteins in particle delivery systems has been shown to 

enhance stability by entrapment within a protecting environment (478-480). Unmodified 

liposomes and surface modified liposomes (cross-linked via physical forces, or polymer layer 

formed by the electrostatic attractive interactions between the positively charged amino 

groups in polymer molecules and the negatively charged surface of particles) were not 

effective at enhancing retention stability within liposomes under the stress conditions. Similar 

120 
 



                                                                                                        Chapter 4 – Physicochemical stability 
  

results have been reported for pectin or chitosan coated liposomes (481, 482). Despite 

interacting with polymer chains, liposomal bilayer composed of polyunsaturated fatty acids is 

still capable of undergoing oxidation and hydrolysis to form lysolipids and FFA even when 

stored at room temperature (483). When stored at 40°C which is close to Tc of the main 

phospholipid (~ 41 °C) (484), switching from a solid phase phospholipid bilayer to a fluid 

phase bilayer accelerate leakage (485) as well as the permeability of water into the membrane 

(486). As a result, the encapsulated bLf is rapidly released into the aqueous phase thus 

exposing it to liquid-air interface followed by irreversible denaturation associated with 

multiple chemical degradation reactions, such as deamination, oxidation and hydrolysis (487). 

On the contrary, stearic acid as lipid matrix to prepare SLPs offers the greatest chemical and 

physical stability by maintaining outer layer redigity due to its saturated 18-carbon chain fatty 

acids (467, 488). SLPs delivery systems are less sensitive to the lipid transition caused by 

increasing the temperature, and still remain structural solid at 40 °C (Tc of stearic acid = 

69.6 °C) (489) leading to long lasting protective effect under stress. 

Photon correlation spectroscopy (as used by the Zetasizer) does not “measure” particle size. 

Rather, it detects light scattering effects caused by particle movement which are used to 

calculate intensity weighted average particle size (197). Therefore a combination of electron 

microscopy and Zetasizer help to monitor the degradation in SIF by allowing direct 

morphology evaluation of the particles.  It was observed that many of liposomes were not 

spherical in shape. For example, small rods and elliptical shapes could be seen in our study, a 

typical feature of lipid vesicle (490). TEM micrographs also showed multilamellar liposomes 

containing several numbers of bilayers in the interior. Multilamellar liposomes are thought to 

give more gradual and sustained release of material than unilamellar liposomes (491), as the 

concentric rings gradually degrade, slowly releasing the entrapped material. However, 

multilamellar liposomes may not be the most efficient means of carrying hydrophilic 

compounds, like bLf in our study, due to having more than one membrane contributing to 

less entrapment space within the liposome for a given size. SLPs however maintained a 

spherical shape which is consistent with observations of other SLPs systems (350, 492, 493). 

While enabling the shape of unmodified liposomes and SLPs to be examined TEM imaging 

also confirmed particle surfaces were successfully coated with polymers. The TEM staining 

agent uranyl acetate binds to phosphate and carboxyl groups and thus gives the specimen 

contrast (494). The density of phosphate or carboxyl groups is greater in lipids compared 

with polymers, manifest as a difference in intensity of staining of particle surfaces, showing 

121 
 



                                                                                                        Chapter 4 – Physicochemical stability 
  

the pectin or chitosan layer around the particles as well as any morphology changes after 

degradation. 

The morphology results showed that some of particles maintained their intact structures while 

some particles collapsed, whereas other particles had completely degraded could not be 

visualized by TEM analysis. Lipid digestion in the SIF is facilitated by pancreatic lipase and 

co-lipase, producing FFA and monoacylglyceride (495). Therefore, FFA is taken to be a 

measure of lipid particle instability. CaCl2 was present in the digestion buffer, and Ca2+ 

enhances pancreatic lipase activity as it precipitates FFA from the droplets surface by 

formation of calcium soaps with long chain fatty acids (496). Our results showed liposomal 

delivery systems were more susceptible to lipolytic degradation than SLPs delivery systems. 

As phospholipids in liposome contained high percentage of unsaturated fatty acids, as well as 

external location of phospholipids in liposomes than stearic acids located internally in SLPs 

(467), these may have been responsible for fast lipolysis rate of liposomes in SIF. 

Additionally, phospholipids are specifically degraded in vivo by pancreatin which contains 

pancreatic lipase, phospholipase A2, and cholesterol esterase, with a concomitant release of 

fatty acid and acyl lyosphospholipids (497, 498). Bile salts also have a synergistic effect on 

the lipolysis of phospholipids (499). Because of their detergent-like property, bile salts are 

capable of disrupting phospholipid membrane structure, resulting in the decrease of liposome 

particle size (464, 500, 501). Several studies have reported that the rate of lipolysis did 

decrease after the outer biopolymer layer was cross-linked, presumably because this restricted 

the access of the pancreatic lipase to the lipid within the particles (502, 503). However, such 

delayed digestion phenomena were not observed after polymer modification, possibly due to 

the desorption of pectin/chitosan from the particle surfaces as well as the high enzymatic 

activity of lipase allowing it to quickly reach the lipid surfaces. When incubating with real rat 

intestinal fluids, 57% of bLf in liposomes and 74% of bLf in SLPs remained after 6 hr of 

degradation whereas only 1.5% of free bLf remained after same period of degraded time. 

Furthermore, the stability of these particles was enhanced by crosslinking pectin or chitosan 

on the particle surface, resulting in intact bLf increasing to 73% in liposomes and 84% in 

SLPs. Using the same approach, encapsulation of other protein drugs such as calcitonin 

within chitosan or pectin coated liposomes has shown improved pharmacological action over 

standard liposomes, with an enhanced and prolonged reduction in plasma calcium 

concentration (486, 487).  

122 
 



                                                                                                        Chapter 4 – Physicochemical stability 
  

Besides lipolysis of lipid surfaces, the evaluation of entrapped bLf integrity (proteolysis) also 

provided an indicator of chemical stability of such lipid particles against enzymatic attack. 

SIF contains trypsin and chymotrypsin, free bLf could not be expected to survive even for 

short digestion time periods (416), whereas liposomes or SLPs loaded with bLf maintained 

bioactivity and structural integrity in SIF for at least 4 hr according to RP-HPLC and SDS-

PAGE analysis. SLPs retained native bLf more efficiently than liposomes under degradation 

process. Such higher resistance of SLPs towards lipolytic degradation might be necessarily 

advantageous in terms of a higher oral bioavailability of bLf during in vivo studies. 

4.6 Conclusion 

bLf is proposed to be a possibly excellent therapeutic agent because it exerts various useful 

biological functions. Oral administration of bLf is most preferred because of patient 

compliance and acceptability, but the enzymatic and absorption barriers for this route pose a 

significant challenge. Drug delivery systems offer vehicles to encapsulate therapeutic 

proteins and peptides. However, the protection of the drug from the action of proteases and 

low pH environment is still an issue that requires imperative consideration. Better 

understanding of stability should be the key step in the development of new lipid carrier 

formulations for proteins and peptides. The physico-chemical stability of lipid based particles 

is related to the composition showing the importance of the initial choice of components and 

their chemical structure. One important aspect of our study was to compare the aggregation 

behaviours of unmodified, pectin and chitosan modified liposomes and SLPs influenced by 

pH adjustment, thermal treatment, ionic strength (CaCl2 or NaCl) and 180 days of storage. It 

was shown that all SLPs showed better physical stability than that of liposomal delivery 

systems. Moreover, the chemical properties of liposome formulations were more susceptible 

to lipolysis than SLPs in SIF, as producing high amounts of FFA. The morphology changes 

during degradation revealed that the protection of pectin or chitosan layer on the membranes 

of lipid particles was restricted and limited under the stress conditions, allowing the 

continuous oxidation, hydrolysis or lipolysis of particles. This work qualitatively and 

quantitatively demonstrates that both of liposomes or SLPs encapsulation may be harnessed 

to reduce bLf degradation to some extent under SIF condition, raising the possibility of intact 

bLf delivery. However, considering a compromise between essential long term storage 

stability and destabilization necessary for drug release in a biological environment, SLPs 

were desirable to modulate bLf stability and offer a great platform to deliver intact bLf across 

the intestinal epithelium.  
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Chapter 5 IN VITRO AND IN VIVO EVALUATION 
OF DELIVERY SYSTEMS 

5.1 Introduction  

The results in Chapter 4 represented chitosan and pectin modified liposomes and SLPs can 

protect bLf against proteolysis due to encapsulation technology. Thus, SLPs formulations 

showed higher heat resistance, greater electrolyte tolerance and lower lipolysis compared 

with liposomes. SLPs combine these two features: they are colloidal carriers of submicron 

sizes, composed of lipids that are solid at body and room temperature. The use of solid lipids 

instead of oils is an excellent idea to accomplish controlled drug release, because drug 

mobility in a solid lipid should be considerably lower compared with an oily phase (156). 

Due to small particle size, SLPs may exhibit exceptional bioadhesion to the biological surface 

(e.g. GI mucous, lung tissue and nasal mucosa) and therefore give a prolonged exposure to 

therapeutic drug, thereby increasing absorption and the bioavailability of the administered 

dosage (157, 158). However, the behaviour of the safety, cellular uptake and transport 

mechanisms of polymer modified SLPs as drug carriers have not been evaluated. 

In this chapter, the human adenocarcinoma cell line Caco-2 has been developed as a model to 

explore the drug uptake and transport mechanism (504, 505), where these Caco-2 cells are 

originally isolated from the human colon adenocarcinoma by Fogh et al. (506). The Caco-2 

cell monolayer is an in vitro intestinal absorption model that is routinely being used in both 

industry and academia to estimate intestinal permeability. These cells also express nutrient 

and drug transporters, thus allowing studies of carrier mediated uptake and efflux 

mechanisms (507). Our objectives in this chapter, therefore, were to investigate the 

interactions between pectin and chitosan modified SLPs and biological membranes using 

Caco-2 cell monolayer model as a platform. Firstly, preliminary evaluation of cytotoxicity 

using MTT assay was carried out to illuminate the safety of SLPs as an effective oral delivery 

system. Then, cellular uptake studies were performed as an approach to investigate the active 

absorption of bLf and its delivery systems. Finally, various absorption inhibitors and 

penetration enhancers were applied to explore the transport properties of SLPs which 

possibly affected by the drug intestinal cellular efflux transporters.  
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To improve the therapeutic benefits of bLf and to generate desired pharmacological activities 

in vivo, it is necessary to improve pharmacokinetic profile of bLf. The prolonged plasma 

residence of native, unmetabolized bLf may result in enhanced pharmacological activity. 

There are several liposomes encapsulating bLf reported in the literature (187-189, 508), 

however, there were no oral pharmacokinetic studies reported on SLPs. Hence in this chapter, 

pharmacokinetics studies were carried out in rats after oral administration of pectin and 

chitosan modified SLPs compared with that of liposome groups and free bLf (as control 

group preparation). Sprague-Dawley rats were chosen for this study because they are 

standard species used in preclinical pharmacokinetics and tissue distribution studies (509). 

