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Abstract 

One of the most common metabolic diseases, diabetes mellitus, is characterised by hyperglycemia 

and pathological inflammation. It is categorised into three main types: gestational diabetes, type 1 

diabetes, type 2 diabetes mellitus (T2D). The latter accounts for 90% of diabetic incidences worldwide. 

T2D is primarily caused by environmental and genetic factors where tissues lose sensitivity to insulin 

secretion/utilization, which leads to dysregulation in glucose levels and eventually to the development 

T2D. High blood glucose levels, pancreatic β-cell damage, and systemic inflammation are common 

features observed in T2D patients. The standard treatment for T2D is oral administration of anti-

diabetic drugs, with most of them mainly focused on controlling blood sugar levels rather than 

focusing on diabetes-related inflammation and complications, primarily developed by pancreatic β-

cell damage, free radicals, and lipid dysregulation.   

Probucol (PB), a commercial available lipophilic drug with anti-oxidative and anti-inflammatory 

properties and shown its potential to protect pancreatic β-cells; however, PB's use for T2D treatment 

is limited because of drug’s low water solubility, bioavailability, and inter-individual patient variations. 

The implementation of encapsulation technology, utilising polymer-PB mixtures, results in the 

production of efficient microcapsules that can be used to increase PB availability and promote steady 

drug release. Moreover, PB stability can be improved by incorporating absorption enhancers such as 

bile acids into the polymer-drug mixture. Bile acids are naturally amphipathic steroid compounds, 

produced in the human body and are shown to be effective microcapsules' excipients, leading to 

improved drug absorption and delivery properties. Recently, lithocholic acid (LCA) has shown its 

prominent function as anti-inflammatory and drug formulation-stabilizing effects in atherosclerosis. 

Therefore, a good approach for treating T2D and improving pancreatic β-cell function can be 

microencapsulation of the PB together with bile acids like LCA. Previous studies demonstrated that 

bile acids facilitated the absorption of PB. The encapsulation of PB with polymer resulted in anti-

diabetic effects and supported drug release, but targeted, controlled and sustained drug's release in 

vitro remains elusive. Furthermore, PB absorption profile remained to certain extent limited and 

variable in in vivo studies.  Therefore, the major challenge is to design new delivery systems for PB 

using LCA-based matrices to optimize the oral delivery of PB. 

Sodium alginate (SA) was used as a polymer base for designed microcapsules. PB-LCA and PB, 

microcapsules were produced on a Büchi microencapsulation system, with specific jet-flow technology 

that allows the formation of uniformly shaped polymer capsules. The produced microcapsules were 

evaluated based on morphology, physicochemical compatibilities, rheological properties, swelling, 

mechanical strength, buoyancy, stability, and release profiles at different pH values and temperatures 
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(chapter 2 and 3). Similarly, microcapsules' effects on viability, inflammatory cytokines, and 

bioenergetics parameters were analysed using pancreatic β-cell lines (chapters 2 and 3). 

In brief, chapter 1 describes the hindrance faced by orally administrated lipophilic drugs and defines 

the possible applications and challenges of encapsulation technologies in the oral delivery of lipophilic 

drugs by optimizing drug's efficacy and safety profiles. Chapter 2 describes the encapsulation 

technology and development of robust PB delivery matrices using LCA and the SA. The study 

characterizes microcapsules based on surface characteristics, morphology, rheological characteristics, 

physicochemical stability, physical stability, drug release, and also the biological effects of prepared 

microcapsules' on NIT-1 pancreatic cell line. Similarly, chapter 3 focuses more on microcapsules 

membrane strength, drug content, release kinetics, stability, and biological effects on a pancreatic β-

cell line - NIT-1.  Both chapters 2 and 3 describe the impact of LCA on PB microcapsules. 

The resulting PB-LCA-SA microcapsules were morphologically consistent and presented good 

compatibility characteristics (chapter 2). By introducing LCA to the PB-SA mixture, microcapsules 

retained their physiochemical properties (shape, size, rheological properties, drug content, stability, 

zeta-potential, surface tension), improvement in mechanical strength, buoyancy, release profile, 

conductivity, and decreased in the swelling index (chapter 2 and 3). PB-LCA-SA microcapsules 

improved cell viability, reduced the inflammatory profile, increased anti-inflammatory cytokine, and 

improved the bioenergetics parameters (chapter 2 and 3) in the hyperglycaemic state.   

Hence, the scope of this thesis concentrates on developing, validating, and establishing a robust 

microencapsulation method, and characterizing prepared microcapsules to study the effects of LCA in 

PB microcapsules in terms of in vitro (formulation study) and ex vivo (cell study), and examine the 

microcapsules' potential effects in treating T2D. In conclusion, from in vitro and ex vivo models, results 

suggest that microcapsules produced from PB in combination with LCA showed potential properties 

for T2D therapy use. 
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Introduction and structure of the thesis 

DM (Diabetes Mellitus) is a metabolic disorder triggered by hyperglycaemia and inflammation (1). 

With high economic pressure on health systems around the world, diabetes is a major global epidemic 

that affects millions of people every year (2, 3). With the number of diabetic patients is increasing, 

Australia alone, has a significant yearly cost of more than $15 billion, revealing that one person is 

diagnosed with DM every five minutes (4).  Due to poorly controlled diabetic symptoms, it is projected 

that by the year 2040, DM will be the seventh leading cause of death and around 700 million 

individuals will suffer from DM,  unless new potential and potent drugs are introduced to the market 

(5).  

