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Abstract  

 

 

Diabetes mellitus is a chronic disorder which is divided into three types, Type 1 (T1D), 

Type 2 (T2D) and Gestational diabetes (GD).  T1D affects 8-10% of diabetics and is an 

autoimmune disease where the immune system gradually destroys β-cells of the 

pancreas, and results in cessation of insulin production and loss of glycaemic control. 

T2D affects 90% of diabetics and is a chronic disease where tissues loose sensitivity 

to insulin and results in loss of glycaemic control. GD affects 1% of diabetics and 

develops in pregnant patients as a result of loss of tissue sensitivity to insulin, and 

subsequent loss of glycaemic control. Patients with diabetes mellitus have common 

features include systemic inflammation, β-cells damage, and uncontrolled glycaemia. 

Common treatments for diabetics include insulin injections, and antidiabetic drugs 

which stimulate insulin secretion and improve tissue sensitivity to insulin. Insulin 

injections have many limitations including patient compliance, adverse effects such 

as hypoglycaemic episodes and the lack of appropriate glycaemic control, while 

antidiabetic drugs do not focus on diabetes-associated inflammation caused mainly 

be free radicals, tissue damage, and lipid dysregulation.  Probucol is a lipid-lowering 

drug with antiinflammatory, antiradical, and β-cell protective properties, but low 

bioavailability limits its potential applications as an adjunct treatment for T2D or 

potential prevention of T1D. One way to optimise oral delivery of probucol and 

pancreatic β-cells is by using microencapsulation technology. Bile acids are 

endogenously produced compounds and have shown promise as microcapsule’ 

excipients to improve delivery properties, and as biologically active compounds.  The 

optimal approach to improve β-cell functions and diabetes treatment is by using anti-

inflammatory, antioxidant, lipid-lowering and β-cell protective drugs with bile acids 

and that is the major aim of this thesis.  

 

Different types of microcapsules containing probucol and bile acids were designed 

and characterised in vitro, tested on pancreatic β-cell ex vivo and gavaged to T1D and 

T2D mice to investigate their potential effects in delaying T1D or treating T2D, in 
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terms of lowering inflammation and reducing the elevated blood glucose. 

Microcapsules containing sodium alginate, ursodeoxycholic acid and probucol at 

1.8%, 4% and 2.5% showed best physicochemical and topographic features, potent 

antiinflammatory effects via reducing TNF-alpha and INF-gama, and hypoglycaemic 

effects in T2D but no microcapsules delayed T1D development, which suggests 

potential antidiabetic effects only on T2D.    
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Introduction and Structure of Thesis 

 

General Introduction 

 

Diabetes mellitus (DM) is an epidemic and affects 8% of the world population. DM 

prevalence has been rising rapidly, particularly in middle and low -income countries 

(1). In 2016, DM cost the US more than $200 billion, and the annual cost continues 

to rise. In Australia alone, one person is diagnosed with diabetes every 5 minutes and 

this is costing the Australian health budget more than $10 billion a year (2, 3). Current 

treatment for diabetes aim to control symptoms and reduce complications, but more 

than half of diabetic patients have uncontrolled diabetic symptoms despite strict 

adherence to diabetes therapy (4). The disease is a major cause of vision loss, heart 

attacks, kidney failure, stroke, and limb amputation. In 2016, 1.8 million deaths were 

directly attributed to DM, with the majority occurring before the age of 70 years. The 

World Health Organisation projects diabetes to be the seventh leading cause of death 

in 2030, unless new and far more robust and effective therapeutics are introduced to 

the market. (5, 6). Thus, there is an urgent need for new antidiabetic therapies which 

are robust, powerful, and can control symptoms, reduce incidence of DM and 

alleviate diabetes-associated complications.  

 

DM is a chronic disease that occurs either when the pancreas does not produce 

enough insulin or when the body cannot effectively use the insulin the pancreas 

produces. It has three types, Type 1 diabetes (T1D), Type 2 diabetes (T2D) and 

gestational diabetes (GD). T1D normally occurs early in life and affects 8 to 10% of 

diabetics. In T1D, pancreatic cells which are responsible for insulin production (β-

cells) are destroyed and thus, insulin is no longer synthesised. T2D normally occurs 

late in life and affects 90% of diabetics. In T2D, tissues become less sensitive to insulin 

(phenomenon known as insulin-resistance). GD occurs during pregnancy where 

insulin-resistance occurs. In all types of diabetes, there is hyperglycaemia and 
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systemic inflammation, which contribute significantly to diabetes-associated 

complications.  

 

Insulin is a hormone that regulates blood glucose. Hyperglycaemia, or raised blood 

glucose, is characteristic of DM and over time can lead to serious damage to many of 

the body's systems, especially the nerves and blood vessels, and can be fatal. In 2015, 

diabetes was the direct cause of 1.6 million deaths, and this figure is estimated to 

have risen to 2.0 million in 2016.   

 

Glucose is a major source of energy in the body, which is absorbed from food. The 

normal range of glucose in blood is around 3.5-6.0 mmol/l (7). When the body is at 

rest, the consumption of glucose is equal to its production and thus, there is no net 

gain (8). During glucose intake and absorption into the blood, it is mainly stored in 

the liver and muscles, as glycogen (9). The process of glycogen synthesis is know as 

glyconeogenesis and is stimulated by the hormone insulin (10). When glucose is 

needed e.g. during muscle activities, glycogen breaks down in the liver and glucose is 

released, in a process known as glycogenolysis. When blood glucose is significantly 

raised above 5 mmol/L, insulin producing cells in the pancreas, known as β-cells are 

stimulated and insulin is released. There are two phases of insulin release, phase-1, 

which is sudden and short-lived, and phase-2, which is gradual and last over a longer 

period. After its release, insulin stimulates receptors (Glucose Transporter Type 4; 

GLUT-4) to induce glucose intake into the adipose tissues, liver and muscles. When 

the body does not require energy, it transforms glucose into fat in a process known 

as lipogenesis. In healthy individuals, glyconeogenesis, glycogenolysis and lipogenesis 

processes are controlled by feedback mechanisms to ensure energy, which is not 

needed, are efficiently stored, and there is sufficient glucose available when needed 

(11).  

 

The process of insulin secretion is different in healthy and diabetic patients. When 

diabetic patients lack b-cells (in T1D patients or T2D patients who lost their b-cells), 
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both phases of insulin do not exist since there is a complete lack of functional b-cells 

and insulin production. In T2D and GD patients that have remaining functional b-cells, 

the first phase of insulin secretion is impaired and further exposure to glucose results 

in a reduction in insulin secretion in the second phase due to the desensitization of 

b-cells to glucose and inability to produce sufficient insulin (12).      

 

In general, contributing factors to DM include genetic and environmental (13). T1D 

develops at early stage of life due to inflammation and the exact aetiological factors 

remain elusive, but recent literature suggests that inflammation is initiated in the gut, 

most likely during the first six months after birth (14). Multiple causes have been 

hypothesized including gluten (15), cow milk protein (16), viruses such as rubella (17), 

and food-toxins such as alloxan, streptozotocin and N-nitroso compounds (18-20). 

T2D develops in adult life and leads to tissue desensitization to insulin and insulin-

resistance. Environmental factors that may contribute to T2D development include 

high intake of saturated fat and poor diet, low fibre intake, lack of exercise and 

obesity. Tissues lacking insulin sensitivity have poor expression of insulin receptors 

and hence have poor uptake of glucose upon insulin stimulation and loss of insulin-

sensitivity. As a result, glucose remains free in the blood and levels continue to rise 

causing hyperglycaemia (21). Continuous stimulation of pancreatic β-cells via 

hyperglycaemia or certain types of antidiabetic drugs can lead to tissue exhaustion, 

and inflammation and eventual cessation of insulin production due to tissue damage 

(22). Causes of GD remain unclear but have been strongly linked to hormonal changes 

associated with pregnancy and loss of appropriate tissue sensitivity to insulin. 

Associated risk factors include cardiovascular disease such as hyperlipidaemia, and 

cerebrovascular diseases such as stroke (23, 24).  

 

Improving diabetes complications, reducing prevalence of diabetes and restoring 

normal physiological processes should significantly optimise diabetes treatment and 

the quality of life for diabetic patients. 
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In T1D, low to high level of systemic inflammation is seen throughout the body and 

manifested in the increased secretion of many proinflammatory cytokines including 

TNF-α, IFN-√, and IL-6 (25). Other anti-inflammatory cytokines such as IL-10 have 

shown potential benefits to diabetes treatment, and reduction in diabetes-

associated complications (26). The increase in proinflammatory biomarkers has been 

widely reported in T1D patients (25, 27). Whilst the concentrations of 

proinflammatory biomarkers are increased, the presence of some anti-inflammatory 

proteins such as adiponectin is diminished (25). The reduced concentration of this 

protein suggests a reduced capacity of the body to counteract the exacerbated 

increase in proinflammatory biomarkers and worsening of the inflammatory 

response. Inflammation associated with T1D is selective and targets pancreatic β-

cells (28). The inflammation results in production of free radicals, oxidants and 

oxidative stress and this exacerbates immune attack against β-cells. Prominent 

proinflammatory biomarkers in diabetes development and progression are TNF-α, 

IFN-√, and IL-6  (29). These biomarkers are not confined to only T1D and also seen in 

T2D and GD.  

 

T2D is associated with hyperlipidaemia, hypertension and high levels of free radicals 

and oxidants (30). It is known as the metabolic syndrome since it encompasses 

significant disturbances in glycemia, lipidemia and associated metabolic activities.  

T2D can result in the complete destruction of b-cells of the pancreas leading to similar 

symptoms to that of T1D (12). Thus, the term “noninsulin-dependent” is a misnomer 

since more than 35% of T2D patients require insulin (31).  

 

Despite the difference in the pathogenesis of T1D, T2D and GD, they encompass 

significant systemic inflammation and tissue loss of sensitivity or damage, and 

eventually results in hyperglycaemia. Thus, chronic inflammation seems to be a 

strong-contributing factor to diabetes development, complications and poor 

prognosis (32, 33). 
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DM increases the risk of developing complications including gastroparesis, 

cardiovascular disorders such as platelet adhesion and atherosclerosis, oxidative 

stress, metabolic symptoms such as atherosclerosis, dyslipidaemia, hypertension and 

insulin resistance (34-37). The vascular complications may affect structure and 

functions of the blood vessels and result in significant complications and heart 

infarctions. Vascular complications have been reported to increase the incidence of 

heart infarctions and strokes by four fold and one in three diabetics die from 

cardiovascular complications and adverse events (38, 39). In addition, vascular 

diseases are the main cause for skin ulcerations, gangrene and limb amputations (38). 

Cardiovascular disorders can result in sever renal damage and complications. About 

20% of T1D and 35% of T2D patients develop end stage renal disease (38). On the 

other hand, about 60% of diabetic patients develop diabetic neuropathy, which 

makes it the most common long term complication of diabetes mellitus. Another 

complication of diabetes mellitus is periodontal and foot diseases, which occur due 

to the impairment of the immune system caused by the diabetes. The immune 

system impairment lead to the body’s inability to fight pathogens which if not 

diagnosed in time can lead to gangrene and limb amputations (38, 40).    

 

A recently reported complication of DM is the dysregulation of bile acid metabolism 

in the gut and liver. DM can affect the metabolism of bile acids by inducing the 

secretion of lithocholic acid and thus predisposing the patient to the formation of 

gallstones (41, 42). DM has been associated with unbalanced secretion of bile, 

cholelithiasis, and changes in bile composition and subsequent changes to the 

enterohepatic recirculation and bile acid feedback mechanisms (43-45). Since bile 

acids are synthesized as a result of cholesterol catabolism, their dysregulation has 

been associated with hyperlipidaemia and atherosclerotic plaque formation (46-48). 

The reported disturbance in bile acid composition and associated inflammation, 

contribute significantly to those complications (41, 49, 50). Current antidiabetic drugs 

are effective in reducing fluctuations of blood glucose levels; but their effects do not 

neutralize associated inflammation, ameliorate complications or neutralise 

metabolic disorders. Accordingly, efficient, new and robust antidiabetic treatments 
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will reduce inflammation, neutralise dyslipidaemia and provide continuous and 

tailored supply of insulin, which controls glycemia, and short and long-term prognosis 

of DM.   

 

T1D has insulin as the mainstream treatment, while T2D therapies include the 

following classes of drugs: 

 

1. Sulphonylureas: enhance insulin production, pancreatic β-cells functionality 

and improves insulin sensitivity e.g. gliclazide and glibenclamide (51).  

2. Metformin: reduces glucose production in the liver (52).  

3. Thiazolidinediones: act on genes involved in the metabolism of glucose and 

lipids such as those responsible for expression of peroxisome proliferator-

activated receptors e.g. pioglitazone (53). 

4.  α-glucosidase inhibitors: prevent or slow down the digestion and absorption 

of ingested carbohydrates which results in prolonged glucose uptake and 

better glycaemic control (e.g. Acarbose) (54). 

5. Na-glucose co-transporter inhibitors: result in inhibition of renal glucose 

reabsorption and prompting the secretion of glucose in the urine (e.g. 

dapagliflozin) (55, 56).   

6. Dipeptidyl Peptidase-4 (DPP-4) Inhibitors: result in inhibition of DPP-4 

enzymes bringing about higher levels of Glucagon-like peptide-1 and 

improved insulin synthesis, release and glycaemic control (e.g. Sitagliptin)  

(57).   

7. Glucagon-like peptide-1 (GLP-1) receptor agonist: activate the GLP-1 receptor 

and exert its glucoregulatory effect at a much lower concentration compared 

to endogenous GLP-1 (e.g. exenatide) (58).   
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In general, current antidiabetic drugs target mainly glycaemic control, rather than 

diabetes-associated inflammation, complications and β-cell damage.  