5.2 Materials  

bLf from bovine colostrums was generously provided by Fonterra (Palmerston North, NZ). 

Stearic acid (Grade I, ≥ 99% GC), mix high and low methoxyl pectin from apple, MTT, 

fluorescein isothiocyanate (FITC), fluorescein sodium salt, sodium azide, verapamil, MK-571 

sodium salt hydrate and EDTA were purchased from Sigma Aldrich (St. Louis, USA). 

Soybean lecithin was purchased from BDH (Poole, UK). Poloxamer 188 was purchased from 

BASF (Ludwigshafen, Germany). Chitosan low viscosity was purchased from Fluka (Park 

Rabin Rehovot, Israel). Dulbecco’s Modified Eagles’s Medium (DMEM), fetal calf serum, 

penicillin-streptomycin-glutamine, nonessential amino acids, trypsin-EDTA, sterile PBS (pH 

7.4) and Hank’s balanced salt solution (HBSS) buffer (pH 7.4) were purchased from Life 

Technologies (Carlsbad, USA). 4’6-diamindino-2-phenylindole (DAPI) were purchased from 

Invitrogen (Auckland, NZ). All other reagents and chemicals were of analytical grade. 

5.3 Methods 

5.3.1 Analysis of bLf 

bLf concentration in µg range was determined by a previously reported RP-HPLC method in 

Chapter 2. Briefly, compounds were separated on a C18 HPLC column (Jupiter 5u C18 300R, 

250 × 4.6 mm, 5 mm, Pheonomenex, New Zealand) fitted with a security C18 cartridge (10 × 

3.0 mm). Mobile phase A consisted of 0.1% TFA in water and acetonitrile (95:5 v/v). Mobile 

phase B consisted of 0.1% TFA in water and acetonitrile (5:95 v/v). The mobile phase was 

filtered through a 0.2 µm nylon membrane and degassed prior to use. A constant flow rate of 

0.5 mL/min was used. The injection volume of the analysed samples was 50 µL and the 

column temperature was maintained at 37 °C. Absorbance was measured at the wavelength 

210 nm. Elution started with an isocratic elution from 35% mobile phase B for 1 min 
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followed by a linear gradient to 60% mobile phase B for 19 min, and a final 5 min (post time) 

for equilibration. 

bLf concentration in ng range was evaluated by ELISA assay. A standard curve for bLf was 

established using bLf ELISA Quantitation Set Protocol (Bethyl, USA). Briefly, a stock 

solution of bLf (1 mg/mL) was diluted with sample diluent (included in the kit) to give a 

series of 7.8, 15.6, 31.25, 62.5, 125, 250, 500 and 1000 ng/mL standards, respectively. A 96 

well plate was used for the assay that was provided with the kit. The ELISA kit was applied 

according to the manuals supplied by the manufacturer as follows: The affinity purified 

antibody was diluted with coating buffer (1:100). 100 µL of the diluted antibody was added 

into each well and incubated for 60 min at room temperature. After aspirating the antibody 

solution from each well, the plates were washed 3 times using 300 µL wash buffer. Potential 

free binding sites of the wells were blocked with post coat solution (200 µL). After 

incubation at room temperature for 30 min, the plate was again washed 3 times using washing 

buffer. Then, series standards (100 µL) were transferred into each assigned well in triplicate 

and incubated for 60 min at room temperature. After a further 5 times washing with 300 µL 

wash buffer, 100 µL of diluted goat anti-bLf-HRP conjugate detection antibody was added 

into each well and incubated for 60 min. After the removal of HRP detection antibody, the 

plate was washed 3 times using 300 µL washing buffer. Equal parts of substrate reagents A 

and B (TMB peroxide) were mixed and 100 µL was added to each well and incubated for 15 

min. The plate was covered with tinfoil, allowing the enzymatic colour reaction to develop in 

the dark. Finally, stop solution (100 µL of 2 M H2SO4) was added into the wells and 

absorbance was measured at 450 nm using a SepctraMax Plus 384 (Molecular Devices, USA) 

with 20 min of addition of acid. Data was analysed using MasterPlex 2010. The samples were 

tested in triplicate using the ELISA method as mentioned above, and the corresponding 

concentration of bLf in samples was calculated using the equation {y = [-

2.793/1+(x/187.368)1.307] + 2.934} present in Figure 5.1. 
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Figure 5.1  ELISA standard curve of bLf ranging from 7.8-1000 ng/mL. y = [(A-D)/ (1+ (x/C) 

B)] + D  A: 0.141, B: 1.307, C: 187.368, D: 2.934, R2 = 0.999 (mean ± SD, n = 3, wavelength 
= 450 nm). 

5.3.2 Analysis of total proteins in Caco-2 cells 

The total concentration of proteins extracted from Caco-2 cells was determined by Pierce® 

BCA protein assay (Thermo scientific, Waltham, USA). The assay was applied according to 

the manuals supplied by the manufacturer as follows: a stock solution of BSA (2 mg/mL) was 

diluted to give a series of 25, 125, 250, 500, 750, 1000, 1500 and 2000 µg/mL standards. 25 

µL of each standard BSA or sample was transferred in triplicate into a 96-well plate followed 

by adding 200 µL of the BCA WR (prepared by mixing 50 parts of BCA Reagent A with 1 

part of Reagent B). The plate placed on a plate shaker for 0.5 min and incubated at 37 °C for 

30 min. The plate was then cooled to room temperature and the absorbance was read using a 

SepctraMax Plus 384 (Molecular Devices, USA) at 562 nm.  The total amount of protein in 

each sample was determined by comparison with the BSA standard curve (y = 0.009x + 

0.1424) (Figure 5.2). 
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Figure 5.2 BCA standard curve of total proteins extracted from Caco-2 cells ranging from 0-
2000 µg/mL (mean ± SD, n = 3, wavelength = 562 nm). 

5.3.3 Preparation of unmodified, pectin and chitosan modified liposomes and SLPs 

Polymer modified liposomes and SLPs with optimized compositions have been formulated in 

our previous chapter 3. Briefly, L-a-phosphatidylcholine (32 mg) and cholesterol (8 mg) were 

accurately weighed into a round-bottom flask and dissolved into chloroform-methanol 

mixture (4:1 v/v; 10 mL). A thin lipid film was formed on the inner side of the flask by 

evaporating the organic solvents under vacuum at 40 °C, using a rotary evaporator (R215 

rotavapor, Buchi, Flawil, Switzerland) rotated at 260 rpm (8 × g) followed by nitrogen 

flushing to remove residue solvents. The lipid film was redissolved in diethyl ether (10 mL), 

in which the reversed-phase vesicles were formed. Then 5 mL of PBS (0.1 M, pH 7.4) 

containing bLf (1 mg) and Tween 80 (20 mg) was mixed with the organic phase. The W/O 

emulsion was sonicated using a probe sonicator (UP200S, Hielscher, Teltow, Germany) for 5 

min at frequency of 0.5 cycles and 50% amplitude in an ice bath. The W/O emulsion was 

then placed on the rotary evaporator again, and a gel was obtained following evaporation of 

diethyl ether under atmospheric pressure at 40 °C. The resultant gel was broken to form the 

liposomes by further rotary evaporation. The liposomes suspensions were further centrifuged 

at 25,000 rpm (~ 75,000 × g) (Sorvall wx80, Langenselbold, Germany) for 1 hr at 4 °C to 

separate free bLf from bLf-loaded liposomes. The free bLf in the supernatant was analyzed 

by RP-HPLC method to calculate the EE using the equation: EE = (Wt –Wf)/Wt × 100 %, 

where Wt was the total amount of initially added bLf and Wf is the free amount of bLf in the 

y = 0.0009x + 0.1424 
R² = 0.9935 

0.0

0.5

1.0

1.5

2.0

2.5

0 500 1000 1500 2000 2500

A
bs

or
ba

nc
e 

BSA concentration (µg/mL) 

128 
 



                                                                                                 Chapter 5 – In vitro and in vivo evaluation 
  

supernatant. The EE of bLf was ~ 57.20% in liposomes (~ 0.6 mg of bLf loaded in 40 mg of 

total lipids). To prepare pectin and chitosan coated liposomes, 40 mg of pectin or chitosan 

was added in a polymer/liposome lipid mass ratio of 1:1 and dispersed into 30 mL of PBS 

(0.1 M, pH 7.4). The mixtures were mixed overnight to facilitate adsorption of the polymer 

onto the particles. After another centrifugation at 25,000 rpm (~ 75,000 × g) for 1 hr at 4 °C, 

pectin or chitosan coated liposome sediments were collected dehydrated by freeze dryer 

(Labconco, Kansas City, USA). The dried samples were stored in a desiccator at room 

temperature before analysis.  

To prepare SLPs based formulations, the organic phase was prepared by dissolving 28 mg 

stearic acid and 12 mg lecithin in 10 mL of mixture of acetone/DCM (1:4 v/v). Then 5 mL of 

PBS (0.1 M, pH 7.4) containing 3 mg bLf was added slowly to the organic phase in a bath 

sonicator. The mixture was sonicated by probe sonicator for 1 min at frequency of 0.5 cycles 

and 50% amplitude in an ice bath. The formed W/O primary emulsion was immediately 

poured onto 25 mL of PBS (0.1 M, pH 7.4) containing 10 mg poloxamer 188 and 

continuously stirred at 500 rpm (30 × g) and allowed the solvent to evaporate at room 

temperature for ~ 6 hr. The SLPs suspension was then centrifuged at 25,000 rpm (~ 75,000 × 

g) for 1 hr at 4 °C to separate free bLf from bLf-loaded SLPs. EE was calculated by the same 

method for liposomes. The EE of bLf was ~ 92.10% in SLPs (~ 2.7 mg of bLf loaded in 40 

mg of total lipids). Pectin and chitosan coated SLPs were prepared by the same procedure as 

described above for liposomes but with a polymer/SLPs lipid mass ratio of 1:2. Pectin or 

chitosan coated SLPs sediments were collected dehydrated by freeze dryer (Labconco, 

Kansas City, USA). The dried samples were stored in a desiccator at room temperature before 

analysis.  

5.3.4 Stability of bLf in DMEM and HBSS at pH 7.4 

To investigate drug degradation potentially occurred in the culture medium, bLf was 

dissolved into DMEM (pH 7.4) or HBSS (pH 7.4) giving the concentration of 100 µg/mL, 

and incubated at 37 °C over 6 hr. 100 µL samples were withdrawn at specified time intervals. 

Each sample was examined by the established RP-HPLC method to identity the integrity of 

bLf peak at retention time. 
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5.3.5 In vitro cell line studies  

5.3.5.1 Cell culture 

The Caco-2 cell line was obtained from the American Type Culture Collection (Manassas, 

USA). Cells were routinely maintained in complete DMEM medium in T-75 tissue culture 

flasks (Corning, New York, USA) at 37 °C in an atmosphere of 5% CO2 and 95% relative 

humidity. Complete DMEM medium was prepared by adding 10% fetal calf serum, 1% 

penicillin-streptomycin-glutamine, and 1% nonessential amino acids to sterile DMEM and its 

pH adjusted to 7.4. Culture medium was changed every 3 days until cells grew to 90% 

confluence. Viable cells were determined by trypan blue exclusion method based on the fact 

that trypan blue dye can diffuse through the cell wall of dead cells only. For subculturing, the 

cells were dissociated with 0.25% trypsin-EDTA, split in a ratio of 1:3. 

