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Abstract 
 

 
A wide range of biocompatible hydrogels is a common biomaterial for micro and nano-

encapsulation, injectable gels, and bioprinted scaffolds. All of these can be used for drug and 

cell delivery. Developing safe, biocompatible biomaterial with permeation enhancers can be 

valuable to many therapies, allowing for prolonged, focal drug delivery.   

Bile acids are surfactants with unique chemical structures with rigid steroid core that gives 

them a curved shape. On the convex side, they are hydrophobic, and on the concave, they 

are hydrophilic. Based on this, bile acid can self-assemble into micelles and react with the 

surrounding environment. Bile acids are permeation enhancers. They promote paracellular 

and transcellular drug absorption by widening tight junctions between cells and transporting 

liposoluble drugs through membranes in the form of micelles. BAs increase membrane 

permeability through micelles and cell swelling in low concentrations. Bile acids associate with 

membrane phospholipids at concentrations above critical micellar concentration, causing a 

membranolytic effect directly proportional to BA’s enhancer effect. 

Bile acids have beneficial effects on biomaterials, like lowering matrix erosion, reducing 

swelling and increasing mechanical strength. This is crucial as it provides durability and lowers 

the degradation of biomaterials in common biological conditions. Bile acids have antioxidant 

and anti-inflammatory effects on cells encapsulated within biomaterials. Bile acid can activate 

several important membrane and nuclear receptors, leading to immunomodulatory effects, 

lowered fibrosis, and lowered pro-inflammatory response. Bile acids can reduce ER stress in 

some cells, but these effects are versatile and concentration-dependent, and proper 

formulation is crucial to obtain these positive effects. Designing and developing biocompatible 

hydrogel with incorporated bile acid is a major aim of this thesis.  

Different types of hydrogels have been developed using a wide range of polymers, including 

sodium alginate, Poloxamer 407, polysaccharides, chitosan, polytetrafluoroethylene and 

others. Bile acids were incorporated within the polymer matrix, and resulting hydrogels were 
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tested for their rheological properties and biocompatibility on five different cell lines. The best-

performing formulation in terms of rheology and biological impact on cells was smart 

thermoresponsive cyclodextrin-based nanogels with deoxycholic acid, which can be potential 

drug delivery vehicles for inner ear drug delivery.  
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Hypothesis and Objectives 
 
Hypothesis 
 

Bile acids are pharmacologically beneficial in biocompatible hydrogel matrices for potential 

drug delivery. 

 

Objectives 
 

This thesis has two main objectives: 

 

1. To screen potential bile acids from the literature for anti-inflammatory activities and 

evaluate their formulation suitability in terms of polymer compatibility and microencapsulation 

properties. Selected bile acids will proceed to further studies. 

 

2. To design bile acid hydrogel capsules/scaffolds with optimal chemical and physical 

stability properties, focusing on biocompatibility and characterization. Incorporate selected bile 

acids into the hydrogels and investigate their effects on rheological properties and cellular bio-

parameters. 
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Structure of the Thesis 
 
This thesis consists of a total of 10 publications that cover the design and manufacture of bile 

acid-based hydrogels/nanogels, the investigation of hydrogel/nanogel's rheological properties 

and biocompatibility with five different cell lines.  
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Chapter 1: Introduction And Literary Review  

 

The Contents Of This Chapter Are Covered By Publication 1 (Pages 22-35): 

 

Kovacevic B, Jones M, Ionescu C, Walker D, Wagle S, Chester J, Foster T, Brown D, Mikov 

M, Mooranian A, Al-Salami H. The emerging role of bile acids as critical components in 

nanotechnology and bioengineering: Pharmacology, formulation optimizers and hydrogel-

biomaterial applications. Biomaterials. 2022;283:121459. 

 

Chapter 1 discusses the role of bile acids as critical components in nanotechnology and 

bioengineering, explores existing and future applications of bile acids and provides a synopsis 

of their role in advanced, novel therapeutic delivery systems.  

 

This chapter achieved the following objective: 

 

1. through searching the literature, potential bile acids will be screened for anti-inflammatory 

activities. Selected bile acids will then be examined for formulation suitability in terms of 

polymer compatibility and their microencapsulation properties. Several bile acids will be 

selected for further studies. 
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Chapter 2: Sodium Alginate And Bile Acid-Based Hydrogels: Rheological Properties 

And Biocompatibility 

Chapters 2-4 achieved the following objective: 

 

2. Biocompatibility and characterisation of bile acid hydrogels: design of hydrogel 

capsules/scaffolds with optimum chemical and physical stability properties. Selected bile acids 

will be incorporated with the hydrogels, and their effects on rheological properties and cellular 

bio-parameters will be investigated. 