DM is mainly divided into three types; type one DM (T1D), type 2 DM (T2D), and gestational diabetes 

(GD). GD is a type of DM that occurs during the pregnancy and normally goes away after the 

pregnancy; however, it leads to high risk for T2D development later in life. T1D occurs due to auto-

immune destruction of pancreatic β cells in which β cells produce insufficient amounts or unable to 

produce insulin at all. T2D is one of the common types of DM occurring when insulin-producing 

pancreatic β-cell are not able to produce enough insulin (due to tissue desensitization to insulin), 

resulting in high blood glucose levels. Environment and genetic factors are the primary causes of T2D, 

with T2D accounting for 90% of the total diabetic population (only 10% accounts for T1D and GD).  

Insulin is the major hormone which regulates blood glucose level in the human body. In a healthy 

body, when the blood sugar level is higher than 5mmol/L, insulin is stimulated and released from the 

pancreatic β-cells to reduce blood sugar level through the receptors, most commonly the Glucose 

transporter type 4 (GLUT-4). Insulin stimulates GLUT-4 and promotes glucose intake and storage into 

the muscle, liver, and adipose tissues. Normally, glucose intake and uptake (gluconeogenesis, 

glycogenolysis, and lipogenesis) are controlled by the feedback mechanism to ensure proper use of 

energy whenever needed in the body. However, in T2D patients, initially, because of the damaged 

pancreatic β-cells, there is impaired insulin secretion that causes dysregulation of glucose 

haemostasis.  Initially, chronic tissue exposure to glucose causes increased insulin production. 

However, β cells later cannot bear the production pressure, which causes a decrease in insulin 

production and leads to tissue desensitization, and, eventually, T2D development (6). Lately, T2D is 

generally allied with hypertension, hyperlipidaemia, and high levels of free radicals and inflammation 

(7). Obesity is the primary risk factor for T2D, which can induce inflammation and oxidative stress at 

the early stage of T2D and worsen glycaemic control (8). Recently, a strong link was established 

between diabetes symptoms and chronic inflammation. Therefore, pro- and anti-inflammatory 
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biomarkers such as interferon-gamma (IFN-γ), interleukin (IL-6), IL-10 have been used to monitor the 

success of anti-diabetic drugs, potential complications, and inflammatory profile (9). 

Pre-diabetes is the condition where pancreatic β-cells have difficulty producing insulin, and if it is 

successfully diagnosed, diabetes incidence and its complications can be minimized (10). It is clear that, 

together with anti-diabetic drugs, a healthy diet and an active lifestyle play an essential role in 

reducing the number of pre-diabetes patients and those prone to developing T2D (11, 12). Previously, 

T2D was mainly noted as dysregulation of blood sugar level. However, It is now accepted that T2D is 

caused by inflammation and oxidative stress progression present at the pancreatic site (13, 14). 

Studies have proved that β-cell inflammation is linked to diabetes development by worsening diabetic 

symptoms, long-term prognosis, lipid dysfunction, and insulin-resistance, particularly because normal 

pancreatic β-cells have limited natural defence mechanisms from inflammation and free radicals (15-

17). This is the driving mechanism behind T2D`s substantial complications: cardiovascular disorder, 

gastroparesis, metabolic syndrome, renal diseases, neuropathy, retinopathy, hearing problems, slow 

healing, and skin problems.  

To date, marketed anti-diabetic medications such as sulphonylureas, metformin, and 

thiazolidinedione have been effective mainly in controlling blood glucose levels either by improving 

tissue sensitivity or by decreasing glucose uptake  (18). It is worth mentioning that less researches are 

focused on pancreatic β-cell damage, caused by free radicals and toxins along with inflammation, 

which is critical in diabetes treatment and its complications (19, 20). Therefore, there is a genuine 

need for novel and effective medication that is superior to current treatment in diabetes prevention 

and development, as such medication will be not only effective in controlling hyperglycaemia, but also 

be able to reduce local inflammation and have strong anti-oxidant potential, resolving underlying 

inflammation.  

PB is a lipophilic drug with potential anti-inflammatory and anti-oxidant properties, shown to have a 

protective effect from inflammation and free radicals on pancreatic β-cells (21, 22). The drug was 

initially developed and prescribed for the treatment of hyperlipidaemia. However, it was withdrawn 

from some countries after 18 years of use, mainly from the USA and western countries, due to severe 

adverse effects (lowering high-density lipoprotein and cardiac electrophysiology, high inter-individual 

variations, extreme accumulation in adipose tissue), and low bioavailability (22-26). Ma et al. showed 

that the protein transporter such as P-glycoprotein has a significant impact on the rate of PB cellular 

uptake in the gut, affecting clinical efficacy and safety profile of the drug (27). Therefore, one possible 

approach to overcome these obstacles is to develop and optimise novel and stable formulations, with 

good rheological factors able to protect the drug from unwanted degradation in the gastrointestinal 
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(GI) site, increase drug's solubility and intestinal permeation, and ultimately release the drug at the 

target site in a controlled manner without having toxic effects for tissues. This can be achieved with 

the help of artificial cell microencapsulation (ACM) technology using different kinds of polymers and 

permeation enhancing agents such as bile acids. 

ACM is a technology established by pioneer Professor Thomas Chang at McGill University, Canada, in 

the 1960s (28). After this, the technology was extensively used for the targeted delivery of drugs, living 

cells, and bioactive moieties by encapsulating them with polymers (15, 29, 30). One of the most critical 

challenges of this technique is to produce the ideal shape and size of microcapsules with appropriate 

drug content. An ideal microcapsule will contain materials that can provide the drug-stabilizing 

conditions to support the controlled release of the drug. This can be achieved by developing suitable 

encapsulation methods and parameters, together with appropriate polymers; thus, this is the primary 

objective of this study.   