 

Recent studies have demonstrated direct and strong link between chronic 

inflammation and diabetes symptoms, complications and short and long term 

prognosis. Inflammation is a complex process, so in order to assess level of 

inflammation multiple pro-inflammatory proteins need to be measured in blood and 

tissues. Anti-inflammatory interventions or treatments can be assessed by measuring 

the change in proinflammatory and anti-inflammatory cytokines. Different types of 

disease may require different range of cytokines measurements. For example, in 

cancer treatment significant and extensive inflammatory profiling is needed in order 

to assess efficacy and toxicity of treatment. This normally cover an array of various 

types of secretory proteins and cytokines, and cellular enzymes (59, 60). However, in 

diabetes, there is several known biomarkers that can provide information on the 

inflammatory profile and success of particular treatment. The biomarkers are either 

proinflammatory such as TNF-α, IFN-√, and IL-6 or anti-inflammatory such as IL-10 

(61, 62).  

 

TNF-α is a widely investigated in diabetes and β-cells damage. It is a cell signalling 

protein involved in systemic inflammation and intracellular-inflammatory response 

(63). In one study, TNF-α has shown to be highly specialised and directly involved in 

exacerbating β-cell inflammation, autoimmune antibody production, innate-immune 

response and T1D development (64). The authors anticipated the possibility and 

reliability of TNF-α as a predictor of early T1D development, and its role in the process 

of stimulating the immune system to specifically target β-cells, and eventually trigger 

clinical symptoms of T1D. In a similar study in T2D, authors showed significant role of 

TNF-α in the development and long-term prognosis of the disease. IFN-√ is known to 

be significantly elevated in innate and adaptive immunity responses against viral 

infections and is commonly used as a marker for diabetes. Although the exact 

mechanisms of IFN-√ in triggering, spreading, and maintaining inflammation remain 
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unclear, its role in cell-mediated immune response is well documented and well -

studied in diabetes (65).  

 

Similarly, IL-6 is one of most commonly studied interleukin for diabetes-associated 

inflammation, with both types of diabetes, T1D and T2D (66, 67). These 

proinflammatory biomarkers are measured together as a way to assess a potential 

diabetes treatment or an intervention. Nevertheless, the combined effects of these 

known proinflammatory cytokines TNF-α, IFN-√ and IL-6 has been established result 

in significant inflammation and directly associated with insulin-resistance, β-cells 

apoptosis and uncontrolled glycemia. Factors which exacerbate release of 

proinflammatory cytokines are oxygen and nitrogen free radicals and 

hyperlipidaemia, which have been directly linked to the pathogenesis of diabetes 

(68). The anti-inflammatory effects of IL-10 have been widely studied as potential 

treatment for chronic disease including diabetes (69, 70). IL-10 effects include mast 

cell stabilisation (71), amelioration of monocytic cell recruitment to the inflammation 

site (72), and induction of specific protein which can confer anti-inflammatory 

properties (73).  

 

Accordingly, assessments of levels of TNF-α, IFN-√, IL-6 and IL-10 provide useful 

information on inflammatory profile and potential complications of diabetes with 

and without antidiabetic interventions.  

 

High levels of free radicals and oxidants, and hyperlipidaemia and lipid accumulation 

in liver, have been linked to diabetes development, inflammation, and exacerbation 

of β-cell damage, insulin-resistance and loss of glycaemic control (74). 

Hyperlipidaemia and lipid accumulation in tissues are more pronounced in T2D 

compared with T1D, and result in accumulation of toxic metabolic by-products, free 

fatty acids and subsequent oxidative stress and tissue damage. Hyperlipidaemia and 

free radicals and oxidants also contribute to β-cell apoptosis, desensitisation to 

insulin, and significant inflammation, which exacerbate symptoms of diabetes (75).  
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For T2D, current therapies target the fluctuation of blood glucose levels without 

neutralising hyperlipidaemia, inflammation and levels of free radicals and oxidants, 

while for T1D, insulin therapy aims to replace endogenous insulin, but requires 

continuous use and remains problematic in terms of side effects and under or over 

dosing. Accordingly, for T2D, new therapies can benefit from a drug with anti-

inflammatory, antioxidant, anti-free radical and β-cell protective effects, while for 

T1D a new therapy can be transplantation of healthy β-cells and complementing or 

even replacing the need for insulin. 

 

Probucol (PB) is an anti-hyperlipidaemic drug with strong anti-inflammatory, anti-

free radical and oxidant effects, which has shown protective β-cell properties (76). 

This thesis will explore the antidiabetic effects of PB in T2D treatment and T1D 

prevention, as well as the design and transplantation of β-cells in T1D. β-cell insulin 

production, and level of inflammation will also be explored using different 

formulations. 

 

Probucol is also a highly lipophilic drug with dissociation constant, pka of 10.24. It 

accumulates extensively in adipose tissues and is primarily eliminated via the faecal 

route (77). PB’s elimination half-life is highly variable between individuals and is 

estimated to range from 23 to more than 50 days (78). Peak plasma concentrations 

are also significantly variable, and the time to reach maximum concentration in 

plasma is between 8–24 hours after an oral dose (79). PB concentrations in adipose 

tissues are 100 times higher than that in plasma, resulting in multicompartmental 

distribution and multiphasic excretion pathways. The exact metabolic fate of PB is 

unknown, but several compounds have been identified in the plasma, although its 

exact biotransformation pathways remain elusive. As the major route of elimination 

is the bile and faeces, renal clearance is very low (2%) (80).  

 

PB is a drug that was initially developed to treat hyperlipidaemia, but its strong anti-

inflammatory and antioxidant properties, have made it a potential therapeutic agent 
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in the treatment of T2D (81, 82). PB has been withdrawn in some countries due to 

high interindividual variation in absorption and potentially severe adverse effects due 

to poor water-solubility and dissolution, low and highly variable bioavailability (2-

6%), nonlinear pharmacokinetics, and the lack of an efficient and robust formulation 

for its targeted oral delivery (83-86).  Thus, a new and reliable oral delivery 

formulation is needed to encapsulate PB and release it in the segment of the 

intestine, where it is best absorbed, in a controlled manner that avoids fluctuations 

in dose-plasma concentrations and allows for a more predictable dose-response. So, 

despite the huge potential of PB in T2D, its variable and poor kinetics remain major 

obstacles (87). Designing a novel and stable formulation with good rheological 

parameters and permeation-enhancing properties is anticipated to overcome these 

obstacles and this is one of the main aims of the thesis. This can be achieved by 

incorporating PB with permeation-enhancing compounds such as bile acids in a novel 

delivery system using artificial cell microencapsulation (ACM) technology. 

 

ACM was pioneered by Professor Thomas Chang in the 1960’s, at McGill University in 

Canada, where he founded the Artificial Cell and Organ Research Centre (88). Since 

then, the application of this technology has widened to include targeted drug and cell 

delivery (88, 89). ACM is a multidisciplinary research approach utilising various 

encapsulation methodologies to incorporate the chemistry of polymers, dimensional 

physics, pharmaceutical formulation and novel matrices into forming microspheres 

capable of carrying drugs, bioactive materials or viable cells. ACM can be used to form 

PB microcapsules capable of oral targeted-delivery of PB into the lower part of the 

ileum, where it has been hypothesized to be maximally absorbed (90). ACM can also 

be used to encapsulate viable β-cells and form microcapsules that can be 

transplanted into diabetic patients and act as their own pancreas releasing insulin 

and controlling glycaemia (91, 92).  

 

Since the 1980s, multiple studies have transplanted pancreatic β-cells into T1D 

animals and humans but to date, success remains limited and no β-cells 

microcapsules are currently commercially available (93, 94). An ideal microcapsules 
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will be able to support β-cells mass, survival and functions while exerting complete 

immune-protection effects that will prevent any damage to the cells and stops any 

inflammatory reaction, post-transplantation, long-term (95). The size and shape of 

the microcapsules should be large enough to have sufficient cells but small enough 

for transplantation and for maintaining large surface area to support cell survival and 

functions [11, 12]. This can be achieved via developing new cell-encapsulation 

method that consistently produce equal size microcapsules with the same number of 

viable cells. Similarly, PB oral targeted delivery can be achieved via developing new 

encapsulation method that produce consistent and equal size microcapsules with 

well-controlled drug content. The encapsulation methodology of PB and pancreatic 

β-cells has to be efficient, reproducible and exhibit well-controlled output. Thus, an 

ideal microcapsule will consist of materials that can provide PB or the cells with 

suitable physical environment to facilitate controlled release of PB, and growth and 

functionality long-term for the cells (91). This can often be achieved via utilising 

appropriate polymers and encapsulating parameters including voltage, frequency, 

vibrational systems and concentric devices to form the microcapsules (96).  

 

One of the most commonly used polymer in drug and cell microencapsulation is 

sodium alginate (SA) due to its good biocompatibility and biodegradability 

characteristics (97). However, SA microcapsules have shown many limitations 

including poor mechanical strength, weak membrane, and uneven membrane 

porosity and density, which result in membrane deformation, drug and cell leakage 

and sudden rupture of microcapsules (98). In order to overcome the limitations 

additional excipients can be incorporated into the microencapsulating formulation.  

An ideal microcapsule will consist of materials that can provide PB and viable β-cells 

with suitable and stable microenvironment, which enables and optimises their 

clinical effects in DM. The thesis investigates antidiabetic effects of chronic 

administration of new oral PB-microcapsules. PB-microcapsules will be designed and 

tested for β-cell protection and subsequent T1D prevention and T2D treatment. This 

thesis also investigates the design of β-cell microcapsules and their evaluation for 

potential antidiabetic effects via in vitro assays. Animal models of T1D and T2D will 



 
 

26 

be used for determining the in vivo efficacy of probucol microcapsules. In order to 

test quality of the designed microcapsules comprehensive morphological and 

stability properties will be examined. In order to test antidiabetic effects of the 

microcapsules, changes of levels of blood glucose and inflammatory biomarkers will 

be measured in the animals and compared with control together with effects on the 

systemic bile acid pool in various tissues and organs. 

 

Hypothesis 

 

Bile acids can optimise the oral delivery of probucol as “formulation excipients” and 

can complement the biological effects of probucol in supporting the biological 

activities of pancreatic β-cells by functioning as “endocrine agents”; hence, bile acids 

when encapsulated with probucol can protect β-cells which delays Type 1 diabetes 

(T1D) development and ameliorates Type 2 diabetes (T2D) progression.   

 

Objectives 

 

This thesis has three main objectives, using microencapsulation technology, probucol 

and bile acids: 

 

Objective 1: To develop and characterise probucol microcapsules containing bile 

acids in order to determine the most suitable formulation. 

 

Objective 2: To develop and characterise microcapsules of pancreatic b-cells 

containing bile acids in order to determine the most suitable formulation. 

 

Objective 3: To evaluate the in vivo efficacy of the microcapsules in delaying the 

progression of T1D and the treatment of T2D. 
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Outline of experimental design and main findings: 

 

 

Microcapsules containing probucol and β-cell, with and without bile acids (cholic 

acid, chenodeoxycholic acid, taurocholic acid, deoxycholic acid and ursodeoxycholic 

acid) were produced. For probucol microcapsules, two types of polymers were used, 

sodium alginate and Eudragit. Microcapsules were examined for morphology (light 

microscopy), surface topography (scanning electron microscopy), elemental 

composition (energy dispersive X-ray spectroscopy), thermal stability (differential 

scanning calorimetry), chemical stability (Fourier Transform Infrared spectroscopy), 

rheology (rheometer analysis) and probucol release from the microcapsules at 

various temperature and pH values. Mouse cloned β-cells were encapsulated and 

analyzed for biological activities including secreted levels of the proinflammatory 

biomarkers: IFN-γ, IL-1β, and IL-6, and the anti-inflammatory biomarker IL-10 (flow 

cytometry), cell bioenergetics (Seahorse technology) and cell imaging (confocal 

microscopy). Sensitive HPLC and LC-MS methods were developed and validated to 

determine concentrations of probucol and bile acids (chenodeoxycholic acid, 

lithocholic acid, and ursodeoxycholic acid) in buffer, plasma, tissues, faces, and urine.  

T1D and T2D mouse models were established and success rate for diabetes 

development was 100%. T1D was induced by a single intraperitoneal injection of 

alloxan (300 mg/kg), while T2D was induced by using high fat diet for 1 month, plus 

a single dose of alloxan (50 mg/kg). Mice were considered diabetic if blood glucose 

concentrations were consistently > 14 mmol/L (T2D) or > 18 mmol/L and serum 

insulin concentrations were undetected (T1D), on 3 consecutive days. Consistent 

doses of probucol (80mg/kg) and ursodeoxycholic acid (4mg/kg) were used daily in 

all mice. Of all examined types of probucol microcapsules, one type of probucol 

microcapsule (probucol-Eudragit NM30D-ursodeoxycholic acid) showed best 

morphological, topographical, stability and probucol release profiles and thus was 

tested in vivo. Accordingly, there were two sets of in vivo experiments.  
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In the first set, the probucol microcapsules were gavaged daily to T2D mice for 1 

month, starting after diabetes development. In the second set, the probucol 

microcapsules were gavaged daily for 1 week before mice injected with alloxan to 

induce T1D, and mice continued to be gavaged until they reached a critical point 

before being euthanised (10% weight loss or severe symptoms of diabetes). At the 

end of the experiments blood glucose, inflammatory profile and bile acid 

concentrations were measured in plasma, tissues, faeces and urine. In the first set 

(T2D) control groups were untreated and metformin treated T2D, while in the second 

set (T1D), one control group (untreated) was used. In the first set, probucol-Eudragit-

ursodeoxycholic acid microcapsules in T2D improved glycaemic control, reduced 

inflammation, and reduced levels of the proinflammatory bile acid lithocholic acid in 

the gut. In the second set, the microcapsules showed no antidiabetic effects.  

 

Findings of the thesis showed that the HPLC, LC-MS, morphological, topographic, 

thermal and chemical stability methods were selective and reproducible and 

assessments of islet-loaded microcapsules in terms of biological activity testing were 

sensitive and robust. Formulation assessments of probucol showed that best 

microcapsules, in terms of formulation stability and microcapsule performance, were 

probucol-Eudragit-NM30D-ursodeoxycholic acid (Chapter 2). Formulation 

assessments of cell-microcapsules showed that best microcapsules, in terms of 

excipient composition compatibility and stability were ursodeoxycholic acid-

microcapsules (Chapter 3). Probucol-Eudragit-NM30D-ursodeoxycholic acid showed 

significant antidiabetic effects in T2D mouse model but did not significantly impact 

the development or progression of T1D (Chapter 4).  
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Structure of Thesis 

 

This thesis consists of a total of 34 publications which cover the role and impact of 

bile acids on the microencapsulation of probucol and pancreatic b-cells.  