 

The contents of this chapter are covered by publication 2 (pages 38-52), publication 3 

(pages 54-61), publication 4 (pages 63-85), and publication 5 (pages 87-97): 

 

Publication 2 (pages 38-52): 

 

Kovacevic B, Ionescu CM, Jones M, Wagle SR, Lewkowicz M, Đanić M, Mikov M, Mooranian 

A, Al-Salami H. The Effect of Deoxycholic Acid on Chitosan-Enabled Matrices for Tissue 

Scaffolding and Injectable Nanogels. Gels. 2022;8(6):358. 

 

Sub-objective (1): to design and create hydrogels utilising sodium alginate, various 

concentrations of chitosan and deoxycholic acid and to examine the shear stress, viscosity, 

surface tension, torque, microstructure, and zeta potential of hydrogels. Additionally, the 

hydrogels were incubated with 3 different cell lines (AML 12, C2C12 and NIT-1). Their impact 

on viability in normal and hypoxic conditions and their impact on bioenergetic parameters was 

investigated.   

 

Publication 3 (pages 54-61): 
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Kovacevic B, Ionescu CM, Wagle SR, Jones M, Lewkowicz M, Wong EYM, Đanić M, Mikov 

M, Mooranian A, Al-Salami H. Impact of Novel Teflon-DCA Nanogel Matrix on Cellular 

Bioactivity. Journal of Pharmaceutical Sciences. 2023;112(3):700-7. 

 

Sub-objective (2): to design and create hydrogels utilising sodium alginate, 

polytetrafluoroethylene, and various concentrations of deoxycholic acid and to examine the 

shear stress, viscosity, surface tension, torque, microstructure, and zeta potential of 

hydrogels. Additionally, the hydrogels were incubated with 3 different cell lines (AML 12, 

C2C12 and NIT-1). Their impact on viability in normal and hypoxic conditions and their impact 

on bioenergetic parameters was investigated.   

 

Publication 4 (pages 63-85): 

 

Kovacevic B, Ionescu CM, Jones M, Wagle SR, Foster T, Lewkowicz M, Wong EYM, Đanić 

M, Mikov M, Mooranian A, Al-Salami H. Novel polysaccharides–bile acid–cyclodextrin gel 

systems and effects on cellular viability and bioenergetic parameters. Therapeutic Delivery. 

2024;15(2):119-34. 

 

Sub-objective (3): to design and create hydrogels utilising sodium alginate, pectin, and 

various concentrations of deoxycholic acid and beta-cyclodextrin, and to examine the shear 

stress, viscosity, surface tension, torque, microstructure, and zeta potential of hydrogels. 

Additionally, the hydrogels were incubated with 3 different cell lines (AML 12, C2C12 and NIT-

1). Their impact on viability in normal and hypoxic conditions and their impact on bioenergetic 

parameters was investigated.   

 

Publication 5 (pages 87-97): 
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Kovacevic B, Wagle SR, Ionescu CM, Jones M, Lewkowicz M, Wong EYM, Kojic S, 

Stojanovic G, Đanić M, Mikov M, Mooranian A, Al-Salami H. Novel hydrogel comprising non-

ionic copolymer with various concentrations of pharmacologically active bile acids for cellular 

injectable gel. Colloids and Surfaces B: Biointerfaces. 2023;222:113014. 

 

Sub-objective (4): to design and create hydrogels utilising sodium alginate, poloxamer 407, 

and various concentrations of deoxycholic acid, and to examine the shear stress, viscosity, 

surface tension, torque, microstructure, and zeta potential of hydrogels. Additionally, the 

hydrogels were incubated with 3 different cell lines (AML 12, C2C12 and NIT-1). Their impact 

on viability in normal and hypoxic conditions and their impact on bioenergetic parameters was 

investigated.   
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Chapter 3: Poloxamer 407 And Bile Acid-Based Hydrogels: Rheological Properties And 

Biocompatibility 

 

The contents of this chapter are covered by publication 6 (pages 100-121) and 

publication 7 (pages 123-136): 

 

Publication 6 (pages 100-121): 

 

Kovacevic B, Jones M, Wagle SR, Ionescu CM, Foster T, Đanić M, Mikov M, Mooranian A, 

Al-Salami H. Influence of poly-L-ornithine-bile acid nano hydrogels on cellular bioactivity and 

potential pharmacological applications. Therapeutic Delivery. 2023;14(8):499-510. 