5.3.5.2 Cytotoxicity studies 

The cytotoxicity of bLf and bLf loaded unmodified, chitosan and pectin modified SLPs 

toward the Caco-2 cells were examined by MTT assay for the assessment of cells viability 

(510). Briefly, 104 cells/cm2 per well were subcultured into 96-well plates (Corning, New 

York, USA). After the monolayer of cells was formed after 24 hr incubated at 37 °C, the 

medium was replaced with serum-free medium containing various concentrations of bLf, bLf 

loaded unmodified, chitosan and pectin modified SLPs (12.5-300 µg/mL in serum-free 

medium), respectively, while cells treated with serum-free medium were used as control. 

After the 4 hr, 8 hr and 12 hr incubation, 100 µL of MTT (0.5 mg/mL in the serum-free 

medium) was added to each well and then the cells were incubated for another 2 hr at 37 °C. 

The supernatants were decanted and the formazan precipitates were solubilized by the 

addition of 100 µL of 0.04 M HCl in isopropyl alcohol (IPA) and placed on a shaking plate 

for 15 min. Thus, the MTT assay assessed cell viability by measuring the enzymatic 

reduction of yellow tetrazolium MTT to a purple formazan at 570 nm using a SepctraMax 

Plus 384 (Molecular Devices, Sunnyvale, USA) (511). Percentage of cell activity was 

calculated as: Cell activity = (Aexp - Aneg) / (Acon - Aneg) × 100 %, where Aexp is the value of 

experiment group absorbance at 570 nm; Aneg is the value of blank group absorbance at 690 

nm; Acon is the value of control group absorbance at 570 nm. The cell ability of the sample 

was expressed as the IC50, which is defined as the concentration in mg of material per mL 

that inhibits the cell viability by 50%. Concentrations within the safety range were applied in 

the following transport experiments. 
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5.3.5.3 Confocal microscopy analysis 

First, bLf was labelled with fluorescein isothiocyanate (FITC) (512). Briefly, 25 mg of bLf 

and 2.5 mg of FITC were dissolved in 5 mL of 0.1 M carbonate buffer, pH 8.5, and stirred in 

the dark for 8 hr at 4 °C. The mixtures were fractionated by gel permeation chromatography 

using a Sephadex G-25M column (Sigma Aldrich, St. Louis, USA). In brief, 1 mL of the 

mixture was loaded to the top of column gel bed and eluted the column with 10 mL of PBS 

(0.01, pH 7.4). 1 mL of factions was collected and measured the absorbance of each fraction 

at 280 nm. Two bands were visible during elution. The conjugates were present in the first 

band (fractions 3-5, the absorbance > 0.4). Fractionated FITC-bLf conjugates were 

dehydrated by freeze dryer (Labconco, Kansas City, USA), and encapsulated by the same 

preparation method as the unlabelled bLf formulation as described above. 

Caco-2 cells were transferred into 2-well chamber slides (BD Falcon, Franklin Lakes, USA) 

at a density of 104 cells/cm2 and grown in complete DMEM culture medium. On the second 

day (cultured for 24 hr), cell monolayers were pre-incubated with 1 mL of HBSS for 15 min 

at 37°C. After equilibrating, the medium was replaced with 1 mL suspensions of FITC-bLf, 

FITC-bLf loaded unmodified, chitosan and pectin modified SLPs (10 µg/mL in HBSS) 

following by incubation for 1 hr at 37 °C (513). Then the cells were washed eight times with 

cold sterile PBS (7.4) and fixed with a freshly prepared 4% (weight per volume) (w/v) p-

formaldehyde (PFA, pH 7.4) for 20 min, followed by cell nuclei staining with DAPI (100 nm 

in PBS) for 10 min. After removing the culture chambers, slides were thoroughly washed 

with PBS and mounted with CITI-Fluor (a medium used to decrease photobleaching during 

observation under microscopy). Cover slips were placed on top of the slides and sealed with 

nail polish. Prior to the experiment, the slides were stored at 4 °C and protected from light. 

Slides were visualized by the laser scanning confocal microscope (Leica TCS SP2, Bio-

strategy, Rosedale, NZ). Samples were excited with 488 nm (green) and 405 nm (blue) laser 

lines. The fluorescence images were analysed using Leica Confocal Software (LCS) version 

2.61 (Bio-strategy, Rosedale, NZ). 
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5.3.5.4 Quantitative analysis of the uptake of lactoferrin and lactoferrin loaded SLPs  

5 mL of Caco-2 cells suspension at a density of 105 cells/cm2 were seeded onto 60 mm plastic 

dishes (Corning, New York, USA), fed complete DMEM every 3 days and incubated at 

37 °C in an atmosphere of 5% CO2 and 95% relative humidity. On reaching 90% confluence, 

the culture medium was replaced with HBSS (2 mL). After 30 min of incubation at 37 °C, the 

medium was replaced with 1 mL suspensions of bLf, bLf loaded unmodified, chitosan and 

pectin modified SLPs (25, 50 and 100 µg/mL in HBSS) and incubated for 4 hr at 4 °C and 

37 °C, respectively, to study the effect of incubated temperature and drug concentration on 

particle uptake. For time-dependent uptake experiments, the medium was replaced with 1 mL 

100 µg/mL suspensions of free bLf and bLf loaded SLPs in HBSS per well and the plate was 

incubated for 30 min, 1 hr, 2 hr and 4 hr at 37 °C, respectively. Then the cells were washed 

with cold sterile PBS (pH 7.4) for eight times and solubilized in 1 mL 10 % Triton X-100 in 

methanol following by extraction of bLf. 25 µL of the cell lysates from each well were 

subjected to BCA protein assay (Thermo Scientific, Waltham, USA) for determining the 

amount of cell protein. The rest of cell lysates were subjected to ELISA assay (Bethyl, 

Montgomery, USA) for evaluating the amount of bLf. The uptake of bLf by Caco-2 cells was 

calculated from the standard curve (Figure 5.1 and 5.2) and expressed as the amount of drug 

(ng) uptaken per µg cell protein. 

5.3.5.5 Transepithelial transport of bLf and bLf loaded SLPs  

Caco-2 cells at a density of 105 cells/cm2 were seeded on Transwell® inserts (0.4 µm pore 

diameter, 1.13 cm2 area, Corning, New York, USA). Cells were incubated at 37 °C in an 

atmosphere of 5% CO2 and 95% relative humidity in complete DMEM. The medium was 

replaced every 3 days with 0.5 mL medium in the apical (AP) side and 1.5 mL in the 

basolateral (BL) side. The integrity of the cell monolayer was checked by monitoring 

transepithelial electrical resistance (TEER) (514).  

TEER was measured using a Millicell-ERS Volt-Ohm meter connected to a pair of chopstick 

electrodes (Millipore Corp, USA). The electrodes were sterilized by 70% ethanol for 15 min 

and air-dried for 15 s followed by immersing in a way that shorter electrode was in the AP 

side and longer electrode in the BL side. Care was taken that the electrodes did not touch the 

cells monolayer. The TEER measurements were performed at 3 days intervals until the TEER 

values exceeded 350 Ω·cm2 (after ~ 24 days post seeding in this study). TEER = (Rcells – 

Rblank) × A, where Rcells, Rblank and A, are measured TEER value, TEER value of the blank 
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transwell and the membrane surface area of transwell (1.13 cm2), respectively. Caco-2 

monolayers with TEER values above 350 Ω·cm2 were considered as indicative of a confluent 

Caco-2 cell monolayer for the transport study. 

Prior to the transport experiments, Caco-2 cell monolayers were equilibrated with HBSS for 

30 min and removed by aspiration. All transport studies were conducted at 37 °C. 0.5 mL 

suspensions of bLf, bLf loaded unmodified, chitosan and pectin modified SLPs (100 µg/mL 

in HBSS) were added on the AP side while the BL side of the inserts contained 1.5 mL of 

HBSS. After 0, 60, 120, 240 and 360 min of incubation, 200 µL was withdrawn from the BL 

receiving chamber and was immediately replenished with an equal volume of prewarmed 

HBSS (37 °C). The concentration of bLf in the transport medium was analyzed by ELISA as 

described above. Furthermore, the effects of absorption inhibitors or enhancers on transport 

were investigated in this experiment. Adenosine triphosphate (ATP) inhibitor (10 mM 

sodium azide), permeability glycoprotein (P-gp) inhibitor (100 µM verapamil), multidrug 

resistance-associated protein 2 (MRP2) inhibitor (100 µM MK-571), and absorption enhancer 

(10 mM EDTA) were added to the AP side with 0.5 mL 100 µg/mL suspensions of bLf and 

bLf loaded SLPs, respectively. All inhibitors were dissolved in dimethyl sulfoxide and 

diluted with HBSS. The transport characteristics of bLf and bLf loaded SLPs through Caco-2 

cell monolayers were expressed as transport rate. The transport rate (Flux) was expressed in 

μg/min/cm2 and was calculated using the equation: Flux = (dM/dt)/A, where dM/dt is the 

cumulative amount of bLf in the BL side per unit time (µg/min), and A is the surface area of 

the insert membrane (1.13 cm2). The Papp was expressed in cm/s and was calculated by: Papp = 

(dM/dt)/(60 × A × C), where C is the initial concentration (100 µg/mL). The TEER values of 

the monolayers were measured at 1 hr interval during experimental period, ensuring the 

integrity of the monolayers. 

5.3.6 Pharmacokinetic studies in Sprague-Dawley rats 

The pharmacokinetic studies were carried out under University of Auckland animal ethical 

approval with reference number R882 (see Appendix 2). Male Sprague-Dawley rats (n = 30) 

(Mean weight = 352.5 ± 72.6 g) were obtained from the Vernon Jansen Unit (University of 

Auckland, NZ). Rats were housed individually in stainless steel cages in an air-conditioned 

room (temperature: 21-23 °C) with lights on for 12 hr. All rats were acclimatized to the 

laboratory conditions for 1 day prior to the experiment. Rats were randomly divided into 5 

groups (6 rats per group) corresponding to the 5 optimized formulations, including free bLf 
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as control, chitosan modified liposomes (1:1), pectin modified liposomes (1:1), chitosan 

modified SLPs (1:2) and pectin modified SLPs (1:2) at dose equivalent to 7.1 µg/g of bLf.  

Each formulation was orally administrated to the rats through 16G curved gavage needles 

(Cadence, Staunton, USA). Blood samples at time points 0.5, 1, 2, 3, 4, 5, 7 and 24 hr were 

collected from a tail vein. A total of 100 µL of blood samples for serum separation were 

collected into Microvette® CB 300 (Sarstedt, Numbrecht, Germany), centrifuged at 2,000 

rpm (479 × g) for 5 min at room temperature and frozen at -20°C immediately for ELISA 

evaluation described above. 