 

Chapter 1: Introduction and literature review  

 

The contents of this chapter are covered by publication 1: 

 

Negrulj R, Mooranian A, Al-Salami H. Potentials and Limitations of Bile Acids in Type 

2 Diabetes Mellitus: Applications of Microencapsulation as a Novel Oral Delivery 

System. J. Endocrinol. Diabetes Mellit. 2013; 1 (2):49-59. 

 

Chapter 1 discusses the role of bile acids in artificial cell microencapsulation and 

outlines their chemical, biological and pharmaceutical properties. The potential 

benefits of probucol is also discussed as is novel therapies in the management of 

diabetes mellitus that form the central concept of this thesis. 

 

Chapter 2: Microencapsulation of Probucol with Bile Acids 

 

This chapter achieved the following objective: 

 

Objective 1: To develop and characterise probucol microcapsules containing bile 

acids in order to determine the most suitable formulation. 

 

The contents of this chapter are covered by publications 2-13 
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Publication 2: 

Mooranian A, Negrulj R, Chen-Tan N, Al-Sallami HS, Fang Z, Mukkur TK, et al. 

Microencapsulation as a novel delivery method for the potential antidiabetic drug, 

Probucol. Drug Des Devel Ther. 2014; 8:1221-30. 

 

Sub-objective (1): To create a novel microencapsulated formulation of probucol 

using sodium alginate and to examine the shape, size, chemical, thermal and 

rheological properties of the microencapsulation formulation system in vitro.   

 

Publication 3: 

Mooranian A, Negrulj R, Al-Sallami HS, Fang Z, Mikov M, Golocorbin-Kon S, et al. 

Probucol release from novel multicompartmental microcapsules for the oral targeted 

delivery in type 2 diabetes. AAPS PharmSciTech. 2015; 16 (1):45-52. 

 

Sub-objective (2): To examine the stability and pH-dependent targeted release of 

probucol microcapsules developed in sub-objective (1) at various pH values and 

different temperatures.  

 

Publication 4: 

Mooranian A, Negrulj R, Arfuso F, Al-Salami H. Multicompartmental, multilayered 

probucol microcapsules for diabetes mellitus: Formulation characterization and 

effects on production of insulin and inflammation in a pancreatic beta-cell line. Artif 

Cells Nanomed Biotechnol. 2016; 44 (7):1642-53. 

 

Sub-objective (3): To encapsulate probucol with the primary endogenous bile acid 

cholic acid using sodium alginate and examine the formulation and surface 

characteristics of the microcapsules and to evaluate the in vitro biological activity 

of the microcapsules using pancreatic b-cells.   
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Publication 5: 

Mooranian A, Negrulj R, Chen-Tan N, Watts GF, Arfuso F, Al-Salami H. An optimized 

probucol microencapsulated formulation integrating a secondary bile acid 

(deoxycholic acid) as a permeation enhancer. Drug Des Devel Ther. 2014; 8:1673-83. 

 

Sub-objective (4): To optimize the probucol microcapsules via the incorporation of 

the secondary bile acid deoxycholic acid using sodium alginate and to examine the 

effect of the bile acid addition on the morphology, rheology, structural and surface 

characteristics of the formulation system and to evaluate the thermal and physico-

chemical properties of the microcapsules.      

 

Publication 6: 

Negrulj R,  Mooranian A,  Chen-Tan N,  Al-Sallami HS,  Mikov M,  Golocorbin-Kon S, 

et al. Swelling, mechanical strength, and release properties of probucol 

microcapsules with and without a bile acid, and their potential oral delivery in 

diabetes. Artif Cells Nanomed Biotechnol. 2016; 44 (5):1290-7. 

 

Sub-objective (5): To examine and evaluate the pH-dependent release properties 

of optimised microcapsules achieved in sub-objective (4) and to determine the 

effects of deoxycholic acid of the stability of the microcapsules via osmotic and 

mechanical-induced stability testing across various pH and temperatures.  

 

Publication 7:  

Mooranian A, Negrulj R, Mikov M, Golocorbin-Kon S, Arfuso F, Al-Salami H. Novel 

chenodeoxycholic acid-sodium alginate matrix in the microencapsulation of the 

potential antidiabetic drug, probucol. An in vitro study. J Microencapsul. 2015; 32 

(6):589-97. 
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Sub-objective (6): To design novel probucol microcapsules using the primary bile 

acid chenodeoxycholic acid and sodium alginate and to examine and evaluate the 

physico-chemical stability of the microcapsules as well as the rheological properties 

of the formulation system. The microcapsules were evaluated for their 

morphological and surface topography as well as drug release profiles and osmotic-

mechanical stability across various pH and temperature values.  

 

Publication 8: 

Mooranian A, Negrulj R, Arfuso F, Al-Salami H. The effect of a tertiary bile acid, 

taurocholic acid, on the morphology and physical characteristics of 

microencapsulated probucol: potential applications in diabetes: a characterization 

study. Drug Deliv Transl Res. 2015; 5 (5):511-22. 

 

Sub-objective (7): To design sodium alginate-based probucol microcapsules using 

the amino acid conjugated bile acid taurocholic acid and to examine microcapsule 

morphology, surface topography, size, structure and chemical composition, 

physico-chemical stability, osmotic-mechanical stability and drug release 

characteristics.  

 

Publication 9: 

Novel nano-encapsulation of probucol in microgels: Scanning electron micrograph 

characterizations, buoyancy profiling, and antioxidant assay analyses 

Mooranian A, Zamani N, Mikov M, Goločorbin-Kon S, Stojanovic G, Arfuso F and Al-

Salami H. 

Journal: Artificial Cells, Nanomedicine and Biotechnology 

 

Sub-objective (8): To design, develop and optimize probucol microcapsules using 

Eudragit co-polymers RL30D, RS30D and NM30D and the primary bile acid 
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chenodeoxycholic acid and to analyze the microcapsules and the formulation 

system using scanning electron microscopy, energy dispersive X-ray spectroscopy, 

confocal microscopy, osmotic stability, mechanical properties, buoyancy, release 

profiles (pH 7.4), thermal stability and antioxidant effects. Microcapsules’ effects 

on pancreatic β-cell survival, functions, inflammatory profile, and cellular uptake of 

probucol were also evaluated.  

 

Publication 10: 

Ursodeoxycholic acid-NM30D microcapsules enhance the delivery and cellular 

activity, ex vivo, for the potent antioxidant compound probucol  

Mooranian A, Zamani N, Mikov M, Goločorbin-Kon S, Stojanovic G, Arfuso F and Al-

Salami H. 

Journal: Pharmaceutical Development and Technology 

 

Sub-objective (9): To examine six formulations using three types of polymers were 

investigated with and without ursodeoxycholic acid. The polymers were NM30D, 

RL30D and RS30D and they were mixed with sodium alginate and probucol at set 

ratios and microencapsulated using oscillating-voltage mediated nozzle technology 

coupled with ionic gelation. The microcapsules were examined for physical and 

biological effects using pancreatic β-cells.   

 

Publication 11: 

Rheology and interferon-γ levels from interchelated probucol and a gut-bacterial 

processed secondary bile acid, combined with Eudragit-based polymers, and 

biological effects on insulin release 

 

Mooranian A, Zamani N, Mikov M, Goločorbin-Kon S, Stojanovic G, Arfuso F and Al-

Salami H. 
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Journal: AAPS PharmSciTech 

 

Sub-objective (10): To examine three probucol formulations using Eudragit co-

polymers NM30D, RL30D and RS30D without (control) and with (test) the 

secondary bile acid deoxycholic acid. The six formulations were analyzed for their 

rheological properties, microcapsules’ size distribution and multilayered 

composition, as well as biological effects on pancreatic β-cells in terms of cell 

inflammatory profile.  

 

Publication 12: 

A second-generation matrix of an endogenous primary un-metabolised bile acid, 

stabilized by Eudragit-alginate complex with antioxidant compounds   

Mooranian A, Zamani N, Mikov M, Goločorbin-Kon S, Stojanovic G, Arfuso F and Al-

Salami H. 

Journal: Drug Delivery and Translational Research  

 

Sub-objective (11): To design and develop novel probucol microcapsules using 

formulation system consisting of sodium alginate with Eudragit co-polymers RL30D, 

RS30D and NM30D and to examine the effects of cholic acid addition to the 

microcapsules using stability and drug release assays and to examine the 

antioxidant and cell-protective effects of the optimized microcapsules using 

pancreatic b-cells.  

 

Publication 13: 

Stability and biological testing of taurine conjugated bile acid anti-oxidant 

microcapsules for diabetes treatment 

Mooranian A, Zamani N, Mikov M, Goločorbin-Kon S, Stojanovic G, Arfuso F and Al-

Salami H. 
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Journal: Therapeutic Delivery 

 

Sub-objective (12): To design new and optimized probucol microcapsules made 

using taurocholic acid and consisting of sodium alginate stabilized using Eudragit 

co-polymers RL30D, RS30D and NM30D and to test their osmotic properties, 

mechanical index, antioxidant and potential antidiabetic activities using pancreatic 

β-cells.  

 

Chapter 3: Microencapsulation of Pancreatic b-cells with Bile Acids 

 

This chapter achieved the following objective: 

 

Objective 2: To develop and characterise microcapsules of pancreatic b-cells 

containing bile acids in order to determine the most suitable formulation. 

 

The contents of this chapter are covered by publications 14-27 

 

Publication 14: 

Mooranian A, Negrulj R, Jamieson E, Morahan G, Al-Salami H. Biological Assessments 

of Encapsulated Pancreatic β-Cells: Their Potential Transplantation in Diabetes. Cell 

Mol Bioeng. 2016; 9 (4):530-7. 

 

Sub-objective (13): To develop an advanced microencapsulation method using a 

simple alginate-poly-L-ornithine formulation system and to test the effect of 

ursodeoxycholic acid addition on cellular function. The formulation system 

consisted of alginate: ploy-L-ornithine at a fixed ratio of 1:1.2 and alginate: ploy-L-

ornithine: ursodeoxycholic acid at a ratio of 1:1.2:4. Screening for nozzle 
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temperature and nozzle-gelation bath distance was carried out to form the most 

optimized microcapsules suitable for viable pancreatic b-cell encapsulation.   

 

Publication 15: 

Mooranian A, Negrulj R, Al-Salami H. Flow vibration-doubled concentric system 

coupled with low ratio amine to produce bile acid-macrocapsules of beta-cells. Ther 

Deliv. 2016; 7 (3):171-8. 

 

Sub-objective (14): To incorporate percentages of polly(allylamine) and 

ursodeoxycholic acid into sodium alginate and poly-L-ornithine dispersion mixture 

and to examine the optimal microencapsulating methods and most suitable 

macrocapsules containing b-cells. The suitability of the encapsulation process was 

evaluated with or without ursodeoxycholic acid in the following percentages: 

sodium alginate (0.018): poly-L-ornithine (0.01): poly(allylamine) (0.005): 

ursodeoxycholic acid (0.04) made using water (up to 100%).   

 

Publication 16: 

Mooranian A, Negrulj R, Al-Salami H, Morahan G, Jamieson E. Designing anti-diabetic 

beta-cells microcapsules using polystyrenic sulfonate, polyallylamine, and a tertiary 

bile acid: Morphology, bioenergetics, and cytokine analysis. Biotechnol Prog. 2016; 

32 (2):501-9. 

 

Sub-objective (15): To determine whether the incorporation of the polyelectrolytes 

polystyrene sulphonate (at 1% v/v) and poly (allylamine) (2% w/w) can enhance the 

physical properties of pancreatic b-cell microcapsules and whether further addition 

of the bile acid ursodeoxycholic acid to the formulation mixture can enhance 

capsular morphology, stability and b-cell biological functionality.   
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Publication 17: 

Mooranian A, Negrulj R, Al-Salami H. The impact of allylamine-bile acid combinations 

on cell delivery microcapsules in diabetes. J Microencapsul. 2016; 33 (6):569-74. 

 

Sub-objective (16): To test the effects of incorporating poly (allylamine) at 1% w/v 

to a b-cell microencapsulation system consisting of polystyrene sulphonate at 0.1% 

v/v, poly-L-ornithine at 1% v/v, ultrasonic gel at 1% w/v and ursodeoxycholic acid 

at 4% w/v on microcapsule strength, stability, excipient compatibility and cellular 

viability.    

 

Publication 18: 

Mooranian A, Negrulj R, Al-Salami H. The incorporation of water-soluble gel matrix 

into bile acid-based microcapsules for the delivery of viable beta-cells of the 

pancreas, in diabetes treatment: biocompatibility and functionality studies. Drug 

Deliv Transl Res. 2016; 6 (1):17-23. 

 

Sub-objective (17): To assess a novel b-cell delivery system which consists of 

ursodeoxycholic acid-based microcapsules incorporated with water-soluble gel 

matrix. The polyelectrolytes, water-soluble gel, polystyrene sulphonate, poly-L-

ornithine and poly (allylamine) at ratios 4:1:1:2.5 with or without 4% w/v 

ursodeoxycholic acid were incorporated into the microcapsules and cell viability, 

metabolic profile, cell functionality, insulin production, levels of inflammation, 

microcapsule morphology, cellular distribution, bile acid partitioning, 

biocompatibility, thermal and chemical stabilities as well as the 

microencapsulation efficiency were assessed.    

 

Publication 19: 
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Mooranian A, Negrulj R, Al-Salami H. The Influence of Stabilized Deconjugated 

Ursodeoxycholic Acid on Polymer-Hydrogel System of Transplantable NIT-1 Cells. 

Pharm Res. 2016; 33 (5):1182-90. 

 

Sub-objective (18): To examine cellular viability and functionality post-

encapsulation using a microencapsulation system consisting of poly-L-ornithine at 

1% v/v, poly (allylamine) at 2.5% w/v, ultrasonic gel at 4.5% w/v and sodium 

alginate at 1.8% w/v and ursodeoxycholic acid at 4% w/v.  