 

Sub-objective (5): to design and create hydrogels utilising poloxamer 407, poly-L-ornithine, 

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

lithocholic acid and to examine the shear stress, viscosity, surface tension, torque, 

microstructure, and zeta potential of hydrogels. Additionally, the hydrogels were incubated 

with 3 different cell lines (AML 12, C2C12 and NIT-1). Their impact on viability in normal and 

hypoxic conditions and their impact on bioenergetic parameters were investigated.   

 

Publication 7 (pages 123-136): 

 

Kovacevic B, Jones M, Wagle S, Ionescu C, Foster T, Đanić M, Mikov M, Mooranian A, Al-

Salami H. The effect of deoxycholic acid-based hydrogels on hepatic, muscle and pancreatic 

beta cells. Therapeutic Delivery. 2024;15(1):41-54. 

 

Sub-objective (6): to design and create hydrogels utilising poloxamer 407, deoxycholic acid 

and polysaccharides (starch, pectin, acacia, carboxymethylcellulose and methyl 2-

hydroxyethyl cellulose) and to examine the shear stress, viscosity, surface tension, torque, 
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microstructure, and zeta potential of hydrogels. Additionally, the hydrogels were incubated 

with 3 different cell lines (AML 12, C2C12 and NIT-1). Their impact on viability in normal and 

hypoxic conditions and their impact on bioenergetic parameters was investigated.   
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Chapter 4: Poloxamer 407 And Bile Acid-Based Nanogels For Inner Ear Delivery: 

Rheological Properties And Biocompatibility 

 

The contents of this chapter are covered by publication 8 (pages 142-151), publication 

9 (pages 153-169) and publication 10 (pages 171-181): 

 

Publication 8 (pages 142-151): 

 

Kovacevic B, Wagle SR, Ionescu CM, Foster T, Đanić M, Mikov M, Mooranian A, Al-Salami 

H. The biocompatibility and the metabolic impact of thermoresponsive, bile acid-based 

nanogels on auditory and macrophage cell lines. European Journal of Pharmaceutics and 

Biopharmaceutics. 2023;190:248-57. 

 

Sub-objective (7): to design and create nanogels utilising poloxamer 407, polyvinyl alcohol, 

deoxycholic acid, lithocholic acid and ursodeoxycholic acid and to examine the shear stress, 

viscosity, surface tension, torque, microstructure, and zeta potential of nanogels. Additionally, 

the nanogels were incubated with 2 different cell lines (HEI-OC1 and RAW264.7) and their 

impact on viability, total intracellular reactive oxygen species, as well as their impact on 

bioenergetic parameters, was investigated.     

 

Publication 9 (pages 153-169): 

 

Pharmacological and bioenergetic effects of smart thermoresponsive polymer-bile acid 

enhanced nanogel on hearing cells 

Kovacevic B, Wagle S, Ionescu C, Foster T, Đanić M, Mikov M, Mooranian A, Al-Salami H. 

Reactive and Functional Polymers 
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Sub-objective (8): to design and create nanogels utilising poloxamer 407, Tyloxapol, and 

deoxycholic acid and to examine the shear stress, viscosity, surface tension, torque, and zeta 

potential of nanogels. Additionally, the nanogels were incubated with 2 different cell lines (HEI-

OC1 and RAW264.7), and their impact on viability and bioenergetic parameters was 

investigated.     

 

Publication 10 (pages 171-181): 

 

Advanced smart-polymers-bile acid chemical nano-biotechnological effects on cyclodextrin-

based nanogels for ear delivery and treatment of hearing loss 

Kovacevic B, Wagle S, Ionescu C, Foster T, Đanić M, Mikov M, Mooranian A, Al-Salami H. 

Journal: 

 

Sub-objective (9): to design and create nanogels utilising poloxamer 407, polyvinyl alcohol 

and deoxycholic acid and to examine the shear stress, viscosity, surface tension, torque, 

microstructure, and zeta potential of nanogels. Additionally, the nanogels were incubated with 

2 different cell lines (HEI-OC1 and RAW264.7) and their impact on viability, total intracellular 

reactive oxygen species, inflammatory profile, macrophage polarisation as well as nanogel 

impact on bioenergetic parameters was investigated.     