5.3.7 Statistical analysis 

IC50 in the cytotoxicity studies was calculated from nonlinear regression analysis using 

GraphPad Prism Version 5.02 (Graphpad Software Inc, San Diego, USA). The serum 

pharmacokinetic parameters were calculated using non-compartmental model of Phoenix 

WinNonlin software program 5.2.1 (Certara, Princeton, USA). Required pharmacokinetics 

parameters such as time to reach the maximum serum concentration (Tmax) (hr), peak serum 

concentration (Cmax) (ng/mL), total area under the serum concentration-time the curve from 0 

to 24 hr (AUC0-24) (ng.hr/mL), and mean residence time (MRT) (hr) were determined. Fbio % 

between each formulation and free drug was calculated using the equation: Fbio = AUCtest 

formulation/AUCfree drug × 100 %. All data were expressed as mean ± SD. One-way analysis of 

variance was performed to assess the statistical significant difference between the data using 

SPSS Version 22 software (IBM, Chicago, USA). Differences were considered to be 

statistically significant at *p < 0.05. 
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5.4 Results 

5.4.1 Stability of bLf in cell culture media (HBSS and DMEM) 

bLf (100 µg/mL) were incubated in both HBSS  and DMEM at 37 °C. As shown in Figure 

5.3, ~ 98.0 ± 0.6% and ~ 95.5 ± 0.5% of bLf still remained after 6 hr incubation in the HBSS 

and DMEM, respectively, which considered as stable. Therefore, the degradation of bLf 

during the experiment process was neglected. 

 
 

Figure 5.3 Stability profiles of 100 µg/mL bLf in HBSS buffer (pH 7.4) and DMEM (pH 7.4) 
during 6 hr incubation at 37 °C (mean ± SD, n = 3). 
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5.4.2 In vitro cytotoxicity 

Caco-2 cells were exposed to bLf and bLf loaded SLPs (12.5-300 µg/mL) for different times. 

As showed in Figure 5.4A and 5.4B, the cells retained more than 90 % viability and 80 % 

viability when treated with various concentrations of bLf and bLf loaded SLPs for 4 and 8 hr, 

respectively, which indicated low toxicity of formulations. After 12 hr,  bLf loaded SLPs 

showed higher effect on inhibiting the activity of Caco-2 cells (*p < 0.05) compared with free 

bLf, especially tested at high concentration (Figure 5.4C). Table 5.1 gave the IC50 values after 

4,8 and 12 hr incubation with bLf, bLf loaded unmodified, chitosan and pectin modified 

SLPs, respectively. IC50 values of each dose decreased as incubation time increased. 

According to MTT results, the drug concentration was selected as 100 µg/mL in the 

following uptake and transport study (Inucbation time < 6 hr).  

Table 5.1 IC50 values of bLf, bLf loaded unmodified, chitosan and pectin modified SLPs on 
Caco-2 cells. 

Incubation  

time (hr)  

IC50 

bLf SLPs Chitosan 

modified SLPs 

Pectin modified 

SLPs 

4 3026 2647 2524 2598 

8 1152 1172 1010 1071 

12 550 528 401.1 522.3 

 

 

 

 

 

 

 

 

 

136 
 



                                                                                                 Chapter 5 – In vitro and in vivo evaluation 
  

 

 

 
Figure 5.4 Cytotoxicity assay of bLf, bLf loaded unmodified, chitosan and pectin modified 
SLPs on Caco-2 cells at 4 hr (A), 8 hr (B) and 12 hr (C) (mean ± SD, n = 3, *p < 0.05 
compared with control bLf) 
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5.4.3 In vitro qualitative and quantitative uptake of bLf and bLf loaded SLPs 

bLf was labelled with FITC. The uptake of the FITC-bLf and FITC-bLf loaded SLPs by 

Caco-2 cells at the same concentration with incubation time of 1 hr was visualized using 

confocal laser scanning micoscope. Green floresence was detected in control cells that 

exposed to the non-encapsulated FITC-bLf, showing that bLf was able to enter into cells 

(Figure 5.5A). For three FITC-bLf loaded SLPs, all particles (green spots) were closely 

located around the nuclei (Blue), which indicated that the nanoparticles had been internalized 

into the cells (Figure 5.5B-5.5D). 

The cellular uptake was further investigated quantitatively by ELISA and BCA assay. The in 

vitro uptake results (Figure 5.6 and Figure 5.7) showed that the uptake of either bLf or bLf 

loaded SLPs by Caco-2 cells were time -, temperature - and concentration - dependent. The 

uptake of 100 µg/mL of different formulations at 37 °C increased with increasing the 

incubation time. The uptake values of encapsulated bLf were 0.34 ± 0.02 ng/µg for SLPs, 

0.37 ± 0.01 ng/µg for chitosan modified SLPs, and 0.38 ± 0.03 ng/µg for pectin modified 

SLPs, which gave a slight increase than those of the free bLf (0.31 ± 0.01 ng/µg) during 4 hr 

incubation (*p < 0.05). In addition, the uptake amounts of bLf and bLf loaded SLPs under 

37 °C were much higher than that under 4 °C, suggesting that the uptake was energy 

dependent. At both 4 °C and 37 °C, The uptake also increased in a concentration - dependent 

manner when the cells were exposed to bLf and bLf loaded SLPs within the concentration 

range of 25-100 μg/mL. Similarly, the uptake values of encapsulated bLf appeared to be 

higher than those of the free bLf at the concentration of 100 µg/mL under 4 hr incubation at 

37 °C (#P < 0.05). 
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Figure 5.5 Confocal microscopy images of Caco-2 cells treated with FITC-bLf (A), FITC-
bLf loaded unmodified (B), chitosan (C) and pectin (D) modified SLPs for 1 hr at 37 °C, 
respectively. Cell nuclei were stained blue with DAPI, FITC-bLf was shown as green 
fluorescence, and overlapped images were given. Magnification = 600 ×. 
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Figure 5.6 Time - dependent uptake of 100 μg/mL of bLf, bLf loaded unmodified, chitosan 
and pectin modified SLPs after 0, 0.5, 1, 2 and 4 hr at 37 °C (mean ± SD, n = 6, *p < 0.05 
compared with control bLf). 

 
Figure 5.7 Concentration - and temperature - dependent uptake of 25, 50, and 100 μg/mL of 
bLf, bLf loaded unmodified, chitosan and pectin modified SLPs after 4 hr at 4 °C and 37 °C 
(mean ± SD, n = 6, *p < 0.05 compared with 4°C; #P < 0.05 compared with control bLf).  
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5.4.4 Transport of bLf and bLf loaded SLPs 

The intestinal transport mechanism of bLf and bLf-loaded SLPs were investigated via adding 

various absorption enhancers or inhibitors. A schematic diagram of transcellular transport and 

different transporters in Caco-2 cells is depicted in Figure 5.8. The influence of absorption 

enhancers or inhibitors on transport rate (Flux) of bLf and bLf loaded SLPs is shown in 

Figure 5.8.  For the control group, bLf, SLPs and pectin modified SLPs displayed similar 

transport patterns with the maximum flux (~ 24 × 10-6 µg/min/cm2) was observed by 2 hr 

incubation. After that, the transport rate tended to balance. By contrast, chitosan modified 

SLPs exhibited a fastest flux which gradually increased within 6 hr, possibly due to the 

permeation enhancement effect of chitosan. The Papp values of all groups at 6 hr were 

summarized in Table 5.2. When ATP inhibitor (10 mM sodium azide) was added, the flux 

kinetics of all groups were consistently lower in comparison with non-sodium azide added, 

and reduced up to ~ 50% in chitosan modified SLPs and ~ 40% in pectin modified SLPs. 

These results indicated the flux across Caco-2 monolayer was energy - dependent, and an 

active transport mechanism was involved. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.8 Schematic diagrams of transcellular transport and different transporters in Caco-2 
cells. 
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Figure 5.9 The effect of ATP inhibitor (sodium azide), P-gp inhibitor (verapamil), MRP2 
inhibitor (MK-571) and absorption enhancer (EDTA) on transport rate of 100 μg/mL bLf (A), 
bLf loaded unmodified (B), chitosan (C) and pectin(D) modified SLPs during 6 hr at 37 °C 
(mean ± SD, n = 6) 
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Table 5.2 Papp values of bLf, bLf loaded unmodified, chitosan and pectin modified SLPs (100 
μg/mL) from the apical to the basolateral chamber with 6 hr treatment of different absorption 
inhibitors or enhancers (mean ± SD, n = 6, *p < 0.05 compared with control) 

  Papp (10-9 cm/s) 

Control Sodium  
Azide (10 
mM) 

Verapamil  
(100 µM) 

MK-571 
(100 µM) 

EDTA 
(10 mM) 

bLf 4.36 ± 0.24 4.09 ± 0.12* 4.88 ± 0.25 4.26 ± 0.11 9.65 ± 0.80* 

SLPs 3.37 ± 0.25 3.31 ± 0.16 6.16 ± 0.07* 3.63 ± 0.29 19.39 ± 0.43* 

Chitosan modified SLPs 10.33 ± 0.22 5.11 ± 0.21* 14.27 ± 0.23* 3.42 ± 0.30* 37.81 ± 1.02* 

Pectin modified SLPs 3.90 ± 0.11 2.33 ± 0.05* 5.39 ± 0.07* 4.27 ± 0.07 8.98 ± 0.28* 

 

Compared with their control, addition of P-gp inhibitor (100 μM verapamil) caused a 

significant increase in Papp of bLf (~ 12%), SLPs (~ 83%), chitosan modified SLPs (~ 38%) 

and pectin modified SLPs (~ 39%). However, there was no significant increase when MRP2 

inhibitor (100 μM MK-571) was present, suggesting P-gp might play a major role in the 

efflux transport of bLf on the Caco-2 cell membrane. 10 mM EDTA was used as a 

penetration enhancer. The Flux of all delivery systems in the presence of EDTA basically 

increased linearly with time (Figure 5.9), and caused significant increase in permeability of 

all formulations compared with control (*p < 0.05), with an increase of  1.2-fold to 4.75-fold.  

5.4.5 Pharmacokinetic studies 

The serum concentration-time profiles are shown in Figure 5.10 and the corresponding 

pharmacokinetic parameters are summarized in Table 5.3. Cmax for free bLf solution was 

232.79 ± 13.14 ng/mL at ~ 3 hr. Pectin and chitosan modified liposomes and SLPs 

encapsulating bLf displayed significantly lower values of Cmax compared with that of free 

drug (*P < 0.05). However, Tmax for the four formulations was found to increase up to 4 hr. 