 

Publication 20: 

Mooranian A, Negrulj R, Al-Salami H. The Effects of Ionic Gelation- Vibrational Jet 

Flow Technique in Fabrication of Microcapsules Incorporating β-cell: Applications in 

Diabetes. Curr Diabetes Rev. 2017; 13 (1):91-6 

 

Sub-objective (19): To incorporate ultrasonic gel (1% w/v), polystyrene sulphonate 

(0.1% v/v), poly allylamine (3 % w/v) and ursodeoxycholic acid (4% w/v) with the 

polymer sodium alginate (1.2% w/v) and the co-polymer poly-L-ornithine (1% v/v) 

using a refined vibrational jet-flow microencapsulation method and to evaluate the 

suitability of the microcapsules for b-cell encapsulation by assessing cellular 

viability, insulin output, cytokine release and bioenergetics as well as microcapsule 

physico-chemical stability.  

 

Publication 21: 

Mooranian A, Negrulj R, Takechi R, Jamieson E, Morahan G, Al-Salami H. 

Electrokinetic potential-stabilization by bile acid-microencapsulating formulation of 

pancreatic beta-cells cultured in high ratio poly-L-ornithine-gel hydrogel colloidal 

dispersion: applications in cell-biomaterials, tissue engineering and biotechnological 

applications. Artif Cells Nanomed Biotechnol. 2017:1-7 (in press). 
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Sub-objective (20): To investigate the effects of electric charge of a novel colloidal 

formulation containing b-cells within microcapsules on cell viability, biological 

activity and insulin release. A new formulation, containing high ratios of poly-L-

ornithine, suspending electrical-stimulating hydrogel and polystyrene sulphonate 

(1:1:0.1 ratio) was used to form microcapsules utilizing 800V and 2000Hz 

encapsulating conditions. The bile acid, ursodeoxycholic acid, was added into the 

microcapsules to measure its effects on electrical charges.   

 

Publication 22: 

Mooranian A, Negrulj R, Takechi R, Jamieson E, Morahan G, Al-Salami H. New 

Biotechnological Microencapsulating Methodology Utilizing Individualized Gradient-

Screened Jet Laminar Flow Techniques for Pancreatic beta-Cell Delivery: Bile Acids 

Support Cell Energy-Generating Mechanisms. Mol Pharm. 2017; 14 (8): 2711-2718 

 

Sub-objective (21): To optimize the ionic-gelation vibrational jet flow technique for 

cellular encapsulation by utilizing integrated electrode tension, coupled with high 

internal vibration, jet-flow polymer stream rate, ionic bath-gelation concentrations 

and gelation time stay. The effects of double inner/outer nozzle segmented-

ingredient flow of microencapsulating dispersion were also evaluated using novel 

formulation system consisting of sodium alginate (2% w/v), poly-L-ornithine (2% 

v/v), polystyrene sulphonate (3% v/v), poly (allylamine) (3% w/v) and 

ursodeoxycholic acid (4% w/v). The aim of this study was to determine the effects 

of manufacturing parameters on cellular viability, functionality and bioenergetics 

as well as microencapsulated formulation stability.    

 

Publication 23: 

Mooranian A, Negrulj R, Takechi R, Jamieson E, Morahan G, Al-Salami H. Influence of 

Biotechnological Processes, Speed of Formulation Flow and Cellular Concurrent 
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Stream-Integration on Insulin Production from β-cells as a Result of Co-Encapsulation 

with a Highly Lipophilic Bile Acid. Cell Mol Bioeng. 2017; 11 (1), 65-75. 

 

Sub-objective (22): To investigate various microencapsulating methodologies using 

chenodeoxycholic acid, in order to optimise viability and functions of 

microencapsulated β-cells. Four different types of microcapsules were produced 

with (test) and without (control) chenodeoxycholic acid, totalling eight different 

microcapsules. Microencapsulating methodologies were screened for best 

microcapsule-cell functions and microencapsulating processes were examined in 

terms of frequency, formulation flow, total bath-gelation time and cellular 

concurrent stream-integration rate, cell-viability, insulin production and 

inflammatory profile.  

   

Publication 24: 

Mooranian A, Negrulj R, Takechi R, Jamieson E, Morahan G, Al-Salami H. Alginate-

combined cholic acid increased insulin secretion of microencapsulated mouse cloned 

pancreatic beta cells. Ther Deliv. 2017; 8 (10):833-42. 

 

Sub-objective (23): To examine antidiabetic effects of cholic acid, in terms of 

cellular inflammation and survival and insulin release, in the context of supporting 

β-cell delivery, and type 1 diabetes treatment. Ten formulations were prepared, 5 

without cholic acid (control) and 5 with cholic acid (test). Formulations were used 

to microencapsulate pancreatic β-cells, and the microcapsules were examined for 

morphology, cell viability, insulin release and inflammation.  

 

Publication 25: 

Mooranian A, Negrulj R, Al-Salami H. Alginate-deoxycholic Acid Interaction and Its 

Impact on Pancreatic Β-Cells and Insulin Secretion and Potential Treatment of Type 1 

Diabetes. J Pharm Innov. 2016; 11 (2):156-61. 
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Sub-objective (24): To optimise a newly developed microencapsulating method for 

pancreatic b-cell delivery (via ionic-gelation vibrational jet flow) and examine the 

effects of deoxycholic acid incorporation on b-cell microcapsules using various 

excipients. Ten different formulations were prepared (five controls and five tests 

containing deoxycholic acid) utilising different concentrations of water soluble gel, 

polystyrene sulphonate, sodium alginate, poly (allylamine) and poly-L-ornithine. 

Different microencapsulating methods were screened for most uniform 

microcapsules. The net flow nozzle size ratio of inner: outer flow through the 

concentric system was examined for best microcapsules. The microcapsules 

containing b-cells for each formulation were analysed for cell biology, insulin 

secretion as well as microcapsule morphology and surface topography.  

 

Publication 26: 

Mooranian A, Negrulj R, Al-Salami H. Primary Bile Acid Chenodeoxycholic Acid-Based 

Microcapsules to Examine β-cell Survival and the Inflammatory Response. 

BioNanoScience. 2016; 6 (2):103-9. 

 

Sub-objective (25): To test different microencapsulating methods and examine the 

effects of the primary hydrophobic bile acid, chenodeoxycholic acid, on β-cell 

microcapsules, in terms of morphology and cell function. Using the polymer sodium 

alginate and the co-polymer poly-L-ornithine, in 10:1 ratio, two microcapsules were 

made, one without chenodeoxycholic acid and one with chenodeoxycholic acid. 

During the microencapsulation process, polymer flow rate and culture media flow 

rate were screened (0.1-1.5 mL/min) for most uniform microcapsule. Pancreatic β-

cells (NIT-1 cell line) were microencapsulated and tested for morphology, 

formulation physico-chemical compatibility, stability, surface topography and 

chemical composition. Encapsulated cell viability, metabolism, respiration, 

bioenergetics, biological activity and the inflammatory profile were also measured. 
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Publication 27: 

Mooranian A, Negrulj R, Al-Salami H. Viability and topographical analysis of 

microencapsulated β-cells exposed to a biotransformed tertiary bile acid: an ex vivo 

study. Int J Nano Biomater. 2016; 6 (2):74-82. 

 

Sub-objective (26): To use taurocholic acid in order to improve the delivery of 

pancreatic β-cells in diabetes. β-cell microcapsules were produced using different 

excipients with or without taurocholic acid. Microcapsules containing β-cells were 

examined in terms of effects of taurocholic acid on cell viability, insulin production, 

inflammatory response, bioenergetics, size and microcapsule strength, cell and 

taurocholic acid distribution within the microcapsules and microcapsules’ 

morphology and surface characteristics.  

 

Chapter 4: The in vivo efficacy of microencapsulated probucol with bile acids 

 

This chapter achieved the following objective: 

 

Objective 3: To evaluate the in vivo efficacy of the microcapsules in delaying the 

progression of T1D and the treatment of T2D. 

 

The contents of this chapter are covered by manuscripts 28-34 

 

Publication 28: 

Pharmacological effects of hydrophobic drug encapsulated with bile acid-polymer in 

slowing down Type 1 diabetes development and protecting pancreatic β-cells: an in 

vivo study using a murine-model 

Mooranian A, Zamani N, Luna G, Al-Sallami H, Mikov M, Goločorbin-Kon S, Stojanovic 

G, Arfuso F and Al-Salami H. 
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Journal: AAPS PharmSciTech 

 

Sub-objective (27): To: 1) develop probucol microcapsules incorporating probucol, 

sodium alginate, ursodeoxycholic acid, and the polymer NM30 for probucol 

targeted oral delivery, 2) test effects of the microcapsules on T1D development, 

and 3) investigate probucol absorption profiles in plasma, gut (stomach, and small 

and large intestine), pancreas, liver, spleen, brain, heart, skeletal muscle, white 

adipose tissues, kidney, urine and faeces. 

 

Publication 29: 

Oral gavage of nano-encapsulated conjugated acrylic acid-bile acid formulation in 

Type 1 Diabetes altered pharmacological profile of bile acids, and improved 

glycaemia and suppressed inflammation 

Mooranian A, Zamani N, Takechi R, Luna G, Mikov M, Goločorbin-Kon S, Kovacevic B, 

Arfuso F and Al-Salami H. 

Journal: Drug Delivery and Translational Research  

 

Sub-objective (28): To: 1) Design oral targeted-delivery of ursodeoxycholic acid 

microcapsules, 2) Test the T1D preventative effects of ursodeoxycholic acid 

microcapsules, and 3) Investigate the effects of ursodeoxycholic acid oral 

administration on the bile acid profile in T1D mice.     

 

Publication 30: 

An in vivo pharmacological study: Variation in tissue-accumulation for the drug 

probucol as the result of targeted microtechnology and matrix-acrylic acid 

optimization and stabilization techniques 

Mooranian A, Zamani N, Takechi R, Luna G, Mikov M, Goločorbin-Kon S, , Arfuso F 

and Al-Salami H. 
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Journal: Pharmaceutical Research  

 

Sub-objective (29): To utilize a new probucol formulation composing of a mixture 

of acrylic acid polymers (Eudragit®) incorporated with bile acid-microcapsules. In 

order to ascertain probucol effects on pancreatic β-cells, a T2D mouse model will 

be developed with significant β-cell damage via using a small dose of selective β-

cell toxins, such as alloxan, combined with long-term feeding of high fat diet. The 

new formulation will be gavaged daily into the mice, long-term, and probucol 

absorption, tissue and hear accumulation, and antidiabetic effects on glucose levels 

will be examined.    

 

Publication 31: 

Bile acid pharmacological and biotransformational changes in tissues and faeces of 

an animal model of insulin-resistance diabetes as the result of chronic oral 

administration of microencapsulated ursodeoxycholic acid  

Mooranian A, Zamani N, Takechi R, Luna G, Mikov M, Goločorbin-Kon S, Kovacevic B, 

Arfuso F and Al-Salami H. 

Journal: Pharmaceutical Research  

 

Sub-objective (30): To design ursodeoxycholic acid oral formulation and examine 

its effects in T2D, in terms of effects on blood glucose, inflammation and levels of 

chenodeoxycholic acid and lithocholic acid in plasma and tissues. Balb/c adult mice 

were given high fat western diet, and a week later injected with a small dose of 

alloxan (50mg/kg) to induce T2D. Once T2D was confirmed, mice were divided into 

three equal groups (6 to 7 mice each) and gavaged daily: empty microcapsules, free 

ursodeoxycholic acid, and microencapsulated ursodeoxycholic acid. Two weeks 

later, all mice were euthanised and blood, tissues, urine and faeces collected for 

blood glucose, inflammatory biomarkers, and bile acids analyses. 
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Publication 32: 

Pharmacological effects of nanoencapsulation of human-based dosing of probucol on 

ratio of secondary to primary bile acids in gut, during induction and progression of 

Type 1 diabetes  

Mooranian A, Zamani N, Takechi R, Al-Sallami H, Mikov M, Goločorbin-Kon S, 

Kovacevic B, Arfuso F and Al-Salami H. 

Journal: Artificial Cells, Nanomedicine and Biotechnology  

 

Sub-objective (31): To investigate if nanoencapsulation of probucol with and 

without ursodeoxycholic acid will affect bile acid ratio and delay onset of T1D. 

Healthy adult Balb/c mice were divided into three equal groups and gavaged daily 

free probucol, nanoencapsulated probucol, and nanoencapsulated probucol with 

ursodeoxycholic acid, for seven days. Alloxan was injected into the mice and once 

T1D was confirmed by absence of insulin in blood, mice (six-to-seven mice per 

group) continued to receive daily gavage and were euthanised when weight loss > 

10% or when experiencing significant diabetes symptoms. Blood, tissues, faeces 

and urine were collected for analysis of insulin and bile acids. 

 

Publication 33: 

Probucol-poly(meth)acrylate-bile acid microcapsules increased levels of anti-

inflammatory cytokine interleukin-10, decreased levels of pro-inflammatory cytokine 

interleukin-6, and increased concentrations of primary bile acid in plasma and heart 

in obese Type-2 diabetic mice 

Mooranian A, Zamani N, Takechi R, Al-Sallami H, Mikov M, Goločorbin-Kon S, 

Kovacevic B, Arfuso F and Al-Salami H. 

Journal: European Journal of Pharmaceutical Sciences   
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Sub-objective (32): To investigate the anti-inflammatory and bile acid-regulatory 

effects of two co-encapsulated drugs, ursodeoxycholic acid (which has bile acid 

regulatory effects and currently prescribed for primary liver cirrhosis) and probucol 

(an anti-lipidemic drug with anti-inflammatory effects), in T2D mice fed high fat diet 

and injected with a small dose of alloxan to induce inflammation and β-cell damage. 

 

 

Publication 34: 

Modulatory effects of diabetes mellitus on intra- and extra- cellular concentrations 

of primary and secondary bile acids in murine-models of insulin-dependent and 

noninsulin-dependent diabetes mellitus 

Mooranian A, Zamani N, Takechi R, Luna G, Mikov M, Goločorbin-Kon S, Kovacevic B, 

Arfuso F and Al-Salami H. 

