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Abstract  

Novel processing of advanced drug delivery carriers with enhanced efficacy is required for 

the 21st century healthcare. In the study, a ‘soft’ T- junction microfluidic processing 

technique to improve drug delivery has been developed and systematically evaluated and 

characterized. 

An advanced electrohydrodynamic atomization (EHDA) technique was utilized to obtain 

alginate-based nanoparticles. The influences of processing parameters, such as applied 

voltage, solution flow rate, nozzle diameter and collection distance, on the formation of 

cone-jet mode were investigated and correlated with production of nanoparticles with 

narrow size distribution. In addition, the effect of the properties of the alginate solutions, 

such as the viscosity, electrical conductivity and solvent mixture (ethanol/water) on EHDA 

processing and the particles size was evaluated. The results showed that the size of alginate 

nanoparticles can be controlled from 92 nm to 440 nm through varying the processing 

conditions. The bioactivity of trypsin, a model enzyme, in an alginate solution after EHDA 

processing was compared under different voltages and flow rates. It was found that the flow 

rate of the liquid, in the range of 50 to 150 µl/min has limited influence on the bioactivity 

of trypsin. However, almost 50% of bioactivity was lost at higher voltages (i.e. 15 kV and 

20 kV), while 73% of the bioactivity of the enzyme could be retained at the lowest voltage 

(i.e. 10 kV).  

An aerodynamically assisted T- junction microfluidic method has been developed as a soft 

processing technique to minimise the degradation of biomolecules. Using T-geometry 

capillaries with 100-200 µm in diameters, the formation of microbubbles was controlled by 

varying the flow rate of the liquid and the bubbling pressure. Alginate-based nanoparticles 

with an average size ranging from 80 to 200 nm were produced through controlling shell 
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thinning and bursting of microbubbles. This technique can also be used to obtain polymeric 

films with uniform/spherical pores, (i.e. with pore sizes ranged from 2 µm to 240 µm), and 

nano-patterned surfaces by carefully controlling the thinning of the bubble shell. 

Particularly, a high encapsulation efficiency of trypsin-loaded alginate porous films was 

prepared using T-junction microfluidic processing, which was able to maintain a high 

bioactivity of the encapsulated enzyme, such as retaining at least 80% of bioactivity after 

processing when capillaries with inner diameters of 200 µm and a flow ratio (i.e. ratio 

between gas and liquid flow rates) of 0.38 were used. The release profile of trypsin from 

the films was found to depend on the pore size, with smaller pore sizes leading to extended 

trypsin release compared to those with larger pores. The results show that the T-junction 

microfluidic method has offered an excellent potential for the preparation of nanoparticles 

and porous films/scaffolds that incorporate sensitive entities, such as enzymes. This work 

explored the utilization of microbubbles in new biomedical applications, through producing 

nanoparticles and highly-uniform porous films. 
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the marine environment on the surrounding atmosphere through further exploration of the 

mechanisms by which such change occurs. 
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Chapter One 

Introduction 

1.1 Introduction and background 

The properties of biomaterials impact their ability to perform their biomedical functions 

and the outcome of their application (Mitragotri and Lahann, 2009), as they affect the 

release rate, toxicity and half-life of drugs encapsulated within biomaterials (Langer and 

Tirrell, 2004; Karp and Langer, 2007). That said, properties of biomaterials, particularly 

natural materials (such as natural polymers), are commonly altered during processing, 

especially when preparation techniques involving harsh conditions, such high temperatures 

or the use of organic solvents, as used (Machado et al, 2012). This makes it important to 

develop soft preparation techniques (i.e. under mild conditions) that offer a good level of 

control over the features of the various forms of biomaterial devices, such as nanoparticles, 

films and scaffolds, and at the same time preserve the properties of the materials. The 

physio-chemical properties of a biomedical device, including size, charge, surface 

hydrophilicity and the nature and density of the ligands on its surface, have a crucial impact 

on the performance of the biomaterial and its biodistribution (Farokhzad and Langer, 2009), 

This makes it an important area for bioengineers and biomedical researchers to focus on. 

Nanoparticles are defined as ‘sub-micron colloidal systems’ and refer to a broad spectrum 

of materials including lipid, polymer and inorganic materials (Zhang et al, 2006). 

Polymeric nanoparticles have been successfully used as delivery and encapsulation devices 

for drugs, protecting them from the surrounding environment and releasing them at targeted 

tissues. They are capable of delivering therapeutics across blood brain barriers (BBB), 

which is not possible using larger microparticles (Soppimath et al, 2001), making the 

constant improvement of their processing techniques a clear necessity. The preparation of 
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polymeric nanoparticles within certain size ranges (<200 nm) using mild methods, 

however, proved to be challenging (Machado et al, 2012). This is especially clear in the 

case of hydrophilic/natural polymeric nanoparticles (such as alginate), as more intensified 

forms of mechanical energy (i.e. shear stresses), high temperature-based reactions and 

organic solvents are used to reach such small sizes (Machado et al, 2012).  