One of the most used polymers for ACM is sodium alginate (SA) due to its high biocompatibility, 

biodegradability properties, polymers support pH-sensitive, controlled, and targeted drug delivery, by 

protecting the active compounds from the hostile condition in the GI tract. Therefore, polymer 

selection is the primary factor in  drug discovery and delivery (31).  Generally, at low pH, the hydrated 

SA transforms into the insoluble and form a porous alginic acid matrix, whereas at pH >7.0, the matrix 

is converted into a more soluble viscous layer that breaks microcapsule wall and releases the 

encapsulated drug from its core (32, 33).   

Bile acids are steroid acids secreted inside the body, broadly divided into primary and secondary bile 

acids.  They are amphipathic compounds consisting of a steroid structure, four rings with five to eight 

carbon side chains ending in a carboxylic acid, and numerous hydroxyl groups, divided mainly into two 

types. Primary bile acids (cholic acid and chenodeoxycholic) are synthesized by the liver, whereas 

secondary bile acid (deoxycholic acid and lithocholic) are formed in the colon from the bacterial 

metabolic action. Bile acids act as a digestive surfactant agent and help in the solubilisation of 

lipophilic drugs (34-36). Also, some bile acids, like chenodeoxycholic, ursodeoxycholic (UDCA), and 

lithocholic acid, have shown significant protective properties on pancreatic β-cell by their potent anti-

inflammatory and anti-apoptotic characteristics (37-39). Moreover, studies demonstrated that bile 

acids act as enhancers for drug release and formulation excipients, facilitated the absorption of PB 

encapsulated together with the polymer, resulting in positive anti-diabetic effects and support in drug 

release.; however, results were not promising because targeted, controlled, and sustained drug 

release remains elusive (15, 29, 40-42).  Also, the PB absorption profile remained limited and variable 
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in in vivo studies. This study hypothesises that bile acid with high structural rigidity and less water 

solubility can improve PB release pattern. 

Lithocholic acid (LCA) has high structural rigidity, unique amphiphilic properties, and reasonable 

biocompatibility, which helps in self-assemble in nanostructures (43). It is one of the bile acids that 

have anti-inflammatory and protective effects in inflammatory diseases (44). Recently, studies showed 

that LCA has effectiveness in the oral administration of anticancer drugs (45, 46). However, to the 

date, there is not advanced research reporting usage of novel LCA in drug discovery and development 

area.  This study is ongoing research to study possible applications and effects of different bile acids 

either unaided or with anti-diabetic drugs, and with polymers by developing microcapsules (42, 47, 

48). More information is necessary to develop microcapsules that display good structural integrity, 

and exhibit controlled targeted properties with self-assembling potential.  Therefore, it is 

hypothesized that this study would produce new and robust PB microcapsules with improved delivery 

profiles appropriate for oral delivery in T2D. Thus, this thesis is the first study to optimize 

encapsulation techniques and microcapsules production, examine and characterize developed 

microcapsules by in vitro studies, and check their potential anti-inflammatory effectiveness ex vivo 

using PB-LCA microcapsules.  

Briefly, chapter one characterizes challenges faced by orally administrated lipophilic drugs (mainly in 

the gastrointestinal tract), describes the encapsulation technologies, and outlines the significance of 

bile acid and alginate in microencapsulation of the lipophilic drug for optimizing drug’s efficacy and 

safety profiles. Chapter two describes new PB delivery matrices using LCA, and presents the impact 

LCA has on microcapsules’ morphology, surface characteristics, chemical and thermal compatibilities, 

and rheological properties in vitro and also the biological effects of PB-loaded microcapsules’ on the 

pancreatic β-cell line NIT-1. Chapter three examines the impact of LCA incorporation in PB 

microcapsules in terms of drug content, production yield, microencapsulation efficiency, zeta 

potential, conductivity, surface tension, particle size, stability, swelling, membrane resistance, 

buoyancy, drug release, and biological effects, ex vivo. Finally, chapter four presents the discussion, 

conclusion, limitation, and future direction of the study. 

 

 

 

 

 



xi 

Objectives 

The main objectives of the study are: 

Objective 1: To develop, validate, and optimize the microencapsulation technique and formulation. 

Objective 2: To develop and characterize PB microcapsules in terms of morphology, topography, 

compatibility, and release profiles. 

Objective 3: To investigate the effects of bile acid on encapsulated PB. 

Hypothesis 

The incorporation of LCA into PB formulations will optimize the PB microcapsules features in terms 

of release from oral targeted delivery. 

Outline of experimental design and the main finding 

Microcapsules were made by using the Büchi-based microencapsulating system by Ionic Gelation 

Vibrational Jet Flow technology (IGVJF), using optimal parameters required to produce uniform and 

high-efficiency microcapsules. Two kinds of microcapsules were produced, including PB and PB-LCA 

microcapsules using sodium alginate as a polymer. The produced microcapsules were tested in vitro 

(formulation studies) and ex vivo. Three independent lots were prepared, analysed, and tested for 

each formulation. 

Through in vitro study, produced microcapsules were examined for morphology, surface topography, 

atomic composition, physicochemical characterization, rheology parameters, electrokinetic stability, 

size analysis, conductivity, surface tension, swelling resistance, mechanical strength, buoyancy, drug 

release at various pH values and temperature, and physicochemical stability.   