 

Chapter 5: General Discussion and Conclusion, Limitations and Future Perspective 
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Chapter 1 

 

 

Introduction And Literary Review  

 

The Contents Of This Chapter Are Covered By Publication 1 (Pages 22-35): 

 

Kovacevic B, Jones M, Ionescu C, Walker D, Wagle S, Chester J, Foster T, Brown D, Mikov 

M, Mooranian A, Al-Salami H. The emerging role of bile acids as critical components in 

nanotechnology and bioengineering: Pharmacology, formulation optimizers and hydrogel-

biomaterial applications. Biomaterials. 2022;283:121459. 

 

Chapter 1 discusses the role of bile acids as critical components in nanotechnology and 

bioengineering, explores existing and future applications of bile acids and provides a synopsis 

of their role in advanced, novel therapeutic delivery systems.  

 

This chapter achieved the following objective: 

 

1. through searching the literature, potential bile acids will be screened for anti-inflammatory 

activities. Selected bile acids will then be examined for formulation suitability in terms of 

polymer compatibility and their microencapsulation properties. Several bile acids will be 

selected for further studies. 
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Chapter 2 

 

Sodium Alginate And Bile Acid-Based Hydrogels: Rheological Properties And 

Biocompatibility 

 

The contents of this chapter are covered by publication 2 (pages 38-52), publication 3 

(pages 54-61), publication 4 (pages 63-85), and publication 5 (pages 87-97). 

 

Publication 2 (pages 38-52): 

 

Kovacevic B, Ionescu CM, Jones M, Wagle SR, Lewkowicz M, Đanić M, Mikov M, Mooranian 

A, Al-Salami H. The Effect of Deoxycholic Acid on Chitosan-Enabled Matrices for Tissue 

Scaffolding and Injectable Nanogels. Gels. 2022;8(6):358. 

 

Sub-objective (1): to design and create hydrogels utilising sodium alginate, various 

concentrations of chitosan and deoxycholic acid and to examine the shear stress, viscosity, 

surface tension, torque, microstructure, and zeta potential of hydrogels. Additionally, the 

hydrogels were incubated with 3 different cell lines (AML 12, C2C12 and NIT-1). Their impact 

on viability in normal and hypoxic conditions and their impact on bioenergetic parameters was 

investigated.   
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Publication 3 (pages 54-61): 

 

Kovacevic B, Ionescu CM, Wagle SR, Jones M, Lewkowicz M, Wong EYM, Đanić M, Mikov 

M, Mooranian A, Al-Salami H. Impact of Novel Teflon-DCA Nanogel Matrix on Cellular 

Bioactivity. Journal of Pharmaceutical Sciences. 2023;112(3):700-7. 

 

Sub-objective (2): to design and create hydrogels utilising sodium alginate, 

polytetrafluoroethylene, and various concentrations of deoxycholic acid and to examine the 

shear stress, viscosity, surface tension, torque, microstructure, and zeta potential of 

hydrogels. Additionally, the hydrogels were incubated with 3 different cell lines (AML 12, 

C2C12 and NIT-1). Their impact on viability in normal and hypoxic conditions and their impact 

on bioenergetic parameters was investigated.   
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Publication 4 (pages 63-85): 

 

Kovacevic B, Ionescu CM, Jones M, Wagle SR, Foster T, Lewkowicz M, Wong EYM, Đanić 

M, Mikov M, Mooranian A, Al-Salami H. Novel polysaccharides–bile acid–cyclodextrin gel 

systems and effects on cellular viability and bioenergetic parameters. Therapeutic Delivery. 

2024;15(2):119-34. 

 

Sub-objective (3): to design and create hydrogels utilising sodium alginate, pectin, and 

various concentrations of deoxycholic acid and beta-cyclodextrin, and to examine the shear 

stress, viscosity, surface tension, torque, microstructure, and zeta potential of hydrogels. 

Additionally, the hydrogels were incubated with 3 different cell lines (AML 12, C2C12 and NIT-

1). Their impact on viability in normal and hypoxic conditions and their impact on bioenergetic 

parameters was investigated.   
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Publication 5 (pages 87-97): 

 

Kovacevic B, Wagle SR, Ionescu CM, Jones M, Lewkowicz M, Wong EYM, Kojic S, 

Stojanovic G, Đanić M, Mikov M, Mooranian A, Al-Salami H. Novel hydrogel comprising non-
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injectable gel. Colloids and Surfaces B: Biointerfaces. 2023;222:113014. 