MRT for the four formulations increased significantly when compared with free bLf solution 

(4.93 ± 1.05 hr). This might be due to the controlled release of bLf from pectin and chitosan 

modified liposomes and SLPs. The mean AUC0-24h were shown to be 2439.87 ± 332.14 

ng.hr/mL for chitosan modified liposomes, 2798.22 ± 143.45 ng.hr/mL for pectin modified 

liposomes, 3356.06 ± 281.28 ng.hr/mL for chitosan modified SLPs  and 2635.21 ± 204.88 

ng.hr/ml for pectin modified SLPs, which were significantly higher than that of free bLf 

solution (1249.93 ± 323.74 ng.hr/mL) (p < 0.05). As a result, the rank order of relative oral 

bioavailability was chitosan modified SLPs > pectin modified liposomes > pectin modified 
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SLPs > chitosan modified liposomes, with chitosan modified SLPs showing 2.69-fold 

increase in oral bioavailability compared with free bLf. 

 

Figure 5.10 Serum concentration-time profiles of free bLf solution, chitosan modified bLf 
encapsulated liposomes (1:1), pectin modified bLf encapsulated liposomes (1:1), chitosan 
modified bLf encapsulated SLPs (1:2) and pectin modified bLf encapsulated SLPs (1:2) after 
oral administration to rats at a dose of 7.1 mg/kg (mean ± SD, n = 6). 
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Table 5.3 Pharmacokinetic parameters of bLf after oral administration of free bLf solution, 
chitosan modified bLf encapsulated liposomes (1:1), pectin modified bLf encapsulated 
liposomes (1:1), chitosan modified bLf encapsulated SLPs (1:2) and pectin modified bLf 
encapsulated SLPs (1:2) (mean ± SD, n = 6, *p < 0.05 compared with free bLf). 

Parameter 
 

Free bLf Chitosan 
modified bLf 
encapsulated 

liposomes 
(1:1) 

Pectin  
modified bLf 
encapsulated 

liposomes 
(1:1) 

Chitosan 
modified bLf 
encapsulated 

SLPs (1:2) 

Pectin  
modified bLf 
encapsulated 

SLPs (1:2) 

Tmax (hr) 3.33 ± 

0.52 

 

3.83 ± 

0.41 

3.83 ± 

0.41 

4 3.67 ± 

0.52 

Cmax 

(ng/mL) 

 

232.79 ± 

13.14 

 

198.10 ± 

12.56* 

190.75 ± 

24.90* 

201.17 ± 

23.92* 

194.10 ± 

15.87* 

AUC0-24hr 

(ng.hr/mL) 

 

1249.93 ± 

323.74 

 

2439.87 ± 

332.14* 

2798.22 ± 

143.45* 

3356.06 ± 

281.28* 

2635.21 ± 

204.88* 

MRT (hr) 4.93 ± 

1.05 

 

10.03 ± 

0.91* 

10.35 ± 

0.43* 

10.73 ± 

0.34* 

10.24 ± 

0.16* 

Fbio % 1 

 

1.95 ± 

0.27* 

2.24 ± 

0.11* 

2.69 ± 

0.23* 

2.11 ± 

0.16* 

 

5.5 Discussion  

The chapter have primarily tried to characterize and determine the effect of SLPs incorpration 

on the cellular uptake and transcellular transport of bLf, aiming at providing basic 

information for rational design of optimal drug carriers. Stearic acid, a long chain fatty acid, 

was used as the lipid phase in our formulations. It has been used extensively to prepare SLPs 

for various drugs and bioactives (515, 516). Stearic acid as the lipid component was also 

reinforced on account of its United States Food and Drug Administration Generally 

Recognised as Safe (FDA GRAS) status as a food additive, which means that it has low or 

total absence of toxicity in humans (517). In addition, polymer modification-chitosan and 

pectin are also FDA GRAS materials as natural polysachharide which has been used in the 

development of various pharmaceutical formulations (518, 519). Although formulation 

ingredients were carefully selected based on biocompatibility, SLPs exerted some potential 
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cytotoxic effects on Caco-2 cells for 12 hr incubation in our study. Cell viability in all cases 

was less than 80 % of control cells. Opanasopit et al. (520) also observed some toxic effect of 

certain chitosans in Caco-2 cells in MTT assay. Another possible reason could be the 

surfactant-poloxamer 188  which had negative affects on cell viability. However,  Fisher et al. 

(521) reported that poloxamer 188 in concentrations up to 50 mg/mL did not affect cell 

viability or monolayer integrity. 

In this study, FITC-labelled bLf signal was observed clearly in the confocal images, in which 

bLf was binding to the cell surface or internalized to the cells. ELISA assay further 

comfirmed that the existence of bLf inside the cells by uptake. Similar results were presented 

by Ashida et al. (522), which demonstrated that fluorescence labelled Lf was internalized 

from the apical side and localized to the nuclei of human intestinal Caco-2 cells. The 

molecular mechanism of transportion by which bLf acts at a cellular level is still unknown. 

Receptor-mediated endocytosis/transcytosis was considered as the main mechanism of uptake 

of Lf by Caco-2 cells (523). Among the putative Lf receptors are the low-density lipoprotein 

receptor-related proteins (LRP) 1 and 2 (524-527), which are multiligand members of the 

LRP family of endocytic receptors (527). The evidence suggested that LRP1 functions either 

as an endocytic receptor or a signaling receptor (528-531). Respect to our particles 

incorprating FITC-labelled bLf, the cellular uptake and transport appeared to be temperature - 

dependent and energy - dependent, and the Papp increased when P-gp inhibitor (Verapmil) 

was added which prompted us to speculate that SLPs cellular internalization is by 

endocytosis as the dominating process and active transportation mediated by P-gp (532-534). 

Compared with the free bLf, the SLPs formulations significantly enhanced drug absorption. 

However, the amount of bLf uptake from SLPs showed extreme low levels (only up to 0.38 

ng uptaken per µg cell protein). This is probably related with the limit of single Caco-2 cell 

model used and the undesirable particle size of particles. Caco-2 cells might not reflect the 

complete physiology of the intestine, which resulting in inappropriate in vitro/in vivo 

correlations (535, 536). Recently, an advanced intestinal in vitro triple culture permeability 

model including enterocytes, mucus secreting HT29-MTX cells and M cells was developed 

(537). M cells possess a high transcytotic capacity and transport a wide variety of materials, 

including nanoparticles (538, 539). A study carried out by Yuan et al. (349) reported that ~ 

77.9% of absorbed SLPs were transported into systematic circulation via lymph through M 

cell uptake, which is the major transport pathway. Compared with single Caco-2 cells alone, 

the higher uptake amounts of drug loaded nanoparticles were measured in presence of M cells, 
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which may play a major role in nanoparticle entry of the intestinal epithelium (540). More 

recently, the in vitro investigation of surface-modified nanoparticles with a mean particle size 

less than 200 nm showed enhanced cellular uptake efficiency in Caco-2 cells (541). In this 

study, prepared bLf-loaded SLPs with higher average particle size over 200 nm might be 

another reason, which reducing the uptake and transport of SLPs. On the other hand, 

Akiyama et al. (542) investigated uptake of Lf using Caco-2 cells, suggested that a major part 

of Lf molecules endocytized by the cells are degraded eventually within the cell shortly after 

the localization to early endosome while a small part of the internalized Lf molecules escape 

from lysosomal degradation. All these factors contributed to low cellular uptake, and resulted 

in low cellular transport (Flux and Papp) of SLPs. After verify the effect of transporters in this 

study, the endocytosis of SLPs might be partially mediated by apical proteins, and the 

endocytosed SLPs might be easier to be delivered back to the outside of apical membrane 

through exocytosis, thus further decreasing the transport efficiency. As a result, Papp values of 

either bLf or bLf loaded SLPs were less than 1 × 10-6, which was classified as poor 

permeability compounds (543).  

P-gp and MRP2 are transporters primarily expressed on the apical membranes of the epithelia. 

They played crucial roles in resisting drug absorption of intestinal mucosa by efflux of drug 

from the gut epithelial cell back into the intestinal lumen and preventing their absorption into 

blood (544). Therefore, deactivation of efflux pump may enhance the transport of drugs into 

the cells. Inhibition of P-gp mediated bLf elimination showed a major mechanism leading to 

elevated bLf concentration in our study. These findings, along with studies by others identity 

that P-gp plays the dominant role in restricting various drug plasma concentrations (545, 546). 

However, the addition of the MRP2 inhibitor to Caco-2 monolayers resulted in a reduction in 

the efflux of bLf from AP side to BL side. These observations are more consistent with an 

inhibitory effect on the cellular conjugation of the bLf, i.e. by inhibition of Lf receptor - low-

density lipoprotein receptor-related proteins (LRP) 1 and 2 (528-531). The data suggested 

that the role of MRP2 in the efflux of bLf may have been neglected where effects on 

conjugation need to be taken into account. Papp from AP to BL of all groups across Caco-2 

monolayer was significantly increased in the presence of chitosan or EDTA. Such effect 

generally supposed to act on tight junctions between adjacent epithelial cells by manipulating 

paracellular permeability. However, charged molecules or drugs above 400 - 600 Da cannot 

pass tight junctions because the intercellular space only has a size of up to 7 nm, depending 

on the cell type (547, 548). In particular, the permeability of 80 kDa bLf was more restricted 
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by tight junctions. Hence, many studies focused on the investigation of absorption enhancers 

with compounds acting via one or more mechanisms besides opening of the tight junctions 

(549, 550). The mechanism of action to enhance the absorption of lipid particles could be 

possible explained by reducing the extracellular calcium concentration (adding with EDTA) 

or decreasing TEER of cell monolayers (presence of chitosan), leading to diminish the 

viscosity of Caco-2 cells, increase the fluidity of cell membranes, leak proteins through 

membrane and enhance endocytosis pathway (551-553). 

The present results obtained using Caco-2 cells should not be directly extrapolated to the in 

vivo situation, because such influence will only occur in the direct contact with these 

chemicals and the mucosal surface which is easy to achieve in the Caco-2 cells. Nevertheless, 

the transport of nanoparticles could be significantly increased by transport inhibitor or 

absorption enhancers, and decreased by ATP inhibitors, which is in agreement with a recent 

landmark paper studying the entire transport process (endocytosis, intracellular trafficking, 

exocytosis, and transcytosis) of nanoparticles in Caco-2 cells and showing nanoparticles 

displayed the endocytosis pathway (523).  