The shape, size, topography, and surface atomic analysis were undertaken using OM (optical 

microscopy) (Nikon SM2800, Japan), SEM (scanning electron microscopy) (Neon 40EsB FIB-SEM; 

Germany) and EDXR (energy dispersive X-Ray) (INCA X-Act; UK) as described (15). Physical 

characterization of pre- and post-microencapsulation were characterized by DSC (differential scanning 

calorimetric) (DSC 8000, PerkinElmer Inc., USA). Chemical analysis of prepared microcapsules was 

carried by FTIR (Fourier-transform infrared spectroscopy) (PerkinElmer Inc., USA). The Visco-88 

viscometer was used to analyze the rheological parameters of formulations. Electrokinetic stability 

was measured by using zeta sizer (Zetasizer 3000HS, UK), and particle size analysis was noted by 
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Mastersizer (Mastersizer 2000, UK). The tensiometer was used to record surface tension exerted by 

the formulations (Sigma 703). The conductivity was analysed by a conductivity meter (CDM230, 

conductivity meter). High-pressure liquid chromatography (HPLC) (Shimadzu Corporation, Kyoto, 

Japan) and UV-spectrophotometer methods were develop and validated to determine the drug 

content in microcapsules (Shimadzu UV-Vis spectrophotometer 1240, Japan). The swelling resistance, 

mechanical strength, buoyancy, drug release, and physicochemical stability were tested as described 

(41, 42, 49, 50). 

The ex vivo study was prepared to examine the biological impact of PB microcapsules. Pancreatic β-

cell line, NIT-1 was used to measure the biological activities using viability assay, pro-inflammatory 

(IFN-γ and IL-1-β) and anti-inflammatory (IL-10) biomarkers and bioenergetics parameters such as 

extracellular acidification rate (ECAR), oxygen consumption rate (OCR), proton production rate (PPR), 

basal respiration (BR) and maximal respiration (MR). NIT-1 cells were cultured in DMEM media at two 

different glucose concentrations, 5.5 mmol, and 25 mmol, and treated with prepared microcapsules 

to see the effect on cytokines production and bioenergetics parameters. 

The results revealed that the PB-LCA formulation exhibited best microcapsules in terms of 

morphology, physicochemical characterization, rheology parameters, PB release, and 

physicochemical stability. Morphological examination of PB microcapsules showed clear border with 

spherical shape and size ranges from (800- 1000µm), and assimilation of LCA in PB formulations did 

not change the shape, size, surface topography and elemental present of microcapsules. 

Microcapsules had rough surfaces with white deposit granules. In the rheological study, both 

formulations exhibited non-Newtonian, thixotropic properties, and integration of LCA did not change 

the rheological properties of the matrix. Physicochemical characterization was investigated in both 

pre- and post-microcapsules, to assess excipient compatibilities, and showed that assimilation of LCA 

did not alter the physical and chemical properties of PB (chapter 2). 

Encapsulation efficiency, drug content, production yield, electrokinetic stability, surface chemistry, 

and size distribution were consistent between PB and PB-LCA microcapsules. However, significant 

changes in electrical conductivity, swelling index, mechanical resistance, micro-floating capacity, and 

drug release were found when LCA was incorporated into PB microcapsules. The drug release was 

maximum at pH 7.8 and LCA addition in PB microcapsules showed a more controlled release. In 

physical stability study, a significant impact of temperature ranges from -20 to 40 oC, and humidity 

was noted on both PB and PB-LCA microcapsules (chapter 3). 

After 48 hours, NIT-1 cells treated with PB-LCA microcapsules had significantly reduced pro-

inflammatory and enhanced anti-inflammatory cytokines in hyperglycemia state. Moreover, a 
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significant improvement in bioenergetics parameters was found after the 48 hrs treatment with LCA-

PB microcapsules on the cell's hyperglycaemic conditions (chapter 2 and 3). 



  

xiv 
 

Thesis's structure 

This thesis contains four chapters that cover the importance and impact of bile acid on PB 

microcapsules.  

 

Chapter one: Introduction and literature review 

The contents of this chapter are covered by the first manuscript from the publication list. 

Susbin Raj Wagle, Bozica Kovacevic, Daniel Walker, Corina Mihaela Ionescu, Umar Shah, Goran 

Stojanovic, Sanja Kojic, Armin Mooranian, and Hani Al-Salami. Alginate-based drug oral targeting 

using bio-micro/nanoencapsulation technologies.  

Journal: Expert Opinion on Drug Delivery (in press). 

 

It is a review, chapter one takes into account lipophilic drugs and oral administration, effects of main 

metabolic enzymes, efflux proteins, and GIT environment in the oral bioavailability of lipophilic drugs 

and illustrates possible novel approaches in enhancing oral bioavailability of lipophilic drugs. The role 

of bile acids and microencapsulation to improve the oral bioavailability of lipophilic drugs is also 

described, which is the central concept of this thesis.  

 

Chapters two: Describes the method validation and optimization, characterization of PB 

microcapsules, and analyses the impact of bile acid in PB microcapsules. 

Chapter two covers the following objectives: 

Objective 1: To develop, validate, and optimize the microencapsulation technique and formulation. 

Objective 2: To develop and characterize PB microcapsules in terms of morphology, topography, 

compatibility, and release profiles. 

Objective 3: To investigate the effects of bile acid on encapsulated PB. 

The contents of this chapter is addressed in the second published manuscript from the publication 

list. 

Sub-objective (1):  To microencapsulate PB with LCA using SA, optimize technique and 

examine the effect of LCA on the morphology, surface analysis, rheology, thermo-chemical 
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stability, drug's release, cell viability, inflammatory profiles and bioenergetics parameters of 

the microcapsules. 