 

Sub-objective (4): to design and create hydrogels utilising sodium alginate, poloxamer 407, 

and various concentrations of deoxycholic acid, and to examine the shear stress, viscosity, 

surface tension, torque, microstructure, and zeta potential of hydrogels. Additionally, the 

hydrogels were incubated with 3 different cell lines (AML 12, C2C12 and NIT-1). Their impact 

on viability in normal and hypoxic conditions and their impact on bioenergetic parameters was 

investigated.   
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Chapter 3  
 

Poloxamer 407 And Bile Acid-Based Hydrogels: Rheological Properties And 

Biocompatibility 

 

The contents of this chapter are covered by publication 6 (pages 100-121) and 

publication 7 (pages 123-136). 

 

Publication 6 (pages 100-121): 

 

Kovacevic B, Jones M, Wagle SR, Ionescu CM, Foster T, Đanić M, Mikov M, Mooranian A, 

Al-Salami H. Influence of poly-L-ornithine-bile acid nano hydrogels on cellular bioactivity and 

potential pharmacological applications. Therapeutic Delivery. 2023;14(8):499-510. 
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lithocholic acid and to examine the shear stress, viscosity, surface tension, torque, 

microstructure, and zeta potential of hydrogels. Additionally, the hydrogels were incubated 

with 3 different cell lines (AML 12, C2C12 and NIT-1). Their impact on viability in normal and 

hypoxic conditions and their impact on bioenergetic parameters was investigated.   

 



 
101 

 



 
102 

 



 
103 

 



 
104 

 



 
105 

 



 
106 

 



 
107 

 



 
108 

 



 
109 

 



 
110 

 



 
111 

 



 
112 

 



 
113 

 



 
114 

 



 
115 

 



 
116 

 



 
117 

 



 
118 

 



 
119 

 



 
120 

 



 
121 

 



 
122 

 

  



 
123 

 

Publication 7 (pages 123-136): 

 

Kovacevic B, Jones M, Wagle S, Ionescu C, Foster T, Đanić M, Mikov M, Mooranian A, Al-

Salami H. The effect of deoxycholic acid-based hydrogels on hepatic, muscle and pancreatic 

beta cells. Therapeutic Delivery. 2024;15(1):41-54.  
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microstructure, and zeta potential of hydrogels. Additionally, the hydrogels were incubated 

with 3 different cell lines (AML 12, C2C12 and NIT-1). Their impact on viability in normal and 

hypoxic conditions and their impact on bioenergetic parameters was investigated.   
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Chapter 4  

 

Poloxamer 407 And Bile Acid-Based Nanogels For Inner Ear Delivery: Rheological 

Properties And Biocompatibility 

 

The contents of this chapter are covered by publication 8 (pages 142-151), publication 

9 (pages 153-169) and publication 10 (pages 171-181). 

 

Publication 8 (pages 142-151): 

 

Kovacevic B, Wagle SR, Ionescu CM, Foster T, Đanić M, Mikov M, Mooranian A, Al-Salami 

H. The biocompatibility and the metabolic impact of thermoresponsive, bile acid-based 

nanogels on auditory and macrophage cell lines. European Journal of Pharmaceutics and 

Biopharmaceutics. 2023;190:248-57. 

 

Sub-objective (7): to design and create nanogels utilising poloxamer 407, polyvinyl alcohol, 

deoxycholic acid, lithocholic acid and ursodeoxycholic acid and to examine the shear stress, 

viscosity, surface tension, torque, microstructure, and zeta potential of nanogels. Additionally, 

the nanogels were incubated with 2 different cell lines (HEI-OC1 and RAW264.7) and their 

impact on viability, total intracellular reactive oxygen species, as well as their impact on 

bioenergetic parameters, was investigated.     



 
143 

 



 
144 

 



 
145 

 



 
146 

 



 
147 

 



 
148 

 



 
149 

 



 
150 

 



 
151 

 



 
152 

 

 
  



 
153 

 

Publication 9 (pages 153-169): 

 

Pharmacological and bioenergetic effects of smart thermoresponsive polymer-bile acid 

enhanced nanogel on hearing cells 

Kovacevic B, Wagle S, Ionescu C, Foster T, Đanić M, Mikov M, Mooranian A, Al-Salami H. 