At the end, pectin and chitosan modified liposomes and SLPs were evaluated for their 

pharmacokinetic parameters in rats and compared with control drug. Following oral 

administration of a single dose, the serum concentration of bLf in the absence or presence of 

delivery systems was measurable only up to 24 hr. Control bLf exposure to hepatic first pass 

metabolism resulted in only a small proportion of the drug reaching the circulation and results 

in low AUC and MRT (554). However, oral administration of bLf loaded delivery systems 

significantly enhanced the oral bioavailability (Table 5.3). This explains that the lipid 

structures are passed into the lymphatic circulation, avoiding the first pass metabolism. Long 

chain lipids (C > 18), like PC (C = 42) and stearic acid (C = 18) used in our systems, are 

generally known to enhance lymphatic transport (555). Moreover, pectin and chitosan 

stabilized liposomes and SLPs against the acidic pH of stomach and enzymatic degradation in 

intestinal fluids, and resulted in the sustained release of bLf, thus providing greater Tmax and 

MRT. Similar pharmacokinetic results were reported with protein drug such as insulin (556), 

cyclosporine (158, 557), and calcitonin (558) with lipid based oral delivery. 
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5.6 Conclusions 

SLPs were time-dependent biocompatible when incubated with Caco-2 cells because they did 

not affect the cell viability nor induced apoptosis by MTT assay within 8 hr investigation. bLf 

can be internalized to cells via receptor-mediated endocytosis, while SLPs cellular 

internalization is by endocytosis as the dominating process and active transportation mediated 

by P-gp. The uptakes of SLPs were time -, energy - and concentration - dependent, which 

could remarkably enhance the absorption of bLf. The inhibitor of P-gp and the absorption 

enhancers significantly improved the penetration of bLf or SLPs across the Caco-2 cell 

monolayer. SLPs might be employed as a potential approach for oral delivery of 

macromolecular drugs. Finally, in vivo pharmacokinetic study of optimized delivery systems 

in the rat model revealed that polymer modified lipid based particles, particularly chitosan 

modified SLPs, are promising carriers for transporting the drug to the intestinal lymphatic 

region which resulted in increased oral bioavailability of bLf. 
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Chapter 6 GENERAL DISCUSSION AND FUTURE 
DIRECTIONS 

6.1 Discussion 

Since the 1960s when bLf was first purified from milk, the number of scientific publications 

concerning its biochemical properties, various biological functions and potential therapeutic 

applications has significantly increased. Currently a search in the Elsevier Scopus database 

identifies almost ~ 10,000 publications covering these topics associated with bLf and this 

number increases by about 300 publications each year. In particular the potential for 

therapeutic or health-promoting applications of bLf has led to a sustained research effort in 

this area. However, bLf therapeutics delivered via oral routine is limited by metabolic 

liability and low bioavailability. Several approaches have been established to optimize oral 

delivery of bLf and can be broadly categorized into chemical and physical strategies. 

However, as of yet, no generalizable strategy has been found. In the present study, the 

objective was to corporate bLf into mucoadhesive polymer modified liposomes and SLPs, 

respectively, for the purpose of comparing two carrier systems. The designed formulations 

offered the best strategy for bLf delivery though GI tract. More specifically, they must protect 

the bLf from the extreme acidity and action of pepsin in the stomach, and the plethora of 

enzymes that are present in the intestinal lumen. Also, these formulations must provide 

intimate and prolonged contact with the absorptive mucosa membranes. And finally, the 

formulations must facilitate both sustained release and cell penetration, resulting in high bLf 

flux across the intestinal membrane and ultimately enhancing the oral bioavailability.  

The successful formulation of proteins requires appreciation of their physico-chemical and 

biological characteristics, including chemical and physical stability, and pharmacokinetic 

properties. The therapeutic activity of proteins is highly dependent on their conformational 

structure. However, protein structures are often flexible and sensitive to external conditions 

such as pH, temperature, shearing, pressure, as well as proteases, and so on (559). Protein 

structure changes may affect the applicability and accuracy of the conventional analytical 

methods. For therapeutic assessment and quality control, the first challenge of this thesis was 

to establish reliable analytical methods for quantitative and qualitative analysis of bLf in 

pharmaceutical application which has been presented in Chapter 2. Table 6.1 summarizes the 

analytical techniques for the determination of bLf concentration and provides an overview of 

the current major technologies for monitoring bLf. Radial immunodiffusion (RID), 

150 
 



                                                                                Chapter 6 – General discussion and future directions 
  

immunoelectrophoresis, microparticle enhanced nephelometric immunoassay, isoelectric 

focusing (IEF) and surface plasmon resonance (SPR) were rarely cited analytical methods to 

determine bLf concentrations compared to ELISA, liquid chromatography and SDS-PAGE. 

To assay bLf degradation during formulation development, RP-HPLC was selected as it 

could provide the quantitative purity determination, real time stability evaluation as well as 

minimal consumables. A validated RP-HPLC developed for this thesis has been published 

(560), giving a short elution time for bLf (~ 12 min) compared with all previous studies. 

Although large peptide fragments degraded from bLf proteolysis could be mapped by the RP-

HPLC assay developed for this thesis, small molecules peptides were poorly detected due to 

insufficient resolution and sensitivity. Zhang et al. (561) further developed the RP-HPLC 

assay by combining HPLC with quadrupole-time-of-flight tandem MS to quantitatively 

analyze bLf at the small molecules peptide level for the first time, showing three specific 

peptides were produced after bLf tryptic digestion. 

Table 6.1 The methods to measure bLf concentration. 

Method Advantages Disadvantages 
ELISA (562) Highly sensitive Long assay time ;require large 

amounts of substrate and other 
non-recoverable consumables 
 

Liquid chromatographic assay 
(562) 

Short assay time background interference from 
medium components; increased 
risks of column fouling and 
proteolytic degradation and 
subsequent leakage of the 
column-bound ligand 
 

SDS-PAGE (563) Detection of hundreds of 
proteins on a single gel plate 

Long assay time; 
limited reproducibility; 
Semiquantitative 
 

RID (564) Sensitive Reaction time long 
 

Immunoelectrophoresis (565) Sensitive Semiquantitative 
 

Microparticle enhanced 
nephelometric immunoassay (562) 

fully automated sampling 
and dilution 

Requirement for relatively high 
concentrations of the 
immunoprecipitating ligand 
 

IEF (566) Large scale separation 
and/or purification 

Long assay time; 
high voltages required; 
Semiquantitative 
 

SPR (562) Rapid quantitation of 
undiluted proteins 

High technical expertise 
required 
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For therapeutic bLf development, analytical support is required not only for the quantitative 

determination of the drug extracted from the formulation matrix but also for pharmacokinetic 

assessment in biological matrices such as serum or plasma. Our developed HPLC measures 

bLf concentration at µg/mL level which is obviously not sufficient for detecting low levels of 

bLf in serum or plasma as a consequence of low bioavailability. The ELISA assay possesses 

sufficient sensitivity to assay the low levels of bLf in plasma or serum following oral 

administration. The assay uses affinity goat anti-bLf primary ligand which binds to any bLf 

present in the samples, and an anti-bLf horseradish peroxidase conjugated secondary ligand 

as offering the high specificity (Section 5.3.1 in Chapter 5). The combination of RP-HPLC 

and ELISA assay used in this study covers the range of bLf concentrations from µg/mL to 

ng/mL, which was as appropriate for bLf quantitation needs for this thesis.  

Stability of the bLf is more complex when incorporated in a formulated product, especially 

when a multi-component heterogeneous system. The excipients used may interact directly 

with bLf molecules during the formulation process, e.g., lipids (phospholipids/cholesterol in 

liposomes; stearic acid/lecithin in SLPs), solvent mixtures (chloroform/methanol in 

liposomes; acetone/DCM in SLPs) and surfactants (Tween 80 in liposomes; Poloxamer 188 

in SLPs). Such interactions between bLf and excipients are non-specific and not well 

understood. Non-specific bLf-excipient interactions may lead to significant stability problems 

of bLf during the formulation process. In such cases, level of degradation is often linked to 

drug loading rather than the absolute amount of drug. More significant degradation is usually 

associated with lower drug loading in the formulation due to higher excipient to drug ratio 

(567). To prove this hypothesis, the secondary structure and the status of bLf after 

formulating were qualitatively confirmed. For example, DSC was used to monitor thermal 

transitions occurring before/after formulating process. The unprocessed bLf-bulk material 

mixtures identified interactions which were reflected in the different melting points and 

enthalpies (568), whereas these melting curves were significantly smoothed after formulating 

process (Figure 3.7 in Chapter 3). The melting peak for the bLf was not observed in the 

loaded particles, indicating an amorphous solid in the formulations. In other words, bLf was 

successfully encapsulated in this study. To further investigate bLf-excipient interactions, 

FTIR spectroscopy was used to optically probe the bLf changes induced by external effects, 

based on the “fingerprint” region of the IR spectrum. Surprisingly, the amide II band at 

1514.65 cm-1 of bLf disappeared after encapsulating into liposomes (Figure 3.5 in Chapter 3). 

The amide II band might have been overlapped by the amide I band of bLf which often 
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appears as a broad peak containing multiple underlying peaks originating from β-sheet 

structure of bLf, but more likely the reason is the insertion of bLf in liposomal bilayers 

through two major mechanisms. Firstly, a low packing of phospholipids allows the 

penetration of bLf between the lipid domains (460). Secondly, NH2 groups of bLf are also 

capable of conjugating with sterol OH groups of cholesterol, while cholesterol ring structure 

associates with the carbons of the phospholipid acyl chains by van der Waals forces and 

hydrophobic forces (569). Wei et al. (570) utilized the high affinity of bLf and attached it to 

the surface of PEGylated liposome via carbodiimide coupling reaction by an amide binding 

between COOH group and NH2 group, which are also consistent the suggestion bLf was 

inserted into liposomal bilayers. However, due to the uncertainties in liposome associated bLf, 

it was unclear whether such interactions might affect its therapeutic effect. SDS-PAGE 

analysis (Figure 4.11 in Chapter 4) indicated the likelihood is that bLf therapeutic activity 

was not compromised. bLf extracted from liposome formations displayed a band at ~ 75 kDa 

corresponding to the MW of native bLf, showing the primary structure of bLf was unchanged 

after liposomal encapsulation. The combination of RP-HPLC and SDS-PAGE used in this 

study reveal that rapid measurement of therapeutic protein drug before/after formulation is 

possible using a variety of different platform technologies. 

Dr Alec Bangham invented liposomes in 1960s (571) while the origin of SLP can be traced to 

lipid nanoparticles introduced in the 1990s (572). SLPs are often compared with the 

liposomes due to the use of similar (lipid) materials for their construction. bLf has been 

shown to have improved pharmacological effects following oral administration by 

incorporation into liposomes (188-191). It is unclear from the literature if bLf in a SLP 

formulation is a suitable delivery option. Therefore, a challenge of this study was to develop, 

optimize and characterize a novel oral delivery system for bLf by comparison of liposomes 

with SLPs which has been presented in Chapter 3. 