Wagle SR, Walker D, Kovacevic B, Gedawy A, Mikov M, Golocorbin-Kon S, Mooranian A, Al-

Salami H. Micro-Nano formulation of bile-gut delivery: rheological, stability and cell survival, 

basal and maximum respiration studies. Scientific Reports. 2020 May 7;10(1):1-0. 

Chapters three:  Explores the new design of delivery systems for probucol using LCA-based matrices, 

these drug-formulations are tested in vitro and ex vivo. 

Chapter three covers the following objectives: 

Objective 1: To develop, validate, and optimize the microencapsulation technique and formulation. 

Objective 2: To develop and characterize PB microcapsules in terms of morphology, topography, 

compatibility, and release profiles. 

Objective 3: To investigate the effects of bile acid on encapsulated PB. 

The contents of this chapter is addressed in the third under review manuscript from the publication 

list. 

Sub-objective (2): To validate and optimize the technique and microencapsulate PB with LCA 

using SA, and examine the effect of LCA on drug content, microcapsule efficiency, production 

yield, drug release, zeta potential, conductivity, surface tension, stability, buoyancy, 

mechanical resistance, and swelling index. Microcapsules' effects on NIT-1 pancreatic β cells, 

inflammatory profiles, and bioenergetics parameters were also analyzed.  

Susbin Raj Wagle, Bozica Kovacevic, Daniel Walker, Corina Mihaela Ionescu, Goran Stojanovic, 

Sanja Kojic, Armin Mooranian and Hani Al-Salami. Pharmacological and advanced cell 

respiration effects, enhanced by toxic human-bile nano-pharmaceuticals of probucol cell-

targeting formulations. Journal: Pharmaceutics (in press). 

Chapter four:  Discussion, conclusion and future perspective. 
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List of abbreviations: 

DM Diabetes mellitus  

T1D Type 1 diabetes mellitus  

T2D 

GD 

Type 2 diabetes  

 Gestational diabetes 

PB Probucol  

LCA Lithocholic acid  

ULCA Unconjugated lithocholic acid (ULCA) 

SA Sodium Alginate 

LVSA Low viscosity sodium alginate  

ACM Artificial cell microencapsulation  

GIT Gastrointestinal tract 

CDCA Chenodeoxycholic acid 

UDCA Ursodeoxycholic acid 

PBUDCA Probucol-Ursodeoxycholic acid 

DSC Differential scanning calorimetry 

FTIR Fourier-transform infrared spectroscopy 

OM Optical microscopy  

SEM Scanning electron microscopy   

EDXR Energy-dispersive X-ray spectroscopy 

IF Interferon 

IFN-γ Interferon-gamma 

IL-1 β Interleukin- 1 beta 

IL-10 Interleukin- 10 
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OCR Oxygen consumption rate 

ECAR Extracellular acidification rate 

PPR Proton Production rates 

BR Basal respiration 

MR Maximal respiration 

NADH Nicotinamide adenine dinucleotide hydrogen 

ATP Adenosine triphosphate  

ADP Adenosine diphosphate  

GLUT4 Glucose transporter type 4 

Biopharmaceutics Biopharmaceutics classification system 

CYP Cytochromes P450 

ABC ATP-binding protein 

P-gp P-glycoprotein

MRPs Multidrug resistance proteins 

BCRP Breast cancer resistance protein 

MDR Multidrug resistance  

PXR Pregnane X receptor 

DDI DDI 

SEDDS  Self-emulsifying drug delivery system 

IGVJF Ionic Gelation Vibrational Jet Flow technology 

DMSO Dimethyl sulfoxide 
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                                                                             Chapter 1 

Introduction and literature review 

 

Alginate-based drug oral targeting using bio-micro/nano encapsulation technologies. 

 

The contents of this chapter are covered by article first from the publication list: 

Chapter one is a review article that provides insights into the lipophilic drug delivery systems. The 

detailed description of the obstacle associated with the oral bioavailability of lipophilic drugs is 

discussed. Furthermore, techniques to overcome these obstacles, with much emphasis on optimal 

safety and efficacy, were addressed. The ionic vibrational jet flow encapsulation technology has an 

enormous impact on lipophilic drug delivery systems, which is discussed thereafter. The chapter 

further emphasis the combination of drug-bile acid-alginate compounds by using the 

microencapsulation method as a promising strategy to improve the oral delivery of lipophilic drugs, 

which is the central concept of this thesis.  
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Chapter 2 

Micro-Nano formulation of bile-gut delivery: rheological, stability and cell survival, basal, and 

maximum respiration studies. 

This chapter succeeded in the following objectives and sub-objectives and covered by article two 

from the publication list: 

Objective 1: To develop, validate, and optimize the microencapsulation technique and formulation. 

Objective 2: To develop and characterize PB microcapsules  

Objective 3: To investigate the effects of bile acid on encapsulated PB. 

Sub-objective (1):  To microencapsulate PB with LCA using SA, optimize technique and 

examine the effect of LCA on the morphology, surface analysis, rheology, thermo-chemical 

stability, drug’s release, cell viability, inflammatory profiles and bioenergetics parameters of 

the microcapsules. 