Reactive and Functional Polymers 

 

Sub-objective (8): to design and create nanogels utilising poloxamer 407, Tyloxapol, and 

deoxycholic acid and to examine the shear stress, viscosity, surface tension, torque, and zeta 

potential of nanogels. Additionally, the nanogels were incubated with 2 different cell lines (HEI-

OC1 and RAW264.7), and their impact on viability and bioenergetic parameters was 

investigated.     
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Publication 10 (pages 171-181): 

 

Advanced smart-polymers-bile acid chemical nano-biotechnological effects on cyclodextrin-

based nanogels for ear delivery and treatment of hearing loss 

Kovacevic B, Wagle S, Ionescu C, Foster T, Đanić M, Mikov M, Mooranian A, Al-Salami H. 

Journal: Nano Today 

 

Sub-objective (9): to design and create nanogels utilising poloxamer 407, polyvinyl alcohol 

and deoxycholic acid, and to examine the shear stress, viscosity, surface tension, torque, 

microstructure, and zeta potential of nanogels. Additionally, the nanogels were incubated with 

2 different cell lines (HEI-OC1 and RAW264.7) and their impact on viability, total intracellular 

reactive oxygen species, inflammatory profile, macrophage polarisation as well as nanogel 

impact on bioenergetic parameters was investigated.     
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Chapter 5 
 

General Discussion and Conclusion 
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General Discussion and Conclusion 
 

This thesis examined the role of bile acids as components of biocompatible hydrogels and 

nanogels as potential drug delivery vehicles. Bile acids greatly impacted cellular viability and 

mitochondrial respiration based on the type and concentration of present bile acid. The 

addition of bile acids did not change the overall fluid behaviour of the polymer matrix (non-

Newtonian, shear-thinning fluid behaviour for polymer matrices based on sodium alginate or 

Poloxamer 407). Bile acids influenced the surface tension of hydrogels and nanogels, 

depending on whether the concentration of bile acids was above or below the polymer 

saturation point of the given formulation. Bile acids mostly contributed to the more balanced 

zeta potential of hydrogel formulations. The addition of bile acids to the polymer matrix 

minimally impacted the hydrogel’s microstructure.  

 

Tissues responded differently to bile acids. Generally, in the presence of high concentrations 

of bile acids, bile acids disrupt mitochondrial respiration, specifically ATP production, shifting 

overall cellular metabolism to anaerobic metabolism. This usually leads to a decline in cell 

viability. Further evidence of impaired mitochondrial respiration is seen in the lack of response 

to hypoxia in cells exposed to high concentrations of bile acids.  

 

Nanogels based on Poloxamer 407 with adjusted concentrations of bile acids showed 

substantial biocompatibility. The presence of nanogels had an insignificant impact on 

mitochondrial function, glycolysis, cellular viability, and intracellular reactive oxygen species 

in the auditory cell line. Effects on macrophage cell line were more pronounced. Nanogels with 

deoxycholic acid and ursodeoxycholic acid demonstrated the best biocompatibility.  

Thermoresponsive nanogels created with Poloxamer 407, deoxycholic acid and beta-

cyclodextrin had porous inner structures and exhibited non-Newtonian, shear-thinning fluid 

behaviour. The gelation at 37°C was fast, and there was minimal albumin adsorption on the 

nanogels surface. These nanogels slightly impacted the House Ear Institute-Organ of Corti 1 
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cell line. The cellular viability, mitochondrial respiration, glycolysis, intracellular oxidative 

stress, and inflammatory profile were not profoundly impacted by the presence of nanogels. 

Furthermore, nanogel exposure to macrophage cell line RAW264.7 leads to minimal 

polarisation changes from M2 anti-inflammatory to M1 pro-inflammatory macrophages. 

Inflammatory products of macrophages did not overly disrupt the survivability of auditory cells. 

This study suggests that thermoresponsive nanogels with bile acid can be potential inner ear 

drug delivery candidates. 

 
 
Limitations 
 
Firstly, natural polymers used in this study (sodium alginate, starch, acacia, pectin, 

carboxymethyl and methyl 2-hydroxyethyl cellulose) were purchased from appropriate 

commercial vendors and used without further modifying or purifying. This may affect the 

results obtained from subsequent, repeated experiments, as the physicochemical properties 

of natural polymers may vary depending on a vendor and batch. For example, the properties 

of sodium alginate vary depending on the ratio of L-guluronate and D-mannuronate, sodium 

alginates' main components, and that ratio differs depending on batch and manufacturer. In 

addition, only endogenous bile acids were used (DCA, UDCA, CDCA, TCA, LCA), with an 

accent on deoxycholic acid, which may omit beneficial properties of other bile acids, given the 

heterogenicity of the bile acid pool and their various physicochemical and biological effects.   