Journal: European Journal of Pharmaceutical Sciences   

 

Sub-objective (33): To measure changes in bile acid profile in gut, tissues and faeces 

in Type 1 Diabetes (T1D) and Type 2 Diabetes (T2D). Using BALB/c mice (23±3 g), 

T1D was induced by subcutaneous alloxan (300mg/kg), while T2D was induced by 

high fat diet and subcutaneous alloxan (50mg/kg). Twenty-one seven-weeks old 

BALB/c mice were randomly divided into three equal groups, healthy, T1D and T2D. 

After diabetes confirmation, mice were euthanised and blood, stomach, small 

intestine, large intestine, pancreas, liver, brain, heart, skeletal muscles, white 

adipose tissues, kidney, spleen, urine and faeces were collected for bile acid 

measurements. 
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Abbreviations 

 

 

DM: Diabetes Mellitus 

T1D: Type 1 Diabetes Mellitus 

T2D: Type 2 Diabetes Mellitus 

ACMT: Artificial Cell Microencapsulation Technology 

USG: Ultrasonic Gel 

PLO: Poly-l-Ornithine 

PSS: Polystyrene Sulphonate 

SA: Sodium Alginate 

PAA: Poly (allylamine) 

UDCA: Ursodeoxycholic Acid 

CDCA: Chenodeoxycholic acid 

TCA: Taurocholic acid 

CA: Cholic acid 

DCA: Deoxycholic acid 

PB: Probucol 

PRP: Platelet rich plasma 

CFSE: Carboxyfluorescein succinimidyl ester 

DMEM: Dulbecco's Modified Eagle's Medium 

OM: Optical Microscopy 

SEM: Scanning Electron Microscopy 

EDXR: Energy Dispersive X-Ray Spectroscopy 

TRITC: Tetramethylrhodamine Isothiocyanate 
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MTT: (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) 

OCR: Oxygen Consumption Rate 

ECAR: Extracellular Acidification Rate 

PPR: Proton Production Rate 

BR: Basal Respiration 

MR: Maximal Respiration 

PL: Proton Leak 

ATPP: Adenosine Triphosphate Production  

CE: Coupling Efficiency 

SRC: Spare Respiratory Capacity 

G: Glycolysis 

NGD-ECAR: Non-Glucose-Derived Extracellular Acidification Rate 

ELISA: Enzyme-Linked Immunosorbent Assay 

CBA: Cytokine Bead Array 

TNF-α: Tumour Necrosis Factor-α 

IFN-γ: Interferon-γ 

IL-1β: Interleukin-1β 

IL-6: Interleukin-6 

IL-10: Interleukin-10 

IL-12: Interleukin-12 

IL-17: Interleukin-17 

ED: Eudragit 

PUBA: Primary unmetabolised bile acid 

ATBA: Anionic tertiary bile acid   

WSG: Water soluble gel 
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LPBA: Lipophillic bile acid  

PBA: Primary bile acid  
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Chapter 1 

 

Introduction and Literature Review 

 

 

 

The contents of this chapter are covered by paper 1: 

Negrulj R, Mooranian A, Al-Salami H. Potentials and Limitations of Bile Acids in Type 

2 Diabetes Mellitus: Applications of Microencapsulation as a Novel Oral Delivery 

System. Journal of Endocrinology and Diabetes Mellitus. 2013; 1 (2):49-59. 

 

 

Chapter 1 discusses the role of bile acids in artificial cell microencapsulation and 

outlines their chemical, biological and pharmaceutical properties. The potential 

benefits of probucol is also discussed as is novel therapies in the management of 

diabetes mellitus that form the central concept of this thesis. 

 

Due to copyright restrictions, this publication cannot be displayed in the thesis but is 
available for viewing from the publisher: 

 

https://synergypublishers.com/downloads/jedmv1n2a4/ 
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Chapter 2: Microencapsulation of Probucol with Bile Acids 

 

This chapter achieved the following objective: 

 

Objective 1: To develop and characterise probucol microcapsules containing bile 

acids in order to determine the most suitable formulation. 

 

The contents of this chapter are covered by publications 2-13 

 

Publication 2: 

Mooranian A, Negrulj R, Chen-Tan N, Al-Sallami HS, Fang Z, Mukkur TK, et al. 

Microencapsulation as a novel delivery method for the potential antidiabetic drug, 

Probucol. Drug Des Devel Ther. 2014; 8:1221-30. 

 

Sub-objective (1): To create a novel microencapsulated formulation of probucol using 

sodium alginate and to examine the shape, size, chemical, thermal and rheological 

properties of the microencapsulation formulation system in vitro.   

 

Study findings: Probucol-Sodium Alginate (PB-SA) microcapsules displayed uniform 

and homogeneous characteristics with an average diameter of 1 mm. The 

microcapsules exhibited pseudoplastic-thixotropic characteristics and showed no 

chemical interactions between the ingredients. These data were further supported 

by differential scanning calorimetric analysis and Fourier-transform infrared spectral 

studies, suggesting microcapsule stability. The new PB-SA microcapsules have good 

structural properties and may be suitable for the oral delivery of PB in T2D. Further 

studies are required to examine the clinical efficacy and safety of PB in T2D. 
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Publication 3: 

Mooranian A, Negrulj R, Al-Sallami HS, Fang Z, Mikov M, Golocorbin-Kon S, et al. 

Probucol release from novel multicompartmental microcapsules for the oral targeted 

delivery in type 2 diabetes. AAPS PharmSciTech. 2015; 16 (1):45-52. 

 

Sub-objective (2): To examine the stability and pH-dependent targeted release of 

probucol microcapsules developed in sub-objective (1) at various pH values and 

different temperatures.  

 

Study findings: PB-SA microcapsules had 2.6 ± 0.25% PB content, and zeta potential 

of -66 ± 1.6%, suggesting good stability. They showed spherical and uniform 

morphology and significantly higher swelling at pH 7.8 at both 25 and 37°C (p < 0.05). 

The microcapsules showed multiphasic release properties at pH 7.8. The production 

yield and microencapsulation efficiency were high (85 ± 5 and 92 ± 2%, respectively). 

The PB-SA microcapsules exhibited distal gastrointestinal tract targeted delivery with 

a multiphasic release pattern and with good stability and uniformity. However, the 

release of PB from the microcapsules was not controlled, suggesting uneven 

distribution of the drug within the microcapsules. 

 

Publication 4: 

Mooranian A, Negrulj R, Arfuso F, Al-Salami H. Multicompartmental, multilayered 

probucol microcapsules for diabetes mellitus: Formulation characterization and 

effects on production of insulin and inflammation in a pancreatic beta-cell line. Artif 

Cells Nanomed Biotechnol. 2016; 44 (7):1642-53. 

 

Sub-objective (3): To encapsulate probucol (PB) with the primary endogenous bile 

acid cholic acid (CA) using sodium alginate and examine the formulation and surface 

characteristics of the microcapsules and to evaluate the in vitro biological activity of 

the microcapsules using pancreatic b-cells.   
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Study findings: CA incorporation optimized the PB microcapsules, which exhibited 

pseudoplastic-thixotropic rheological characteristics. The size of the microcapsules 

remained similar after CA addition, and the microcapsules showed even drug 

distribution and no chemical alterations of the excipients. Micro-CT imaging, 

differential scanning calorimetry, Fourier transform infrared spectroscopy, scanning 

electron microscopy, and energy-dispersive X-ray spectroscopy showed consistent 

microcapsules with uniform shape and morphology. PB-CA-SA microcapsules 

enhanced NIT-1 cell viability under hyperglycaemic states and resulted in improved 

insulin release as well as reduced cytokine production at the physiological glucose 

levels. The addition of the primary bile acid, CA, improved the physical properties of 

the microcapsules and enhanced their pharmacological activity in vitro, suggesting 

potential applications in diabetes treatment. 

 

Publication 5: 

Mooranian A, Negrulj R, Chen-Tan N, Watts GF, Arfuso F, Al-Salami H. An optimized 

probucol microencapsulated formulation integrating a secondary bile acid 

(deoxycholic acid) as a permeation enhancer. Drug Des Devel Ther. 2014; 8:1673-83. 

 

Sub-objective (4): To optimize the probucol microcapsules via the incorporation of 

the secondary bile acid deoxycholic acid (DCA) using sodium alginate and to examine 

the effect of the bile acid addition on the morphology, rheology, structural and 

surface characteristics of the formulation system and to evaluate the thermal and 

physico-chemical properties of the microcapsules.      

 

Study findings: The incorporation of DCA resulted in better structural and surface 

characteristics, uniform morphology, and stable chemical and thermal profiles, while 

size and rheological parameters remained similar to control. In addition, PB-DCA-SA 

microcapsules showed good excipients' compatibilities, which were supported by 

data from differential scanning calorimetry, Fourier transform infrared spectroscopy, 

scanning electron microscopy, and energy dispersive X-ray studies, suggesting 
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microcapsule stability. Hence, PB-DCA-SA microcapsules have good rheological and 

compatibility characteristics and may be suitable for the oral delivery of PB in type 2 

diabetes. 

 

Publication 6: 

Negrulj R,  Mooranian A,  Chen-Tan N,  Al-Sallami HS,  Mikov M,  Golocorbin-Kon S, 

et al. Swelling, mechanical strength, and release properties of probucol 

microcapsules with and without a bile acid, and their potential oral delivery in 

diabetes. Artif Cells Nanomed Biotechnol. 2016; 44 (5):1290-7. 

 

Sub-objective (5): To examine and evaluate the pH-dependent release properties of 

optimised microcapsules achieved in sub-objective (4) and to determine the effects 

of deoxycholic acid of the stability of the microcapsules via osmotic and mechanical-

induced stability testing across various pH and temperatures.  

 

Study findings:  The addition of DCA resulted in microcapsules with a greater density 

and with reduced swelling at a pH of 7.8 and at temperatures of 25°C and 37°C (p < 

0.01). The size, surface composition, production yield, and microencapsulation 

efficiency of the microcapsules remained similar after DCA addition. PB-SA 

microcapsules produced multiphasic PB release, while PB-DCA-SA microcapsules 

produced monophasic PB release, suggesting more controlled PB release in the 

presence of DCA. The PB-DCA-SA microcapsules showed good stability and a pH-

sensitive uniphasic release pattern, which may suggest potential applications in the 

oral delivery of PB in diabetes. 

 

Publication 7:  

Mooranian A, Negrulj R, Mikov M, Golocorbin-Kon S, Arfuso F, Al-Salami H. Novel 

chenodeoxycholic acid-sodium alginate matrix in the microencapsulation of the 
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potential antidiabetic drug, probucol. An in vitro study. J Microencapsul. 2015; 32 

(6):589-97. 

 

Sub-objective (6): To design novel probucol (PB) microcapsules using the primary bile 

acid chenodeoxycholic acid (CDCA) and sodium alginate (SA) and to examine and 

evaluate the physico-chemical stability of the microcapsules as well as the rheological 

properties of the formulation system. The microcapsules were evaluated for their 

morphological and surface topography as well as drug release profiles and osmotic-

mechanical stability across various pH and temperature values.  

 

Study findings: CDCA resulted in better structural and surface characteristics, uniform 

morphology, and stable chemical and thermal profiles, while size and rheological 

parameters remained unchanged. PB-CDCA-SA microcapsules showed good 

excipients' compatibilities, as evidenced by differential scanning calorimetry (DSC), 

Fourier transform infrared spectroscopy, scanning electron microscopy and energy 

dispersive X-ray spectroscopy studies. CDCA reduced microcapsule swelling at pH 7.8 

at both 37 °C and 25 °C and improved PB-release. CDCA improved the characteristics 

and release properties of PB-microcapsules and may have potential in the targeted 

oral delivery of PB.  

 

Publication 8: 

Mooranian A, Negrulj R, Arfuso F, Al-Salami H. The effect of a tertiary bile acid, 

taurocholic acid, on the morphology and physical characteristics of 

microencapsulated probucol: potential applications in diabetes: a characterization 

study. Drug Deliv Transl Res. 2015; 5 (5):511-22. 

 

Sub-objective (7): To design sodium alginate-based probucol microcapsules using the 

amino acid conjugated bile acid taurocholic acid (TCA) and to examine microcapsule 
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morphology, surface topography, size, structure and chemical composition, physico-

chemical stability, osmotic-mechanical stability and drug release characteristics.  

 

Study findings: PB-TCA-SA microcapsules showed uniform structure and even 

distribution of TCA within the microcapsules. Drug contents, Zeta potential, size, 

rheological parameters, production yield, and the microencapsulation efficiency 

remained similar after TCA addition. In vitro testing showed PB-TCA-SA 

microcapsules improved β-cell survival under hyperglycaemic states and reduced the 

pro-inflammatory cytokine TNF-α while increasing insulin secretions compared with 

PB-SA microcapsules. PB-TCA-SA microcapsules also showed good stability, better 

mechanical (p < 0.01) and swelling (p < 0.01) characteristics and optimized controlled 

release at pH 7.8 (p < 0.01) compared with control, suggesting desirable targeted 

release properties and potential applications in the oral delivery of PB in T2D.  

 

Publication 9: 

Novel nano-encapsulation of probucol in microgels: Scanning electron micrograph 

characterizations, buoyancy profiling, and antioxidant assay analyses 

Mooranian A, Zamani N, Mikov M, Goločorbin-Kon S, Stojanovic G, Arfuso F and Al-

Salami H. 

Journal: Artificial Cells, Nanomedicine and Biotechnology 

 

Sub-objective (8): To design, develop and optimize probucol microcapsules using 

Eudragit co-polymers RL30D, RS30D and NM30D and the primary bile acid 

chenodeoxycholic acid (CDCA) and to analyze the microcapsules and the formulation 

system using scanning electron microscopy, energy dispersive X-ray spectroscopy, 

confocal microscopy, osmotic stability, mechanical properties, buoyancy, release 

profiles (pH 7.4), thermal stability and antioxidant effects. Microcapsules’ effects on 

pancreatic β-cell survival, functions, inflammatory profile, and cellular uptake of 

probucol were also evaluated.  
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Study findings: All microcapsules showed uniform morphology and surface 

topography with the bile acid CDCA being distributed evenly throughout the 

microcapsules. Despite CDCA not significantly affecting PB release, mechanical or 

thermal stability, osmotic stability was significantly improved in PB-NM30D and PB-

RL30D microcapsules (lower osmotic capacity, p<0.01 and p<0.05 respectively) and 

PB-NM30D microcapsules displayed low buoyancy (p<0.01). Biological testing using 

pancreatic β-cells showed no effects of CDCA or PB formulations on cellular survival 

or inflammatory profile. CDCA improved PB-NM30D effects on cell functions and 

bioenergetics, which suggests potential application of PB-NM30D-CDCA in PB 

delivery and diabetes treatment. 