Study finding: PB-LCA microcapsules showed excellent stability, uniform morphology, and chemical 

and thermal excipient compatibilities, suggesting overall microcapsules stability. LCA did not alter the 

shape or size of microcapsules, rheological parameters, suggesting microcapsules stability. LCA support 

controlled and targeted PB release. PB-LCA microcapsules enhanced the NIT-1 cell viability, 

bioenergetics and cellular parameters, and reduced inflammatory cytokines and increased anti-

inflammatory cytokines (p < 0.01) under the hyperglycemic state. Overall, this study suggested that 

PB-LCA microcapsules have good structural properties and beneficial effects on biological activities 

and could be suitable for oral delivery of PB in T2D. More studies are required to characterize 

microcapsules in terms of microencapsulation efficiency, drug content, production yield, mechanical 

resistance, swelling index, physical stability, and buoyancy index. These parameters are covered in 

chapter 3.  
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Chapter 3 

Pharmacological and advanced cell respiration effects, enhanced by toxic human-bile 

nano-pharmaceuticals of probucol cell-targeting formulations. 
 

This chapter succeeded in the following objectives and sub-objective and it is covered by article 

three from the publication list: 

 

Objective 1: To develop, validate, and optimize the technique. 

Objective 2: To develop and characterize PB microcapsules. 

Objective 3: To investigate the effects of bile acid on encapsulated PB.  

 

Sub-objective (2): To validate and optimize the technique and microencapsulate PB with LCA using SA, 

and examine the effect of LCA on drug content, microcapsule efficiency, production yield, drug release, 

zeta potential, conductivity, surface tension, stability, buoyancy, mechanical resistance, and swelling 

index. Microcapsules’ effects on NIT-1 pancreatic β cells, inflammatory profiles, and bioenergetics 

parameters were also analyzed.  

 

Study finding: Drug contents, production yield, and encapsulation efficiency were consistent (70-92 

%), while both formulations showed consistent electrokinetic properties, size distribution, and surface 

chemistry. The significant difference was found between two formulations on electrical conductivity, 

mechano-physical resistance, micro-floating capacity rate, and accumulative drug release at the 

stomach, duodenum, ileum, and cecum. Both formulations were affected similarly with temperature 

(range -20 to 40 oC). NIT-1 pancreatic β-cells were used to study the biological effects of LCA on PB 

microcapsules. Formulation no.2 (PB-LCA) microcapsules showed a significant reduction in pro-

inflammatory biomarkers with significant biological improvement in cellular bioenergetics. Significant 

anti-inflammatory and favorable bioenergetics effects of ULCA, when combined with probucol under 

hyperglycaemic condition, suggest the potential application in oral delivery of PB to treat T2D. A 

primary limitation of this study is the absence of in vivo microcapsule treatment studies.  
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Chapter 4 

General discussion, conclusion, limitation and future direction of the study 

 

Discussion  

This thesis aimed to investigate the influence of LCA on PB microcapsules prepared by using the IGVJF 

technique, in vitro and ex vivo.  The in vitro method was designed to characterize microcapsule 

combinations of PB-SA and PB-LCA-SA in terms of morphology (shape, size, surface-elemental 

composition, and internal complexity), excipient thermo-chemical properties, rheological parameters, 

zeta potential, conductivity, surface tension, physical, thermal and mechanical stability under various 

temperatures and pH values, buoyancy and release properties. Likewise, the ex vivo method was 

aimed to examine the biological impacts of PB-SA and PB-LCA-SA microcapsules on the pancreatic β 

cell line. Cell viability, bioenergetics parameters, and cytokines were analysed under the 

hyperglycaemic and hypoglycaemic state.  

In chapter 2, the morphological examination and surface analysis showed that the integration of LCA 

in PB microcapsules yields no noticeable alteration in size, shape, and surface element present 

microcapsules. The PB and PB-LCA microcapsules were uniform size, oval or spherical, with the rough 

outer layer and solid white granules on its surface. To investigate solid granules composition, the 

elemental analysis was done, showing a high amount of sulfur atoms on the surface of microcapsules 

(both formulations), which is specific to PB content.  The results were parallel with earlier studies, 

which observed that bile acid incorporation did not change the size nor shape, but it did alter the 

internal complexity, with bile acid accumulating in the inner layer of microcapsules rather on the 

surface (15, 41, 51). However, this thesis lacks an analysis of the impact of LCA on the internal 

complexity of the formulated microcapsules; further studies should address this point. From the above 

results, we proved that the parameters used to produce microcapsules were optimized and capable 

of producing uniform microcapsules.  

Rheological characters showed that increased mixing speed increased shear rates, torque, shear 

stress, but lowered the viscosity, which indicates both formations behaved as non-Newtonian fluids 

with thixotropic pseudoplastic movements. By integrating LCA into the formulation, the rheological 

properties were not affected (chapter 2) (15, 52, 53). Pharmacodynamics properties (like flow 

dynamics) are essential for pH targeted drug delivery and for oral-administrated drugs-related time 

transit (chapter 2)  (54, 55). 

The thermo-analytical properties of compounds were determined with DSC. The thermal peak of PB 

physical powder was recorded before and after microencapsulation process (noted around 129 °C), 
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which resembles with PB melting point. The thermogram of LCA and SA was also analysed which 

indicative of the LCA and SA’s melting point, which was also lined with previously published data (56). 

There were no significant thermal characteristic changes in PB microcapsule even after the addition 

of LCA into the mixture (pre and post-microencapsulation), which is supported by the endothermic 

peak characterize PB melting point. In line with DSC, the chemical composition and crystal lattice 

structure of the PB, LCA, and SA were analysed using FTIR. Similar to DSC, FTIR spectra were analysed 

for individual compound powder, mixed powder, and microcapsules. FTIR spectra confirmed the 

chemical compatibility of all the compounds in powder form, and post microencapsulation process. 