A summary of liposome and SLP loaded with bLf is presented in Table 6.2. The particle size 

of two delivery systems was similar, but the bLf loading capacity showed significantly 

difference. To load the same amount of bLf (2.76 mg) as SLPs, liposomes requires about 5-

fold more lipid matrix and surfactant, which costs ~ $80 compared with ~ $0.282 in SLP 

preparation. In spite of the additional material required for liposomal preparations, initial it 

was understood that “essential phospholipid" liposomes owing to their “artificial cell” like 

structure night be better than SLPs at enhancing therapeutic efficacy of bLf, particularly with 

the addition of a hydrophilic polymer surface coating to enhance mucoadhesion and stability.  
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Table 6.2 A comparison of liposomes and SLPs loading bLf according to the material price, 
drug EE and particle size. (Sigma Aldrich price quoted in NZ Dollar) 

Systems Lipid matrix Surfactant bLf  
EE 

Particle size and 
zeta potential 

Liposome 

 

Price 

PC 

(32 mg) 

~ $16 

Cholesterol 

(8 mg) 

~ $0.13 

Tween 80 

(20 mg)  

~ $0.003 

58.14% 

(0.58 mg) 

301.7 nm 

-4.65 mV 

SLP 

 

Price 

Stearic acid 

(28 mg) 

~ $0.28 

Lecithin 

(12 mg) 

~ $0.001 

Poloxamer 188 

(10 mg) 

 ~ $0.001 

92.02% 

(2.76 mg) 

283.1 nm 

-11.3 mV 

 

Oral delivery of mucoadhesive liposomes and SLPs have been widely investigated and 

reviewed by other researchers, showing the richness of the intellectual property derived from 

these works (351, 478, 573, 574). The appropriate combination of lipid and particle 

characteristics, it is possible to deliver bLf with specific, prolonged, and controlled release. 

Two mucoadhesive hydrophilic biopolymers, chitosan and pectin, coating on liposome and 

SLPs were evaluated. The mucoadhesive properties of chitsaon are due to the molecular 

attractive forces formed by the electrostatic interaction between positively charged chitosan 

and negatively charged mucosal surfaces (575). Pectin is employed as a comparison because 

of their ability to interact with the mucus glycoprotein by forming a gel structure via coil 

entanglements and to remain localized to a specific site (576). The strength of bioadhesion 

depends on the concentration of parties involved in the process of polymer side-chain inter-

penetration, therefore, studies evaluating the optimal amount of polymers in the coating on 

the particle characteristic are necessary. Chitosan or pectin was efficiently adsorbed onto the 

surface of liposomes or SLPs, identified by the increase in their particle size, zeta potential 

changes as well as bLf permeability reduction as a function of polymer coating content 

increasing (Table 3.4 and Figure 3.3 in Chapter 3).  SEM images (Figure 3.4 in Chapter 3) 

and TEM images (Figure 4.7 and 4.8 in Chapter 4) further supported the proposed model of 

the interaction between polymers and particles: Hydrophilic polymer chains not only 

gathered around the globular surface of lipid particles forming the coating layer, but also 

attached on lipid particles forming self-assembling polymer-particle network. These polymer 

coated lipid particles size (either using chitosan or pectin) were well tolerated during pH 

changes (pH 2 to pH 10) (Figure 4.1 in Chapter 4), temperature changes (20 ˚C to 40 ˚C) 

(Figure 4.2 in Chapter 4), and ion strength changes (0.2 M to 2 M) (Figure 4.3 in Chapter 4). 
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During a short incubation with rat intestinal fluids, these polymer coated lipid particles also 

retained more bLf compared with uncoated particles (Figure 4.12 in Chapter 4). This may be 

because the polymer layer shields the surface of particles which makes it difficult for 

digestive enzymes to reach the lipid layer. Positive results associated with surface coating 

were in accordance with many previous studies (478, 577, 578), indicating the developed 

formulations are suitable for oral delivery of bLf under physiological conditions. 

Both uncoated liposomes and polymer coated liposomes are not considered to be ideal bLf 

carriers for oral route. When exposure to a porcine bile extract and porcine pancreatin as 

lipase source, liposome based delivery system underwent structural collapse and hydrolysed 

rapidly to FFA (Figure 4.7 and Figure 4.9 in Chapter 4). Surface coating either using chitosan 

or pectin could not significantly delay and reduce the lipolysis of liposomes. This observation 

was inconsistent with other studies which successfully demonstrated polymers inhibit 

phospholipid digestion by restricting the ability of enzyme to reach the liposomal surfaces 

through a steric hindrance effect or specific binding effects (579, 580). Since the rate of 

lipolysis was dependent on the concentration of lipolytic enzymes, the in vitro lipolysis 

model employed in this study used a purified bile salt mixture and the continuous supply of 

Ca2+ ions to mirror the in vivo situation as close as possible. In doing so, the polymer layer 

might become denser and offer negligible protection against the intense lipase activity. 

Whilst liposome based formulations were subjected to long term stability studies, similar 

results were obtained by exposure to high temperature and high humidity conditions (Figure 

4.4 and Figure 4.5 in Chapter 4). Stress conditions accelerated thermodynamic motion of 

liposomes and promoted aggregation or disintegration leading to leakage and denature of 

encapsulated bLf. These results suggested that increased liposomal degradation was 

dependent upon the degree of lipid unsaturation, and consistent with previous studies 

conducted using aqueous liposomal formulations, which concluded that multiple unsaturated 

lipids were particularly susceptible to hydrolysis or oxidative degradation because of the 

relative ease with which bis-allylic hydrogens may be abstracted (581).  

The work presented in this thesis is the first to report encapsulate bLf into SLPs. Both 

uncoated and coated SLPs were able to maintain the particle morphology at SIF, were highly 

resist lipid digestion as well as retain more bLf within the solid core even under stress 

conditions mentioned above. Optimized SLPs formulations have been reported to maintain 

their suitability for large scale production compared with liposomes (197, 582), the later work 

presented in this thesis focuses on the features of SLPs that may provide an added value with 
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regards to their future in vitro and in vivo evaluation. It must be noted that SLPs in this work 

were prepared by using by the double emulsion evaporation method by dissolving bLf in an 

aqueous phase, then emulsifying it in an organic phase containing solid lipids to prepare a 

W/O emulsion which was poured into another aqueous phase containing a surfactant 

(W/O/W). Although the organic solvent is eliminated from the particles, using organic 

solvent and surfactant may be associated with toxicity residues (197). Chapter 5 in part helps 

to establish the low likelihood of toxic residues. 

A basic test for biocompatibility is a cell viability assay. The endpoint is a concentration that 

causes 50% cell death (IC50). In order to calculate IC50, several concentrations of bLf loaded 

SLPs based formulations need to be tested. Decrease in cell viability by more than 30% (i.e. 

cell viability of 70% and less) is to be considered as a cytotoxic effect (583). bLf loaded SLPs 

showed some toxicity against Caco-2 cells after 12 hr incubation that was concentration 

dependent (up to 300 µg/mL) (Figure 5.4 in Chapter 5). Scholer et al. (584) also found stearic 

acid based SLPs caused a drastic decrease (2.2% cell viability) at 1000 µg/mL, but other solid 

lipid such as compritol 888 ATO, trimyristate and cetyl palmitate did not cause any cytotoxic 

effect. However, Miglietta et al. (585) reported no decrease in cell viability even using 1000 

µg/mL stearic acid-SLP. Stearic acid is a widely used lipid in SLPs delivery system, however 

cytotoxicity testing shows inconsistent results because of the use of different cell lines, cell 

types and the methods used have slight variations among research groups. Other reports of 

stearic acid based SLPs point toward concentrations about 100-200 µg/mL as the highest 

non-toxic amounts (584, 586). In this study, a concentration range of 12.5-100 µg/mL did not 

affect cell viability. We selected 100 µg/mL for all delivery systems (toxicity at acceptable 

levels) aimed to in vitro studies. It was noted that both bLf and bLf loaded SLPs could be 

well internalized into Caco-2 cells (Figure 5.5 in Chapter 5). A further observation was that 

the uptake was time -, concentration - and energy - dependent (Figure 5.6 and Figure 5.7 in 

Chapter 5). These findings were in agreement with many previous studies, suggesting that 

endocytosis was the dominating machine for SLPs cellular uptake (587, 588). Endocytosis is 

a multistep transport mechanism. Briefly, it proceeds through attachment of lipid particles to 

cell surfaces, invagination of the plasma membrane and their internalization to form 

endosomes, which, ultimately, release drug content, interacting with lysosomes (589). A 

crucial step is the attachment of the particles to the cell surface that may occur by 

electrostatic interaction or by “receptor-mediated” or “clathrin-mediated” pathways. For this 

reason, pre-incubation of Caco-2 cells with specific uptake mechanism inhibitors supported 
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the conclusion that P-gp mediated endocytosis might be the preferential uptake mechanism, 

while MRP2 mediated endocytosis seems to play only minor role or not involved at all (Table 

5.2 in Chapter 5). The cellular uptake values of bLf encapsulated into SLPs was greater than 

those of the free bLf, which may be explained by more membrane penetration of SLPs 

particles. However, chitosan or pectin coating did not significantly improve the cellular 

uptake of uncoated SLPs, which may have been due transportation saturation. In general, low 

cellular uptake and poor permeability of SLPs across Caco-2 cells monolayer were observed 

because of their large particle size and high molecular weight.  

Pilot in vitro studies are by nature rapid and allow greater manipulation and simplification for 

mechanistic studies of SLPs absorption at the cellular cell. The cellular observations above 

gave insight into possible in vivo effects and thus helped design more definitive animal trials. 

A rat tail vein model was utilized to perform formulation pharmacokinetics study by 

evaluating the concentration of active bLf released from delivery system in plasma. The 

optimized polymer coated SLPs and liposomes were orally administrated to the Sprague-

Dawley rats in comparison to the control group. Chitosan coated SLPs appeared to be the 

most effective in improving the oral bioavailability of bLf as AUC0-24hr increased 2.69-fold 

(Table 5.3 in Chapter 5). This result suggested that chitosan coated layer protected SLPs 

degradation against degradation enzymes and also mucoadhesive properties of chitosan 

prolonged retention of SLPs in rat intestine. This was in good agreement with the explanation 

that a robust solid lipid structure with a high capacity to retain more active bLf which has 

been shown in the previous stability test under various stress conditions had been developed. 

In addition, as shown in the cellular uptake studies, the positive effect of chitosan on cell 

permeability and endocytosis could contribute, at least in part, to the enhanced systemic 

exposure of chitosan coated SLPs. Furthermore, results were in line with many previous 

findings which revealed that the SLPs were preferentially absorbed via membranous 

epithelial cells (M-cells) of the Peyer’s patches in the gut associated lymphoid tissue. For 

example, loading of the antihypertensive agent, carvedilol into stearic acid based SLPs 

improved the oral bioavailability up to 4.8-fold compared with an aqueous suspension (590). 

Formulations of SLPs for lovastatin and simvastatin have provided 1.7 - 1.8 fold 

improvement in the oral bioavailability in comparison to an aqueous suspension (591, 592). 

Similarly, oral bioavailability of candesartan cilexetil was apparently improved over 12-fold 

after incorporation into SLPs (593). In all these studies, the authors proposed that SLPs 

induced lymphatic transport was a significant contribution to the bioavailability improvement. 
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In another study, the rats were intraperitoneally injected with cycloheximide or saline. 