 

Publication 10: 

Ursodeoxycholic acid-NM30D microcapsules enhance the delivery and cellular 

activity, ex vivo, for the potent antioxidant compound probucol  

Mooranian A, Zamani N, Mikov M, Goločorbin-Kon S, Stojanovic G, Arfuso F and Al-

Salami H. 

Journal: Pharmaceutical Development and Technology 

 

Sub-objective (9): To examine six formulations using three types of polymers were 

investigated with and without ursodeoxycholic acid (UDCA). The polymers were 

NM30D, RL30D and RS30D and they were mixed with sodium alginate and probucol 

(PB) at set ratios and microencapsulated using oscillating-voltage mediated nozzle 

technology coupled with ionic gelation. The microcapsules were examined for 

physical and biological effects using pancreatic β-cells.   

 

Study findings: UDCA addition did not adversely affect the morphology and physical 

features of the microcapsules. Despite thermal stability remaining unchanged, bile 

acid incorporation did enhance the electrokinetic stability of the formulation system 

for NM30D and RL30D polymers. Mechanical stability remained similar in all groups. 
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Enhanced uptake of PB from the microcapsule by pancreatic β-cells was only seen 

with NM30D microcapsules containing UDCA and this effect was sustained at both 

glucose levels of 5.5 and 35.5 mM. Thus, UDCA incorporation to the microcapsules 

enhanced stability, PB protection of β-cells against glucotoxicity-mediated stress, and 

antioxidant effects at high glucose concentrations when co-formulated with NM30D 

polymer, which suggests potential application of PB-UDCA-NM30D in PB oral 

delivery.      

 

Publication 11: 

Rheology and interferon-γ levels from interchelated probucol and a gut-bacterial 

processed secondary bile acid, combined with Eudragit-based polymers, and 

biological effects on insulin release 

Mooranian A, Zamani N, Mikov M, Goločorbin-Kon S, Stojanovic G, Arfuso F and Al-

Salami H. 

Journal: AAPS PharmSciTech 

 

Sub-objective (10): To examine three probucol (PB) formulations using Eudragit co-

polymers NM30D, RL30D and RS30D without (control) and with (test) the secondary 

bile acid deoxycholic acid (DCA). The six formulations were analyzed for their 

rheological properties, microcapsules’ size distribution and multilayered 

composition, as well as biological effects on pancreatic β-cells in terms of cell 

inflammatory profile.  

 

Study findings: Rheological properties and size distribution were similar among all 

groups, and multilayered compositions did not significantly change as a result of DCA 

or polymer incorporation. β-cell survival was best with NM30D and RS30D PB-DCA 

microcapsules. The inflammatory profile and oxidative stress effects of microcapsules 

remain similar among all groups. PB uptake by β-cells was highest in the NM30D and 

RL30D groups in the presence of DCA, and these two groups showed overall best 
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lowest inflammatory profile.  ED NM30D exerted formulation stabilizing effects and 

DCA addition, improved PB cellular uptake which suggests that ED NM30D and DCA 

incorporation can exert positive effects on PB oral administration.    

 

Publication 12: 

A second-generation matrix of an endogenous primary un-metabolised bile acid, 

stabilized by Eudragit-alginate complex with antioxidant compounds   

Mooranian A, Zamani N, Mikov M, Goločorbin-Kon S, Stojanovic G, Arfuso F and Al-

Salami H. 

Journal: Drug Delivery and Translational Research  

 

Sub-objective (11): To design and develop novel probucol (PB) microcapsules using 

formulation system consisting of sodium alginate (SA) with Eudragit co-polymers 

RL30D, RS30D and NM30D and to examine the effects of cholic acid (CA) addition to 

the microcapsules using stability and drug release assays and to examine the 

antioxidant and cell-protective effects of the optimized microcapsules using 

pancreatic b-cells.  

 

Study findings: The incorporation of PB-alginate-Eudragit with PUBA stabilized the 

microcapsules but did not exert consistent positive effects on cell viability in the 

hyperglycaemic state, which suggests that PUBA in alginate-Eudragit matrices did not 

exhibit synergistic effects with PB nor exerted antidiabetic effects.  

 

Publication 13: 

Stability and biological testing of taurine conjugated bile acid anti-oxidant 

microcapsules for diabetes treatment 

Mooranian A, Zamani N, Mikov M, Goločorbin-Kon S, Stojanovic G, Arfuso F and Al-

Salami H. 
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Journal: Therapeutic Delivery 

 

Sub-objective (12): To design new and optimized probucol microcapsules made using 

taurocholic acid and consisting of sodium alginate stabilized using Eudragit co-

polymers RL30D, RS30D and NM30D and to test their osmotic properties, mechanical 

index, antioxidant and potential antidiabetic activities using pancreatic β-cells.  

 

Study findings: TCA addition improved osmotic and mechanical properties of the new 

formulation, and this effect was dependent on polymethylacrylate composition and 

concentration. TCA did not improve morphology of polymethylacrylate-PB 

microcapsules or confer cellular protective effects, which suggests limited 

applications in PB oral deliver or controlled release profile. 
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Chapter 3: Microencapsulation of Pancreatic b-cells with Bile Acids 

 

This chapter achieved the following objective: 

 

Objective 2: To develop and characterise microcapsules of pancreatic b-cells 

containing bile acids in order to determine the most suitable formulation. 

 

The contents of this chapter are covered by publications 14-27. 

 

Publication 14: 

Mooranian A, Negrulj R, Jamieson E, Morahan G, Al-Salami H. Biological Assessments 

of Encapsulated Pancreatic β-Cells: Their Potential Transplantation in Diabetes. Cell 

Mol Bioeng. 2016; 9 (4):530-7. 

 

Sub-objective (13): To develop an advanced microencapsulation method using a 

simple alginate-poly-L-ornithine formulation system and to test the effect of 

ursodeoxycholic acid addition on cellular function. The formulation system consisted 

of alginate: ploy-L-ornithine at a fixed ratio of 1:1.2 and alginate: ploy-L-ornithine: 

ursodeoxycholic acid at a ratio of 1:1.2:4. Screening for nozzle temperature and 

nozzle-gelation bath distance was carried out to form the most optimized 

microcapsules suitable for viable pancreatic b-cell encapsulation.   

 

Study findings: Overall, using our refined microencapsulating method with set 

parameters of concentric nozzle system produced uniform microcapsules. The 

system consisted of an outer nozzle of 300 µm and an inner nozzle of 150 µm, with 

nozzle temperature set as 30 °C and nozzle-gelation bath distance set as 5 cm. UDCA 

(4%) incorporation with the polymer SA (1.2%) and co-polymer poly-l-ornithine (1%) 
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exerted beneficial effects on the mechanical and physical stability of 

microencapsulated NIT-1 cells. 

 

Publication 15: 

Mooranian A, Negrulj R, Al-Salami H. Flow vibration-doubled concentric system 

coupled with low ratio amine to produce bile acid-macrocapsules of beta-cells. Ther 

Deliv. 2016; 7 (3):171-8. 

 

Sub-objective (14): To incorporate percentages of polly(allylamine) and 

ursodeoxycholic acid into sodium alginate and poly-L-ornithine dispersion mixture 

and to examine the optimal microencapsulating methods and most suitable 

macrocapsules containing b-cells. The suitability of the encapsulation process was 

evaluated with or without ursodeoxycholic acid in the following percentages: sodium 

alginate (0.018): poly-L-ornithine (0.01): poly(allylamine) (0.005): ursodeoxycholic 

acid (0.04) made using water (up to 100%).   

 

Study findings: Microencapsulating parameters were examined and the Flow-

Vibrational Nozzle built-in system was screened and found to be most efficient at 

high frequency (1900 Hz).  

Macrocapsules were produced with or without ursodeoxycholic acid in percentages: 

0.018SA:0.01PLO:0.005PAA:0.04ursodeoxycholic acid (up to 100% H2O). Using the 

refined microencapsulation method with vibrational frequency of 1900 Hz, 

macrocapsules with ursodeoxycholic acid had optimized cell viability and biological 

functions and ameliorated inflammatory biomarkers. High frequency and air-

pressure with Flow-Vibrational encapsulation using the mixture: 

0.018SA:0.01PLO:0.005PAA:0.04ursodeoxycholic acid resulted in better cell biology 

suggesting potentials in β-cell transplantation. 
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Due to copyright reasons, this publication cannot be displayed in the thesis but is 

available from the publisher: https://www.future-science.com/doi/10.4155/tde-

2015-0001 

 

Publication 16: 

Mooranian A, Negrulj R, Al-Salami H, Morahan G, Jamieson E. Designing anti-diabetic 

beta-cells microcapsules using polystyrenic sulfonate, polyallylamine, and a tertiary 

bile acid: Morphology, bioenergetics, and cytokine analysis. Biotechnol Prog. 2016; 

32 (2):501-9. 

 

Sub-objective (15): To determine whether the incorporation of the polyelectrolytes 

polystyrene sulphonate (at 1% v/v) and poly (allylamine) (2% w/w) can enhance the 

physical properties of pancreatic b-cell microcapsules and whether further addition 

of the bile acid ursodeoxycholic acid to the formulation mixture can enhance capsular 

morphology, stability and b-cell biological functionality.   

 

Study findings: The novel microcapsules showed good morphology but cell viability 

remained low (29% ± 3%). UDCA addition improved cell viability post-

microencapsulation (42 ± 5, P < 0.01), reduced swelling (P < 0.01), improved 

mechanical strength (P < 0.01), increased Zeta-potential (P < 0.01), and improved 

stability. UDCA addition also increased insulin production (P < 0.01), bioenergetics 

(P < 0.01), and decreased β-cell TNF-α (P < 0.01), IFN-gamma (P < 0.01), and IL-6 

(P < 0.01) secretions. Conclusions: Addition of 4% UDCA to a formulation system 

consisting of 1.8% SA, 1% PLO, 1% PSS, and 2% PAA enhanced cell viability post-

microencapsulation and resulted in a more stable formulation with enhanced 

encapsulated β-cell metabolism, bioenergetics, and biological activity with reduced 

inflammation. This suggests potential application of UDCA, when combined with SA, 

PLO, PSS, and PAA, in β-cell microencapsulation and diabetes treatment. 
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Publication 17: 

Mooranian A, Negrulj R, Al-Salami H. The impact of allylamine-bile acid combinations 

on cell delivery microcapsules in diabetes. J Microencapsul. 2016; 33 (6):569-74. 

 

Sub-objective (16): To test the effects of incorporating poly (allylamine) at 1% w/v to 

a b-cell microencapsulation system consisting of polystyrene sulphonate at 0.1% v/v, 

poly-L-ornithine at 1% v/v, ultrasonic gel at 1% w/v and ursodeoxycholic acid at 4% 

w/v on microcapsule strength, stability, excipient compatibility and cellular viability.    

 

Study findings: Microcapsules containing 1% w/v polyamine showed weak physical 

properties and low cell viability and ATBA incorporation resulted in >30% reduction 

in cell viability and increased levels of pro-inflammatory cytokines. Neither 1% w/v 

polyamine nor the presence of ATBA resulted in optimised cell viability, but rather 

reduced cell viability, enhanced inflammation and lowered insulin secretion. 

 

Publication 18: 

Mooranian A, Negrulj R, Al-Salami H. The incorporation of water-soluble gel matrix 

into bile acid-based microcapsules for the delivery of viable beta-cells of the 

pancreas, in diabetes treatment: biocompatibility and functionality studies. Drug 

Deliv Transl Res. 2016; 6 (1):17-23. 

 

Sub-objective (17): To assess a novel b-cell delivery system which consists of 

ursodeoxycholic acid-based microcapsules incorporated with water-soluble gel 

matrix. The polyelectrolytes, water-soluble gel, polystyrene sulphonate, poly-L-

ornithine and poly (allylamine) at ratios 4:1:1:2.5 with or without 4% w/v 

ursodeoxycholic acid were incorporated into the microcapsules and cell viability, 

metabolic profile, cell functionality, insulin production, levels of inflammation, 

microcapsule morphology, cellular distribution, bile acid partitioning, 
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biocompatibility, thermal and chemical stabilities as well as the microencapsulation 

efficiency were assessed.    

 

Study findings: The incorporation of UDCA with PSS, PAA and WSG enhanced cell 

viability per microcapsule (p < 0.05), cellular metabolic profile (p < 0.01) and insulin 

production (p < 0.01); reduced the inflammatory release TNF-α (p < 0.01), INF-

gamma (p < 0.01) and interleukin-6 (IL-6) (p < 0.01); and ceased the production of IL-

1β. UDCA, PSS, PAA and WSG addition did not change the microencapsulation 

efficiency and resulted in biocompatible microcapsules. Our designed microcapsules 

showed good morphology and desirable insulin production, cell functionality and 

reduced inflammatory profile suggesting potential applications in diabetes. 

 

Publication 19: 

Mooranian A, Negrulj R, Al-Salami H. The Influence of Stabilized Deconjugated 

Ursodeoxycholic Acid on Polymer-Hydrogel System of Transplantable NIT-1 Cells. 

Pharm Res. 2016; 33 (5):1182-90. 

 

Sub-objective (18): To examine cellular viability and functionality post-encapsulation 

using a microencapsulation system consisting of poly-L-ornithine at 1% v/v, poly 

(allylamine) at 2.5% w/v, ultrasonic gel at 4.5% w/v and sodium alginate at 1.8% w/v 

and ursodeoxycholic acid at 4% w/v.  