Both DSC and FTIR results were consistent with previous work as no noticeable changes were detected 

for PB microcapsules even after the addition of LCA in both pre and post microencapsulation processes 

(15, 57). However, clear interaction among SA and LCA in both DSC and FTIR analysis was noticed as 

expected in pre and post microencapsulation processes, as they share similar melting 

temperature/spectra and minor shift in endothermic peak/spectra could indicate plasticization of the 

SA (58). Still, this interaction did not impact the drug’s thermal and chemical characterization. These 

properties made pre- and post- PB-SA and PB-LCA-SA microcapsules stable in terms of the drug-

polymer matrix`s thermal and chemical reactions without physiochemical changes (chapter 2). 

In chapter 3, no significant alteration in PB content, microencapsulation efficiency, production yield, 

zeta potential, particle size, and surface tension was noticed after incorporation of LCA in PB 

microcapsules, consistent with previous work (59, 60). The use of IGVJF produces microcapsules with 

efficiency ≥ 90%, which indicates that the used technique is optimized and robust. Membrane stability 

studies presented that both microcapsules swelled at a higher pH and temperature (7.8 and a 

temperature of 37°C). The addition of LCA decreased the swelling properties of PB microcapsules at 

temperatures of 25 °C and 37 °C at 7.8 pH, protecting the entrapped drug from ‘burst release’ (61). 

These results support the hypothesis of the study that bile acids improve SA based microcapsules 

membrane stability and support the targeted release of PB, which is consistent with the literature (29, 

59). The buoyance index was significantly improved when LCA was added to PB-SA microcapsules (p 

<0.05), which suggests the bile acid-containing microcapsules float in the digestive tract, supporting 

the gradual release of drug content from the microcapsules  (62).  

The pH values were chosen based on previous studies, to resemble pH values of gut regions in oral-

administrated drug target sites (36, 63, 64). The release of PB from microcapsules largely depends 

upon pH values and microcapsule`s specific formulation. The in vitro release studies showed that at 

lower pH values (pH 1.5 and 3), drug release from both types of microcapsules was almost 

undetectable. In contrast, significant drug release was observed in higher pH values (pH 6 and 7.8) 

from both types of microcapsules, and higher PB release at pH 7.8.  
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SA is a pH-dependent polymer. At low pH (1.5 and 3), alginate changes to the insoluble structure 

(alginic acid), reducing its size, effectively preserving the drug within the core of microcapsules (to 

prevent early burst) (61). On the other hand, at higher pH (6-7.8), due to the fast dissolution and 

solubilisation of the alginate polymer, the alginic acid develops a soluble viscous layer. It causes a 

breakdown of the wall and leads to drug release from the core of microcapsule (33). Therefore, there 

was no release of the drug at low pH (1.5-3), slight release at pH 6, and maximum release at alkaline 

condition pH 7.8. The drug release from PB-LCA microcapsules was continuous and more controlled 

compared to PB-SA microcapsules (p <0.05). This release studies suggested that encapsulation 

protects the drug from unwanted degradation and supports the controlled and targeted release of PB 

in the presence of LCA, illustrating the importance of LCA in drugs’ absorption. Moreover, the release 

study further shows that LCA presence in PB microcapsules supports the distribution of PB within 

microcapsules. Furthermore, because LCA has rigid structural integrity and reduced solubility 

compared to other bile acids, it offers stronger structural support to the alginate matrix by cross-

linking with the polymer at different pH values. This increases capsule resistance at different gut 

environments and prevents the rapid burst of the microcapsule, supporting targeted, controlled, and 

sustained drug release from the microcapsules. The PB absorption takes place in the distal part of the 

lower intestine, and adequately formulated microcapsules can maximize PB absorption, optimizing its 

safety profile, decreasing inter-individual variation, and increasing intestinal permeation and 

bioavailability (65, 66). Therefore, the PB-LCA microcapsules will probably show better targeted, 

controlled, and sustained PB release when orally administered to diabetic mice (future study). 

Similar studies were done using another bile acid such as CA, TCA (41, 42), but this study shows more 

convincing drug release over previous research.  The drug’s release from PB-TCA microcapsules was 

uniphasic, and PB-CA was monophasic, suggesting a significantly high early release of the drug. 

Moreover, other studies presented that the release of PB from the alginate microcapsules was not 

controlled, and continuous even with bile acids incorporated into PB microcapsules (48). This variation 

in release patterns (slow/quick or quick/slow) causes an initial burst of drug release that reduces the 

effectiveness and demands a high dose of the drug. This study successfully overcomes the limitations 

of previous studies, probably because of the robust formulations and impact of LCA physical and 

chemical properties on PB microcapsules. Controlled and sustained release of probucol is essential for 

diabetes treatment, as it supports targeted drug delivery, reduces dosage frequency, decreases 

intrapatient variability, and maintains clinically efficient drug concentration throughout the day 

leading to the decrease of drug’s side effects (67).  

A stability study was done to assess the effect of temperatures on the shape, size, texture, and drug 

content. In line with the previous laboratory experiments, at low temperatures (-20°C and 5°C) both 
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microcapsules maintained their original size, shape, and texture whereas at 25°C and 40°C, both 

microcapsules displayed a decrease in size and change in colour (generally from white to yellow). This 

is probably due to oxidation of the matrix and loss of water content from the microcapsules (57, 68). 

However, the drug content was not significantly changed compared with the freshly prepared 

microcapsules for both formulations. Overall, stability results showed that drug content was not 

affected for both types of microcapsules under the deployed stability conditions, which further 

signifies that the microencapsulation process is robust and uniform, irrespectively of the addition of 

LCA (chapter 3).  