 

Incubation with hydrogels and nanogels was limited to 24 h, and more long-term effects of 

hydrogels and nanogels should be explored to confirm long-term biocompatibility. 

Furthermore, suitable cellular and animal models need to be explored to confirm relevant drug 

penetration properties in the inner ear.  
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Future Perspective 
 
 
Limitations of this thesis should be addressed in future studies arising from this work. Thus, 

future studies should implement longer-duration biocompatibility studies on cell models and 

investigate the more precise mechanisms behind the permeation enhancer effect of bile acids. 

Furthermore, a wider range of bile acids should be included, and the relationship between 

drug permeation, biocompatibility and molecular structure of bile acids should be investigated. 

The biocompatibility of nanogels should be investigated during longer time intervals, including 

daily, weekly, and monthly time periods, utilising cellular and animal models.  

Thermoresponsive nanogels should be further optimised for optimal physicochemical and 

microbiologic stability. Nanogels should be optimised based on the application, especially in 

terms of viscosity and gelation speed.  

As there is an increase in pro-inflammatory molecules from macrophages in the presence of 

nanogels, the immune response to nanogels should be more thoroughly investigated using 

different in vitro and in vivo models.  

A drug of interest should be selected, including hydrophobic drugs with low bioavailability and 

tissue permeation, and drug permeation should be observed with and without nanogels to 

facilitate local drug permeation in cellular and animal models for inner ear delivery. Further 

studies should consider in vivo studies of mice and larger mammals such as cats and primates 

with the ultimate intention of progressing into human clinical trials.  
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Appendix A 
 

Contribution of Thesis Author to Publications 

 

I, Bozica Kovacevic, as the author of this thesis, contributed to the following publications as 

outlined below. As for all the co-authors, signed authorship forms approved by Curtin 

University and having attributed contributions of each and every co-author (including myself) 

are available upon request from the primary supervisor of this thesis and the corresponding 

author of all these publications within this thesis, Dr Hani Al-Salami (phone: +61 8 9266 9816; 

email: hani.al-salami@curtin.edu.) 

 

Publication 1 (Chapter 1): 

Comprehensive literature search, analysis and drafting of the review, as well as editing and 

reviewing the manuscript for publication. 

 

Publication 2-5 (Chapter 2): 

#1: Conception and design of the project 

#2: Analysis and interpretation of research data 

#3: Drafting significant parts of the work or critically revising it so as to contribute to the 

interpretation. 

#4: Significant contribution to data interpretation and presentation resulting in significant 

improvement of the quality of the manuscript 

 

Publication 6 and 7 (Chapter 3): 

#1: Conception and design of the project 

#2: Analysis and interpretation of research data 

#3: Drafting significant parts of the work or critically revising it so as to contribute to the 

interpretation. 
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#4: Significant contribution to data interpretation and presentation, resulting in significant 

improvement of the quality of the manuscript 

 

Publication 8-10 (Chapter 4): 

#1: Conception and design of the project (including animal ethics application preparation) 

#2: Analysis and interpretation of research data 

#3: Drafting significant parts of the work or critically revising it so as to contribute to the 

interpretation. 

#4: Significant contribution to data interpretation and presentation, resulting in significant 

improvement of the quality of the manuscript 
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Appendix B 
 

 

Publisher copyright permissions 

 

Appendix D contains all the copyright transfer permissions permitting the publications to be 

incorporated within this thesis and to be publicly available for viewing as part of the thesis 

contents. 

 

Every reasonable effort has been made to acknowledge the owners of copyright material. I 

would be pleased to hear from any copyright owner who has been omitted or incorrectly 

acknowledged. 
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https://www.wiley.com/en-us/network/publishing/research-publishing/trending-stories/how-to-clear-permissions-for-a-thesis-or-dissertation
https://www.wiley.com/en-us/network/publishing/research-publishing/trending-stories/how-to-clear-permissions-for-a-thesis-or-dissertation

	Declaration
	Acknowledgement
	Abstract
	List of Publications
	Conferences
	Hypothesis and Objectives
	Structure of the Thesis
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Appendix A
	Appendix B