 

Study findings: Incorporation of UDCA at 4% into a PLO-PAA-SA formulation system 

increased cell survival (p < 0.01), insulin production (p < 0.01), reduced the 

inflammatory profile (TNF-α, IFN-ϒ, IL-6 and IL-1β; p < 0.01) and improved the 

microcapsule physical and mechanical strength (p < 0.01). β-cell microencapsulation 

using 1% PLO, 2.5% PAA, 1.8% SA, 4.5% USG and the bile acid UDCA (4%) has good 

potential in cell transplantation and diabetes treatment.  
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Publication 20: 

Mooranian A, Negrulj R, Al-Salami H. The Effects of Ionic Gelation- Vibrational Jet 

Flow Technique in Fabrication of Microcapsules Incorporating β-cell: Applications in 

Diabetes. Curr Diabetes Rev. 2017; 13 (1):91-6 

 

Sub-objective (19): To incorporate ultrasonic gel (1% w/v), polystyrene sulphonate 

(0.1% v/v), poly allylamine (3 % w/v) and ursodeoxycholic acid (4% w/v) with the 

polymer sodium alginate (1.2% w/v) and the co-polymer poly-L-ornithine (1% v/v) 

using a refined vibrational jet-flow microencapsulation method and to evaluate the 

suitability of the microcapsules for b-cell encapsulation by assessing cellular viability, 

insulin output, cytokine release and bioenergetics as well as microcapsule physico-

chemical stability.  

 

Study findings: Using our method, viability remained low after the addition of PSS, 

PAA and USG, while the incorporation of UDCA enhanced cell viability, and thermal 

stability was maintained. Our refined microencapsulating method, when 

incorporating polystyrene sulphonate, polyallylamine, the gel and UDCA at 0.1:3:1:4 

ratio respectively, produced stable microcapsules suggesting potential applications 

in cell microencapsulation and diabetes treatment.  

 

Publication 21: 

Mooranian A, Negrulj R, Takechi R, Jamieson E, Morahan G, Al-Salami H. 

Electrokinetic potential-stabilization by bile acid-microencapsulating formulation of 

pancreatic beta-cells cultured in high ratio poly-L-ornithine-gel hydrogel colloidal 

dispersion: applications in cell-biomaterials, tissue engineering and biotechnological 

applications. Artif Cells Nanomed Biotechnol. 2017:1-7 (in press). 

 

Sub-objective (20): To investigate the effects of electric charge of a novel colloidal 

formulation containing b-cells within microcapsules on cell viability, biological 
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activity and insulin release. A new formulation, containing high ratios of poly-L-

ornithine, suspending electrical-stimulating hydrogel and polystyrene sulphonate 

(1:1:0.1 ratio) was used to form microcapsules utilizing 800V and 2000Hz 

encapsulating conditions. The bile acid, ursodeoxycholic acid, was added into the 

microcapsules to measure its effects on electrical charges.   

Study findings: The electric charge of the microencapsulating formulation was 

enhanced by bile acid addition and resulted in better cell viability and function. 

Ursodeoxycholic acid microencapsulated with poly-L-ornithine, suspending 

electrical-stimulation hydrogel and polystyrene sulphone at 1:1:0.1 ratio, using 800 V 

and 2000 Hz microencapsulating conditions, produced enhanced electrokinetic 

parameters of microcapsules with optimized cell functions. This suggests that electric 

charge of formulations containing pancreatic β-cell may have significant effects on 

cell mass and functions, post-transplantation. 

 

Publication 22: 

Mooranian A, Negrulj R, Takechi R, Jamieson E, Morahan G, Al-Salami H. New 

Biotechnological Microencapsulating Methodology Utilizing Individualized Gradient-

Screened Jet Laminar Flow Techniques for Pancreatic beta-Cell Delivery: Bile Acids 

Support Cell Energy-Generating Mechanisms. Mol Pharm. 2017; 14 (8): 2711-2718 

 

Sub-objective (21): To optimize the ionic-gelation vibrational jet flow technique for 

cellular encapsulation by utilizing integrated electrode tension, coupled with high 

internal vibration, jet-flow polymer stream rate, ionic bath-gelation concentrations 

and gelation time stay. The effects of double inner/outer nozzle segmented-

ingredient flow of microencapsulating dispersion were also evaluated using novel 

formulation system consisting of sodium alginate (2% w/v), poly-L-ornithine (2% v/v), 

polystyrene sulphonate (3% v/v), poly (allylamine) (3% w/v) and ursodeoxycholic acid 

(4% w/v). The aim of this study was to determine the effects of manufacturing 

parameters on cellular viability, functionality and bioenergetics as well as 

microencapsulated formulation stability.    
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Study findings: Optimized microencapsulating parameters, using IGJVF, were: 1000 V 

voltage, 2500 Hz frequency, 1 mL/min flow rate, 3% w/v ionic-bath gelation 

concentration, and 20 min gelation time. Microcapsules showed good morphology 

and stability, and the encapsulated cells showed good survival, and insulin secretion, 

which was optimized by the bile acid. Deployed IGVJF-based microencapsulating 

parameters utilizing stability-enhancing bile acid produced best microcapsules with 

best pancreatic β-cells functions and survival rate, which, suggests potential 

application in cell transplantation. 

 

Publication 23: 

Mooranian A, Negrulj R, Takechi R, Jamieson E, Morahan G, Al-Salami H. Influence of 

Biotechnological Processes, Speed of Formulation Flow and Cellular Concurrent 

Stream-Integration on Insulin Production from β-cells as a Result of Co-Encapsulation 

with a Highly Lipophilic Bile Acid. Cell Mol Bioeng. 2017; 11 (1), 65-75. 

 

Sub-objective (22): To investigate various microencapsulating methodologies using 

chenodeoxycholic acid, in order to optimise viability and functions of 

microencapsulated β-cells. Four different types of microcapsules were produced with 

(test) and without (control) chenodeoxycholic acid, totalling eight different 

microcapsules. Microencapsulating methodologies were screened for best 

microcapsule-cell functions and microencapsulating processes were examined in 

terms of frequency, formulation flow, total bath-gelation time and cellular 

concurrent stream-integration rate, cell-viability, insulin production and 

inflammatory profile.  

 

Study findings: Optimum biotechnological processes include formation frequency 

(Hz) of 2350, formulation flow (ml/min) of 1.2, total gelation time (min) of 18 and 

cellular concurrent stream-integration rate (ml/min) of 0.7. In all formulations, LPBA 
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consistently improved cell viability, insulin production, mitochondrial activities and 

ameliorated inflammation. The deployed biotechnological processes and LPBA 

optimised formation and functions of β-cell microcapsules, which suggests potential 

applications in diabetes mellitus via the creation of more stable β-cell microcapsules 

capable of delivering adequate levels of insulin to control glycaemia and potentially 

curing diabetes.  

 

Publication 24: 

Mooranian A, Negrulj R, Takechi R, Jamieson E, Morahan G, Al-Salami H. Alginate-

combined cholic acid increased insulin secretion of microencapsulated mouse cloned 

pancreatic beta cells. Ther Deliv. 2017; 8 (10):833-42. 

 

Sub-objective (23): To examine antidiabetic effects of cholic acid, in terms of cellular 

inflammation and survival and insulin release, in the context of supporting β-cell 

delivery, and type 1 diabetes treatment. Ten formulations were prepared, 5 without 

cholic acid (control) and 5 with cholic acid (test). Formulations were used to 

microencapsulate pancreatic β-cells, and the microcapsules were examined for 

morphology, cell viability, insulin release and inflammation.  

 

Study findings: PBA improved cell viability, insulin release and reduced inflammation 

in a formulation-dependent manner, which suggests potential use in cell delivery and 

diabetes treatment. 

 

Due to copyright reasons, this publication cannot be displayed in the thesis but is 

available from the publisher: https://www.future-science.com/doi/10.4155/tde-

2017-0042 

 

 



 
 

146 

Publication 25: 

Mooranian A, Negrulj R, Al-Salami H. Alginate-deoxycholic Acid Interaction and Its 

Impact on Pancreatic Β-Cells and Insulin Secretion and Potential Treatment of Type 1 

Diabetes. J Pharm Innov. 2016; 11 (2):156-61. 

 

Sub-objective (24): To optimise a newly developed microencapsulating method for 

pancreatic b-cell delivery (via ionic-gelation vibrational jet flow) and examine the 

effects of deoxycholic acid incorporation on b-cell microcapsules using various 

excipients. Ten different formulations were prepared (five controls and five tests 

containing deoxycholic acid) utilising different concentrations of water soluble gel, 

polystyrene sulphonate, sodium alginate, poly (allylamine) and poly-L-ornithine. 

Different microencapsulating methods were screened for most uniform 

microcapsules. The net flow nozzle size ratio of inner: outer flow through the 

concentric system was examined for best microcapsules. The microcapsules 

containing b-cells for each formulation were analysed for cell biology, insulin 

secretion as well as microcapsule morphology and surface topography.  

 

Study findings: The used IGVJF method produced best microcapsules when the inner: 

outer flow nozzle size is 120/200 μm. In addition, deoxycholic acid addition produced 

higher cell biological activity and functions, post-microencapsulation, regardless of 

excipients’ ratio used. DCA has inhibitory effects on pro-inflammatory cytokine 

secretion by the microencapsulated cells, while microcapsule size and strength 

remained similar. Microcapsule morphology and membrane surface characteristics 

were similar for all formulations with noticeable improvements by DCA addition 

occurring at the lowest PLO concentrations. An inner: outer nozzle size of 

120/200 μm, in the deployed microencapsulating method, in combination with the 

secondary bile acid deoxycholic acid, produced stable microcapsules with improved 

cell functionality, suggesting suitability for cell microencapsulation and 

transplantation. 
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Publication 26: 

Mooranian A, Negrulj R, Al-Salami H. Primary Bile Acid Chenodeoxycholic Acid-Based 

Microcapsules to Examine β-cell Survival and the Inflammatory Response. 

BioNanoScience. 2016; 6 (2):103-9. 

 

Sub-objective (25): To test different microencapsulating methods and examine the 

effects of the primary hydrophobic bile acid, chenodeoxycholic acid, on β-cell 

microcapsules, in terms of morphology and cell function. Using the polymer sodium 

alginate and the co-polymer poly-L-ornithine, in 10:1 ratio, two microcapsules were 

made, one without chenodeoxycholic acid and one with chenodeoxycholic acid. 

During the microencapsulation process, polymer flow rate and culture media flow 

rate were screened (0.1-1.5 mL/min) for most uniform microcapsule. Pancreatic β-

cells (NIT-1 cell line) were microencapsulated and tested for morphology, 

formulation physico-chemical compatibility, stability, surface topography and 

chemical composition. Encapsulated cell viability, metabolism, respiration, 

bioenergetics, biological activity and the inflammatory profile were also measured. 

 

Study findings: A polymer flow rate of 0.8 mL/min accompanied by 0.6 mL/min media 

flow rate were found to produce the most uniform microcapsules using 10:1 

formulation ratio. The microcapsules showed poor cell viability which was improved 

significantly after CDCA incorporation. CDCA also enhanced insulin secretion 

(p < 0.01), metabolism, respiration and bioenergetics (p < 0.01) and significantly 

reduced the inflammatory response. These benefits were attained without 

compromising microcapsule size or stability. A polymer flow rate of 0.8 mL/min and 

a media flow rate of 0.6 mL/min produced good microcapsules when using SA and 

PLO in 10:1 ratio, and the incorporation of the primary bile acid, chenodeoxycholic 

acid, enhanced microcapsule stability and significantly increased cell survival and 

reduced inflammation which suggests potential applications in β-cell 

microencapsulation and transplantation. 
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Publication 27: 

Mooranian A, Negrulj R, Al-Salami H. Viability and topographical analysis of 

microencapsulated β-cells exposed to a biotransformed tertiary bile acid: an ex vivo 

study. Int J Nano Biomater. 2016; 6 (2):74-82. 

 

Sub-objective (26): To use taurocholic acid in order to improve the delivery of 

pancreatic β-cells in diabetes. β-cell microcapsules were produced using different 

excipients with or without taurocholic acid. Microcapsules containing β-cells were 

examined in terms of effects of taurocholic acid on cell viability, insulin production, 

inflammatory response, bioenergetics, size and microcapsule strength, cell and 

taurocholic acid distribution within the microcapsules and microcapsules’ 

morphology and surface characteristics.  

Study findings: Using a methodology at set temperature of 37°C, amplitude of 1.5 and 

a total gelation time of 21 minutes, ten different formulations were examined (with 

or without TCA) and all formulations showed similar cell viability, which was 

enhanced by TCA addition. This suggests potential benefits of our microencapsulating 

parameters and TCA in β-cells microencapsulation. 

 

Due to copyright reasons, this publication cannot be displayed in the thesis but is 

available from the publisher:  

https://www.inderscienceonline.com/doi/abs/10.1504/IJNBM.2016.079684 
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Chapter 4: The in vivo efficacy of microencapsulated probucol with bile acids 

 

This chapter achieved the following objective: 

 

Objective 3: To evaluate the in vivo efficacy of the microcapsules in delaying the 

progression of T1D and the treatment of T2D. 

 

The contents of this chapter are covered by publications 28-34 

 

Publication 28: 

Pharmacological effects of hydrophobic drug encapsulated with bile acid-polymer in 

slowing down Type 1 diabetes development and protecting pancreatic β-cells: an in 

vivo study using a murine-model.  

Mooranian A, Zamani N, Luna G, Al-Sallami H, Mikov M, Goločorbin-Kon S, Stojanovic 

G, Arfuso F and Al-Salami H. 

Journal: AAPS PharmSciTech 

 

Sub-objective (27): To: 1) develop probucol microcapsules incorporating probucol, 

sodium alginate, ursodeoxycholic acid, and the polymer NM30 for probucol targeted 

oral delivery, 2) test effects of the microcapsules on T1D development, and 3) 

investigate probucol absorption profiles in plasma, gut (stomach, and small and large 

intestine), pancreas, liver, spleen, brain, heart, skeletal muscle, white adipose tissues, 

kidney, urine and faeces. 

 

Study findings: PB-UDCA group showed highest PB concentrations in blood, gut, liver, 

spleen, brain and white adipose tissues, with no significant increase in pancreas, 

heart, skeletal muscles, kidneys, urine or faeces. IFN-γ in plasma was significantly 
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reduced by PB-UDCA suggesting potent anti-inflammatory effects. Blood glucose 

levels remained similar after treatments, while survival was highest among the PB-

UDCA group. Findings suggest that PB-UDCA administration resulted in best PB blood 

and tissue absorption and reduced inflammation. 