The ex vivo study was conducted to investigate the special effects of PB and PB-LCA microcapsules 

have on cell proliferation, inflammatory cytokines levels, and bioenergetics parameters at two 

different states- normoglycemic (healthy condition) and hyperglycaemia (diabetes conditions) using 

the pancreatic β-cells lines, NIT-1. The viability studied presented that PB microcapsules preserved cell 

viability even at hyperglycaemia compared with control (untreated cells) (p <0.01), suggesting 

protective effects on cells. This is probably due to the anti-oxidant and anti-inflammatory effects of 

PB (69). At normal glucose level (5.5 mmol), no changes in NIT-1 cell viability were noticed between 

control and test cells, and all the measured values remain similar, and changes in cell viability were 

only found at hyperglycaemic state (25 mmol) as predicated. No statistically significant difference 

found on cell viability between PB and PB-LCA microcapsules. However, Mooranian et al., showed that 

PB microcapsules with bile acid enhance cell viability significantly compared to microcapsules without 

bile acid at hyperglycaemic state (42). However, his next study stated that UDCA produced 

microcapsules reduced β cell viability (29). Therefore, more studies will be conducted on cell viability 

using different cell lines and different conditions in the near future to explore the role of LCA on cell 

viability and survival. Likewise, in line with the earlier studies, this study established that PB 

microcapsules exhibited strong anti-inflammatory effects, observed in a decrease of IFN-γ and IL-1β 

levels, and an increase of IL-10. This effect is further pronounced in the presence of LCA (38).   

Seahorse XF analyser was used to measure different bioenergetics parameters such as OCR, ECAR, 

PPR, BR, and MR. Mitochondria and its macromolecules are highly sensitive to stress and 

inflammation, which could play a significant role in the development of new therapeutic strategies 

and biomarkers for T2D (70). Results showed these parameters reduced significantly when cells were 

in the hyperglycaemic state, probably caused by cellular stress developed by high glucose levels. This 

study showed that the addition of bile acids in PB microcapsules significantly improved cellular 

parameters at the hyperglycaemic state (p <0.01). These results are in line with other findings (38), 

which indicate that PB-LCA-SA microcapsules enhance mitochondrial respiration, increase oxidative 

phosphorylation to produce more ATP, ultimately increasing β-cell activity and insulin secretion (71-
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74). The biological effects were more promising when LCA is added to PB microcapsules probably 

because LCA make microcapsules outer shell stronger that supports controlled drug release, 

suggesting that PB may have strong anti-inflammatory properties when LCA is added to the 

formulation. Most of the studies presented that LCA is toxic to cells (75, 76), but this study concludes 

that proper volume and concentration of LCA encapsulated together with anti-inflammatory and anti-

oxidant drugs support cell growth and bioenergetics parameters. Overall, the ex vivo study proved 

that prepared LCA microcapsules improved cell viability and enhanced mitochondrial activity by 

exerting a noteworthy reduction of pro-inflammatory cytokines and escalation in anti-inflammatory 

cytokines (chapter 2 and 3). 

 

 

Summary of the study 

In conclusion, this is the first study that investigates probucol encapsulation with LCA in an in vitro and 

ex vivo model using sodium alginate and the Ionic Gelation Vibrational Jet Flow technology, developed 

at Curtin University (the Biotechnology and Drug Development Research Laboratory). Overall, this 

thesis showed that the developed formulation methodology is successful in the production of 

microcapsules with uniform morphology, physicochemical stability, and excipient compatibility. The 

study also examined the PB-LCA microcapsules ex vivo, showing enhanced β- cell viability, 

bioenergetics parameters, and anti-inflammatory cytokines and decreased pro-inflammatory 

cytokines. This method can be applied to another carrier system for the specific delivery of different 

drugs in many diseases. Hence, PB-LCA showed better formulation that did not impact PB 

microcapsules morphology, rheology, stability, while supporting appropriate drug release and 

biological activities, which can be taken into consideration for further development of potential T2D 

therapy. The summary figure of this thesis is presented Figure 1.  
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Figure 1: The summary figure of the study. 

Limitation of the study 

However, this study has some limitations, as well. The study primarily focused on using only one 

endogenous bile acid and one polymer. Microcapsules were prepared and tested in vitro and ex vivo 

only. An in vivo study was not conducted due to the time limitation 

 Future prospective of the study 

In the future, developed PB microcapsules will further be tested in a large number in an in-vivo mouse 

model as per our already established T2D in vivo group studies: 

 empty microcapsules administrated through oral gavage to group 1;

 PB in powder administrated through oral gavage for group 2;

 PB microcapsules administrated through oral gavage for group 3;

 PB-LCA microcapsules administrated through oral gavage for group 4

If the in-vivo study is successful, the impact of LCA microcapsules will be tested in humans. 

Furthermore, the prepared microcapsules will be tested to revolutionise the treatment of hearing loss, 

aims to revolutionise hearing treatment, with a particular focus on age-related hearing. Likewise, 

other approaches will be implemented to control blood glucose levels, such as transplantation of 

encapsulated β-cells in diabetic mice, which can secret insulin in a required manner. Bio-printing, 

which can be perceived as a form of encapsulation, is the most advanced and recently developed 

technology in the field of tissue engineering. This technology applies the 3D (there-dimensional) 

principal printing, where it combines cells, growth factors, and biomaterials to develop tissue-like 

structures that imitate natural tissues. Moreover, the study will also focus on stem cell biology which 

is accepted as one of the most favourable strategies for restoring β-cells function. The detailed future 

study plan is presented in the Figure 2. 
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Figure 2: Future prospective study 
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inflammatory impact on pre-diabetic mice and shown beneficial therapeutic effects in diabetes 

treatments.  
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