Cycloheximide was injected to reduce the secretion of chylomicrons from enterocytes, and 

hence to inhibit the lymphatic transport without nonspecific damage to other absorption 

pathways (594). Pharmacokinetic results suggested that the inhibition of lymphatic transport 

via the dosing of cycloheximide led to a 40% decrease in the Cmax and a 30% decrease in the 

bioavailability, thus suggesting an important role of SLPs in triggering lymphatic drug 

transport. Furthermore, Venishetty et al. (466) compared the pharmacokinetic behaviours 

between conventional uncoated SLPs and N-carboxymethyl chitosan-coated SLPs, indicating 

that N-carboxymethyl chitosan-coated SLPs were resistant to gastric drug release and 

produced the highest Fbio (3.2-fold) in comparison to the uncoated SLPs (1.5-fold) and an 

aqueous drug suspension as the control. Therefore, while SLPs is generally considered a 

promising delivery system to promote lymphatic transport, retention of drug in the SLPs 

carrier in GI tract should be an important consideration, where enteric coating may be of 

significance in the formulation development to maximize lymphatic uptake. 

6.2 Limitations and future directions 
 
Formulation optimization has been defined as the implementation of systematic approaches 

to achieve the best combination of product and process characteristics under a given set of 

conditions (595). Drug formulation usually involves several variables which influence the 

formulation characteristics. The traditional approach to develop a formulation is to alter one 

variable at a time while keeping all the other factors at constant level (596). However, this 

may not the best method to develop an optimized formulation, as the method does not reveal 

much on the interactions between the variables. Hence of late, factorial designs have become 

a regular practice globally in the formulation optimization by generating mathematical 

equations and graphic outcomes, thus depicting a complete picture of variation of the 

responses as a function of the factors. For easy screening, we concentrated on a 2 levels 

design at which ‘low’ and ‘high’ (-1, +1), respectively. Because it is sufficient to estimate 

linear and interaction models, and it requires a low number of experimental runs. In our study, 

the effects of 4 different factors on the particle size and EE of liposomes or SLPs were 

evaluated by means of a 24 full factorial design (16 runs). This design allows estimating all 

main and interaction effects between these 4 considered factors simultaneously. As shown in 

results, main effects alone do not have much meaning when they are involved in significant 

interactions. These interactions are the key to achieving the optimal conditions. But if it is 

supposed that the effects between the low and intermediate factor level (−1, 0) differ from 
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those between intermediate and high factor level (0, +1) (non-linear behavior of response as 

function of factor levels), our 2 levels factorial design might not be a comprehensive study. 

Thus it might be interesting to screen the factors at three levels (−1, 0, +1), instead of only at 

two (−1, +1). Through adding the central points (0) at the intermediate level we were able to 

estimate the errors of the factorial design and to evaluate the quality of the system 

repeatability (597, 598). 

The average particle size of SLPs increased from ~ 280 nm to ~ 500 nm after polymer 

coating (particle size even increased up to ~ 740 nm for liposomes groups). The particles less 

than 1 μm are able to undergo the endocytosis pathway across the enterocytes (439-442), 

while particles larger than 1 μm can still be internalized by M cells and may be subsequently 

directed to mesenteric lymph nodes 347, 348). However, large particles could be quite 

hazardous and lead to embolization (599). Therefore, particle size should be strictly 

controlled upon their preparation. In this study, large or aggregated particles could be 

eliminated by syringe filtration or extrusion leading to a narrow size distribution. But such 

process may contribute to drug leaked out, extreme low drug loading (600) as well as 

decreasing the volume of sample proportionately. To our knowledge, particle size can be 

further minimized by using highly purified polymers and lipids, and employing high-energy 

process. For example, the used pectin or chitosan in this study were purified according to 

Klemetsrud et al. (601). Briefly, polymer solutions were centrifuged, and the supernatants 

were dialyzed against distilled water in a tube with a pore size of 8 kDa MW cut-off, 

changing the water daily. Finally, the solutions were frozen in a methanol bath and freeze-

dried to more purified polymer. In addition, SLPs suspension can be further homogenized by 

a microfluidizer which is more efficient than manual filtration (602). Microfluidizer reduced 

the particle size through an interaction chamber by shearing force at high pressures. The 

suspension was able to be recycled through the microfluidizer several times. 

The solid matrix of SLPs provided robust protection of bLf against enzymatic degradation in 

the digestive tract. However its maximum effects in vitro and in vivo were restricted by 

underlying subcellular proteolytic processing. bLf has to cross through epithelial cells in the 

gut in order to reach blood supply. This means that the drug has to cross a cell membrane on 

two occasions-first to enter the cell, and then to exit the cell. Whereas the studies in this area 

mostly focused on allowing drugs to penetrate into cell more readily rather than facilitating 

more active drug to escape from lysosomal degradation. After internalization, bLf molecules 

showed to be suffered lysosomal degradation, and only ~ 10% was survived and released as 
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an immoreactive intact bLf or its degraded fragments of 30-50 kDa (53, 542, 603). Such 

released bLf fragments could retain the antibacterial and anticancer activity like the intact bLf 

(called lactoferricin) (35, 604). bLf loaded particles might partly escape from the acidic 

endosomal compartment into cytoplasm. Nevertheless, the absolute concentration of 

encapsulated bLf or its functional fragments in blood was still considered as low, e.g. ~ 200 

ng/mL as measured by ELISA in Chapter 5 (but achieving sustained release compared with 

free bLf).  

It would be interesting to alter native bLf stability against lysosomal degradation via coupling 

with ligands, and encapsulate it via lipid based particles. The “double security” may further 

module the oral bioavailability of bLf. A few bLf conjugates have been synthesized currently, 

e.g. PEG-bLf, epigallocatechin gallate-bLf, chlorogenic acid-bLf and gallic acid-bLf (64, 65, 

605), while their intracellular stability have not been investigated. Recently, a more advanced 

method established by Temming et al. (606) reported that two endosomal escape-improving 

functional groups, a chloroquine and a stearyl moiety, successfully conjugated into hLF by 

strain-promoted alkyne-nitrone cycloadditon. For bLf, the chemical conjugation sites were 

normally performed on the 54 internal lysine amino groups of bLf (containing 690 amino 

acids in total) (64). The approach, however, potentially result in loss of efficacy of protein 

therapeutics, mainly because protein active locations are in or near conjugation sites, or are 

inhibited by long polymer strands (called steric hindrance) (607). For example, the anti-

inflammatory effects of PEG-bLf retained ~ 70% of the action in comparison to native bLf 

(64). Therefore, the development of chemical modified bLf is a balance between improving 

the stability profile and avoiding impact on the biological activity of the parent drug. On the 

other hand, there is no report shown in literature related to the mechanisms of bLf transferred 

from cells to the portal blood. It is suggested that bLf or its peptide fragments were able to 

transport into the Golgi compartment, continue through the Golgi and terminate in the fusion 

of specialized secretory vesicles with the BL membrane, where bLf contents were secreted by 

exocytosis. There must be more than one mechanism which needs to be considered. 

Research by Professor Jillian Cornish’s group (University of Auckland, NZ) has identified 

that bLf is a potent promoter of bone health/growth especially for the treatment of 

osteoporosis. Osteoporosis is a systemic degenerative skeletal disease characterized by low 

bone mass and altered bone micro-architecture, leading to enhance bone fragility and a 

consequent increase in fracture risk (608). The incidence of osteoporosis is multifactorial, but 

the ultimate outcome is that bone resorption exceeds formation, which leads to low bone 
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mineral density (BMD). bLf increased proliferation of primary rat osteoblasts, primary 

human osteoblasts and human osteoblastic cell line, Saos-2 (609) and induced osteoblastic 

differentiation (610). Moreover, bLf acted as a survival factor of osteoblasts by inhibiting 

their apoptosis (611) and reduced both osteoclastogenesis (609, 610) and osteoclast activity 

(612), and ultimately inhibited bone degradation. Local administration of bLf over the 

calvaria of mice potently increased new bone formation in vivo (609). These all findings 

indicate the bLf exerts combined anabolic effects on osteoblasts and inhibitory effects on 

osteoporosis. However, the compound itself is not likely to be orally active in dosage forms 

currently available. Therefore, a collaborative study with Professor Jillian Cornish will be 

carried out to investigate the effect of our optimized formulation-bLf loaded SLPs on bone 

using a specific animal model. The model is called the ovariectomised mouse model which is 

considered to be a validated model to represent clinical features of the postmenopausal 

osteoporosis induced by estrogen deficiency in adult humans (613). In brief, ovariectomised 

or sham-operated mice feed for 16 weeks with the control diet, a diet mixed with free bLf, a 

diet mixed with empty SLPs, and a diet mixed with bLf loaded SLPs. At week 9, the blood of 

each mouse is collected from the orbital sinus to evaluate immunoreactive bLf concentration 

by ELISA. At week 17, the animals are euthanized and whole blood is collected by cardiac 

puncture. The body composition is determined and the skeleton and muscles are weighted. 

BMD of the entire body, lumbar spines and right femoral bone of each mouse is measured at 

time intervals after ovariectomy by radiographic dual-energy X-ray. According to the 

established model, we expect that the particle encapsulated bLf is more bioavailable than 

unencapsulated bLf mixed in the diet, resulting to the increased bLf concentration in 

peripheral blood as well as the improvement in BMD. 
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6.3 Conclusion 

From all the studies performed, this project improved bioavailability of bLf and provided 

proof-of-concept into the possible role of bLf as a new oral treatment for various diseases, 

e.g. osteoporosis. This research fulfilled the objective for the development and optimization 

of novel oral delivery systems for bLf. Specially, the results of the studies showed that: 

1. bLf could be rapidly detected within a short time and quantitated at low levels by the 

valiated RP-HPLC method. This method also has been successfully used for 

analyzing the enzymatic degradation of bLf. 

2. bLf was successfully incorporated to liposomes and SLPs using optimized 

formulation parameters by factorial design, thus achieved minimum particle size with 

maximum EE. Subsequently, pectin and chitosan further improved liposomes and 

SLPs properties by promotion of electrostatic interactions between polymer chains 

and particles, resulted in slower bLf release. 

3. The physico-chemical stability of pectin and chitosan modified liposomes and SLPs 

was qualitatively and quantitatively characterized by using various techniques, e.g. 

Zetasizer, TEM, SEM, FTIR, DSC, RP-HPLC and SDS-PAGE. 

4. bLf loaded SLPs were significantly more effective for cellular uptake of bLf. In vivo 

pharmacokinetic investigation of bLf in pectin and chitosan modified liposomes and 

SLPs, particularly chitosan, showed prolonged MRT of bLf in rat blood and increased 

the Fbio compared with free bLf. 

bLf bioavailability has been showed to be significantly enhanced by the oral delivery 

systems-mucoadhesive SLPs that designed by this project. The therapeutic advantages of oral 

delivery systems centre on the superior predictability and the ability to delivery therapeutic 

proteins at a controllable rate, which leads to improved therapeutic efficacy and minimized 

any potential adverse effects. This, combined with its simplicity nature and convenience, will 

sequentially improve patient compliance and treatment outcomes. This research is pioneering 

for the oral delivery of bLf by lipid based particulate delivery systems. As oral delivery of 

proteins is technically challenging, a successful delivery technology for the oral delivery of 

bLf in return will also create significant attention from scientists in other related fields.  
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