 

Publication 29: 

Oral gavage of nano-encapsulated conjugated acrylic acid-bile acid formulation in 

Type 1 Diabetes altered pharmacological profile of bile acids, and improved 

glycaemia and suppressed inflammation. 

Mooranian A, Zamani N, Takechi R, Luna G, Mikov M, Goločorbin-Kon S, Kovacevic B, 

Arfuso F and Al-Salami H. 

Journal: Drug Delivery and Translational Research  

 

Sub-objective (28): To: 1) Design oral targeted-delivery of ursodeoxycholic acid 

microcapsules, 2) Test the T1D preventative effects of ursodeoxycholic acid 

microcapsules, and 3) Investigate the effects of ursodeoxycholic acid oral 

administration on the bile acid profile in T1D mice.     

 

Study findings: UDCA microcapsules brought about reduction in elevated blood 

glucose, reduced inflammation and altered concentrations of the primary bile acid 

chenodeoxycholic acid and the secondary bile acid lithocholic acid, without affecting 

survival rate of mice. The findings suggest that UDCA exerted direct protective effects 

on pancreatic β-cells and this likely to be associated with alterations of 

concentrations of primary and secondary bile acids in plasma and tissues.       

 

Publication 30: 
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An in vivo pharmacological study: Variation in tissue-accumulation for the drug 

probucol as the result of targeted microtechnology and matrix-acrylic acid 

optimization and stabilization techniques.  

Mooranian A, Zamani N, Takechi R, Luna G, Mikov M, Goločorbin-Kon S, , Arfuso F 

and Al-Salami H. 

Journal: Pharmaceutical Research  

 

Sub-objective (29): To utilize a new probucol formulation composing of a mixture of 

acrylic acid polymers (Eudragit®) incorporated with bile acid-microcapsules. In order 

to ascertain probucol effects on pancreatic β-cells, a T2D mouse model will be 

developed with significant β-cell damage via using a small dose of selective β-cell 

toxins, such as alloxan, combined with long-term feeding of high fat diet. The new 

formulation will be gavaged daily into the mice, long-term, and probucol absorption, 

tissue and hear accumulation, and antidiabetic effects on glucose levels will be 

examined.    

 

Study findings: Probucol concentrations in plasma were similar among all the groups. 

Groups given probucol microcapsules and probucol-bile acid microcapsules showed 

significant reduction in probucol accumulation in the heart compared with the group 

given probucol powder (p<0.05). Probucol microencapsulation with or without bile 

acids reduced its accumulation in heart tissues, without changing plasma 

concentrations, which may be beneficial in reducing its cardiotoxicity and optimise 

its potential applications in T2D.                                                  

 

Publication 31: 

Bile acid pharmacological and biotransformational changes in tissues and faeces of 

an animal model of insulin-resistance diabetes as the result of chronic oral 

administration of microencapsulated ursodeoxycholic acid.  
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Mooranian A, Zamani N, Takechi R, Luna G, Mikov M, Goločorbin-Kon S, Kovacevic B, 

Arfuso F and Al-Salami H. 

Journal: Pharmaceutical Research  

 

Sub-objective (30): To design ursodeoxycholic acid oral formulation and examine its 

effects in T2D, in terms of effects on blood glucose, inflammation and levels of 

chenodeoxycholic acid and lithocholic acid in plasma and tissues. Balb/c adult mice 

were given high fat western diet, and a week later injected with a small dose of 

alloxan (50mg/kg) to induce T2D. Once T2D was confirmed, mice were divided into 

three equal groups (6 to 7 mice each) and gavaged daily: empty microcapsules, free 

ursodeoxycholic acid, and microencapsulated ursodeoxycholic acid. Two weeks later, 

all mice were euthanised and blood, tissues, urine and faeces collected for blood 

glucose, inflammatory biomarkers, and bile acids analyses. 

 

Study findings: Although levels of inflammatory biomarkers and blood glucose 

remained similar among all groups, UDCA free and microencapsulated resulted in 

significant increase in CDCA and reductions in LCA levels in plasma and liver, and 

significant decrease of CDCA and increase of LCA in faeces, which suggests that UDCA 

exerted anti-inflammatory effects in T2D regardless of microencapsulation.   

 

Publication 32: 

Pharmacological effects of nanoencapsulation of human-based dosing of probucol on 

ratio of secondary to primary bile acids in gut, during induction and progression of 

Type 1 diabetes. 

Mooranian A, Zamani N, Takechi R, Al-Sallami H, Mikov M, Goločorbin-Kon S, 

Kovacevic B, Arfuso F and Al-Salami H. 

Journal: Artificial Cells, Nanomedicine and Biotechnology  
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Sub-objective (31): To investigate if nanoencapsulation of probucol with and without 

ursodeoxycholic acid will affect bile acid ratio and delay onset of T1D. Healthy adult 

Balb/c mice were divided into three equal groups and gavaged daily free probucol, 

nanoencapsulated probucol, and nanoencapsulated probucol with ursodeoxycholic 

acid, for seven days. Alloxan was injected into the mice and once T1D was confirmed 

by absence of insulin in blood, mice (six-to-seven mice per group) continued to 

receive daily gavage and were euthanised when weight loss > 10% or when 

experiencing significant diabetes symptoms. Blood, tissues, faeces and urine were 

collected for analysis of insulin and bile acids. 

 

Study findings: Nanoencapsulated probucol-ursodeoxycholic acid resulted in 

significant levels of insulin in blood, lower levels of secondary bile acids in liver, and 

lower levels of primary bile acids in brain, while ratio of secondary to primary bile 

acids remain similar among all groups, except in faeces. Findings suggests that 

nanoencapsulated probucol-ursodeoxycholic acid may exert a protective effect on 

pancreatic β-cells and reserve insulin via modulation of bile acid concentrations in 

liver and brain.       

 

Publication 33: 

Probucol-poly(meth)acrylate-bile acid microcapsules increased levels of anti-

inflammatory cytokine interleukin-10, decreased levels of pro-inflammatory cytokine 

interleuckin-6, and increased concentrations of primary bile acid in plasma and heart, 

in obese Type-2 diabetic mice. 

Mooranian A, Zamani N, Takechi R, Al-Sallami H, Mikov M, Goločorbin-Kon S, 

Kovacevic B, Arfuso F and Al-Salami H. 

Journal: European Journal of Pharmaceutical Sciences   

 

Sub-objective (32): To investigate the anti-inflammatory and bile acid-regulatory 

effects of two co-encapsulated drugs, ursodeoxycholic acid (which has bile acid 
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regulatory effects and currently prescribed for primary liver cirrhosis) and probucol 

(an anti-lipidemic drug with anti-inflammatory effects), in T2D mice fed high fat diet 

and injected with a small dose of alloxan to induce inflammation and β-cell damage. 

 

Study findings: Nanoencapsulated probucol-ursodeoxycholic acid formulation 

increased plasma interleukin-10, reduced plasma interleukin-6 and increased 

concentration of primary bile acids in liver and heart, which suggest potential 

applications in regulating inflammation and bile acid profile in T2D.      

 

Publication 34: 

Modulatory effects of diabetes mellitus on intra- and extra- cellular concentrations 

of primary and secondary bile acids in murine-models of insulin-dependent and 

noninsulin-dependent diabetes mellitus. 

Mooranian A, Zamani N, Takechi R, Luna G, Mikov M, Goločorbin-Kon S, Kovacevic B, 

Arfuso F and Al-Salami H. 

Journal: Nature Scientific Reports    

 

Sub-objective (33): To measure changes in bile acid profile in gut, tissues and faeces 

in Type 1 Diabetes (T1D) and Type 2 Diabetes (T2D). Using Balb/c mice (23±3 g), T1D 

was induced by subcutaneous alloxan (300mg/kg), while T2D was induced by high fat 

diet and subcutaneous alloxan (50mg/kg). Twenty-one seven-weeks old Balb/c mice 

were randomly divided into three equal groups, healthy, T1D and T2D. After diabetes 

confirmation, mice were euthanised and blood, stomach, small intestine, large 

intestine, pancreas, liver, brain, heart, skeletal muscles, white adipose tissues, 

kidney, spleen, urine and faeces were collected for bile acid measurements. 

 

Study findings: Compared with healthy, T1D and T2D showed lower levels of the 

primary bile acid chenodeoxycholic acid in plasma, intestine and brain, and higher 

levels of the secondary bile acid lithocholic acid in plasma and pancreas, while levels 
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of the bile acid ursodeoxycholic acid were undetected in healthy mice and elevated 

in T1D and T2D. Bile acid profiles in other organs were variably influenced by T1D and 

T2D development which suggests that there is similarity in effects of T1D and T2D on 

the bile acid profile, but these effects were not always consistent among all organs, 

possibly due to either T2D mice being fed high fat diet, or since feedback mechanisms 

controlling enterohepatic recirculation and bile acid profiles and biotransformation 

are different in T1D and T2D.             
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PERIOD HAS ENDED. 
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CHAPTER 5 
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General Discussion and Conclusion 

 

This thesis examined the role of bile acids in the microencapsulation of probucol and 

pancreatic b-cells as potential therapies for diabetes mellitus. Bile acids greatly 

improved the structural integrity of probucol containing microcapsules via reductions 

in surface porosity that lead to greatly improved osmotic stability and mechanical 

resistance. However, the release of probucol from the microcapsules from alginate-

bile acid delivery systems was largely limited by the “burst effect” where a sudden 

burst of drug release occurs. Via the incorporation of the co-polymer Eudragit 

NM30D, the release was more controlled resulting in consistent cumulative drug 

release representative of controlled targeted probucol delivery. These beneficial 

effects were attained without compromising the size or shape of the microcapsules. 

In addition, physico-chemical stability studies revealed complete excipient 

compatibility.  

 

Evaluations of the in vitro efficacy of the probucol loaded bile acid stabilised alginate-

Eudragit microcapsules showed cellular protective effects brought about by anti-

oxidant actions and lowering of pro-inflammatory cytokine secretions resulting in 

enhanced b-cell viability and functionality under hyperglycaemic stress conditions. 

These effects were most pronounced using the anti-inflammatory bile acids CDCA 

and TCA which probably exerted the greatest cell-protective effects.  

 

The incorporation of pancreatic b-cells into alginate-bile acid microcapsules was also 

studies to determine effect of bile acids on pancreatic b-cells within the capsule 

matrix. The five endogenous bile acids CA, CDCA, DCA, TCA and UDCA were used as 

formulation excipients together with the polyelectrolytes (PAA, PLO, PSS; screened 

at various ratios) and the stability, morphology and biological activities of the 

microcapsules were studied in vitro. The effects were largely formulation dependant, 
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with the bile acid UDCA exerting the most beneficial effects in terms of microcapsule 

stability and in vitro biological viability and functionality.   

 

In order to evaluate the in vivo efficacy of the microcapsules, probucol-bile acid 

microcapsules were examined for glucose lowering effects in type 2 and type 1 

diabetes respectively. To achieve this, the optimal microcapsule based on the 

physico-chemical and in vitro biological screening studies was chosen for the in vivo 

efficacy studies. This formulation was based on the findings concerning the most 

stable microcapsule with uniform shape, size distribution, optimised excipient 

compatibility and greatest ability to protect pancreatic b-cells against 

hyperglycaemia-induced oxidative stress, inflammation and apoptosis. Based on 

these extensive screening studies, it was determined that the Eudragit-based NM30D 

formulation stabilised by UDCA would be potentially the most effective in preserving 

b-cell functionality in vivo. The probucol microcapsules had very limited benefits in 

the prevention of type 1 diabetes mellitus but had significant effects in lowering 

blood glucose, levels of inflammatory cytokines and partial restoration of the bile acid 

pool in the treatment of type 2 diabetes mellitus.  

 

Limitations 

Firstly, the alginate used to microencapsulate probucol and b-cells was purchased 

from a chemical supply company (Sigma-Aldrich Australia) and was used unmodified. 

The physico-chemical properties of alginate change according to the ratios of its L-

guluronate and D-mannuronate components and thus these affect the properties of 

the resultant microcapsules. In addition, only endogenous bile acids were used (CA, 

CDCA, DCA, UDCA and TCA) and these may have impacted on the findings of the study 

given the heterogenicity of the bile acid pool and the physico-chemical and biological 

effects of bile acids.   
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The limited efficacy in the prevention of type 1 diabetes mellitus may be attributed 

several factors including to sub-optimal delivery of probucol and UDCA and poor 

penetration of probucol and UDCA within the pancreatic tissue.  

 

Future perspectives  

 

Future studies will be based on the foundations of this thesis and will address the 

limitations that arose in the studies conducted. Thus, future studies should 

investigate applications of chemically modified alginates in the microencapsulation 

of drugs and cells and investigate the role and feasibility of other encapsulating 

polymers such as chitosan. In addition, the feasibility of semi-synthetic as well as 

synthetic bile acids in the encapsulation of therapeutics as well as using multiple bile 

acids as combinations per formulation with varying ratios of polymers, hydrogels and 

polyelectrolytes that can potentially enhance and further stabilise the delivery 

system.  

Regarding the sub-optimal delivery of probucol in vivo, future studies should also 

endeavour to amend the limitations of this thesis via modifications of the formulation 

system using different ratios of excipients as well as different polymers and hydrogels 

with modified alginate with enhanced controlled and targeted delivery properties as 

well as using combinations of bile acids to achieve synergistic b-cell protective 

effects. These modifications and strategies should also enhance the efficacy of 

probucol-bile acid microcapsules in the treatment of type 2 diabetes mellitus. 

 

Transplantation of viable pancreatic islets within biocompatible microcapsules 

should also be investigated as a potential treatment of T1D. In addition, the 

cytometric cell sorting should be undertaken to determine whether transplanting 

only pancreatic b-cells would be more advantageous compared to whole islets in 

terms of both efficacy and well as immune system rejection. As only microcapsules 

were studies in this thesis, cellular scaffolds should also be developed using alginate-

bile acid system to evaluate their efficacy and limitations compared to microcapsules. 
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As this study only involved diabetic mice, future studies should consider in vivo 

studies of larger mammals such as dogs and primates with the ultimate intention of 

progressing into human clinical trials.  
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