A similar challenge also exists regarding the development of other biomedical devices, 

such as porous scaffolds (Aria et al, 2008). Biomedical scaffolds have received 

considerable attention due to their utility for various biomedical applications, including the 

immobilization of biomolecules and cells (Cai and Newby, 2009). Controlling the porosity 

of the scaffold has proved to promote the infiltration of cells into scaffolds and facilitate 

seeding cells within (Kim et al, 2012). Scaffolds with more spherical pores do show 

superior mechanical properties and more capability to resist mechanical stresses compared 

to scaffolds with irregular pores (Zmora et al, 2002). Conventional methods for scaffold 

fabrication, such the freeze-drying and electrospraying methods, however, often produce 

porous structures with large pore size distribution (with standard deviation more than 100% 

of the average pore size) and irregular shapes. This can limit the use of porous scaffolds in 

some applications, such as conducting systematic investigations for cellular activities (such 

as cell signalling) and interactions (Chung et al, 2009). In addition, the ability to incorporate 

sensitive entities, such as proteins or enzymes, into porous structures/films using multi-step 

preparation methods that have good control over the features, such as breath figure, which 

is a templating method that uses the condensation of water droplets on the surface of a 

liquid polymer and an organic solvent (Widawski et al, 1994), is restricted because of the 

use of organic solvents (such as dichloromethane and carbon disulfide) that can easily cause 

their damage (Zhang et al, 2011).  
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Controlled enzyme delivery is used in various important biomedical applications, such as 

tumour treatments and hormone delivery (Pareta and Edirisinghe, 2006). The localized 

delivery of enzymes, however, is considered challenging due to the occurrence of 

enzymatic degradation during processing, especially as their properties and functionalities 

rely on their unique internal three-dimensional structure that can be easily distorted (Bekard 

et al, 2011). Such structure unfolds/denatures when subjected to extreme temperatures, pH, 

or mechanical stresses (Jaspe and Hagen, 2006), which would cause a loss of enzyme’s 

activity and might even trigger an increased immune reaction when administrated into the 

human body (Thomas and Geer, 2011).  

Therefore, there is a growing need for developing ‘soft’ preparation methods for the 

preparation of those useful types of biomedical devices (nanoparticles and porous films) in 

a manner that does not involve harsh conditions and yet have a capability to improve the 

control over the features of those structures, especially the size of the device (in case of 

nanoparticles) and the pore size and shape (in case of the films). 

Microbubbles have been particularly regarded as powerful tools within the biomedical 

filed, already used in various applications, including drug delivery and medical imaging 

(Pereira et al, 2014; Parhizkar et al, 2014). The process of bubble bursting is considered to 

have an interesting potential for producing nano-sized and micron-sized droplets 

(Fitzgerald, 1991). Very few studies, however, have engaged the topic of utilizing 

microbubbles and the process of bubble bursting to produce polymeric biomedical devices, 

such as nanoparticles and porous films/scaffolds. This is mainly due to the challenges 

involved in controlling the process of microbubble preparation and the phenomenon of 

bubble bursting (Russel and Singh, 2006).  
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This research aims to examine the potential of microbubbles, prepared using a microfluidic 

T-junction, as a processing technique to produce polymeric nanoparticles and uniform 

porous structures in a controlled manner, mainly through utilizing and controlling the 

process of bubble bursting. Developing such processing technique can therefore expand the 

biomedical uses of a popular category of materials - such as natural polymers - that is easily 

affected by harsh processing. 

The impact of this microfluidic processing method on the bioactivity of a model enzyme 

will be explored in comparison to another preparation technique – electrohydrodynamic 

atomization (EHDA). The latter technique showed a good ability to produce particle-

containing biomolecules (such as insulin) with minimal impact on bioactivity (Gomez et 

al, 1998). Furthermore, the use of the devices produced using the T-junction/bubble 

bursting will be investigated as drug delivery tools through studying their release profile 

for the encapsulated enzyme. 

1.2 Objectives of research 

The main objectives of this research are to prepare polymeric nanoparticles and porous 

films while limiting the use of harsh processing conditions when possible so as not to affect 

the features of the processed materials. To reach this aim, the following questions are 

proposed and will be solved in this work. 

Ø How to prepare alginate nanoparticles using EHDA method in a controlled manner? 

Ø What is the impact of EHDA processing on the bioactivity of a model sensitive 

biomolecule? 

Ø How to prepare microbubbles in a controlled manner using microfluidic T-junction? 

Ø How to control the process of bubble bursting to produce nano-size 

droplets/particles? 



26 
 

Ø How to prepare uniform porous structures using T-junction and the bubble bursting 

phenomenon? 

Ø What is the impact of processing using T-junction on the bioactivity of a model 

sensitive biomolecule? 

The details of the research objectives related to answering those questions are shown in 

figure 1.1 and discussed below. 

 

Figure 1.1: Objectives of research  

 

1.2.1 Preparation of nanoparticles using EHDA 

The primary objective is to use the EHDA method to obtain alginate nanoparticles through 

optimizing the processing conditions and variables, mainly the flow rate of solution, the 

needle diameter, the electrospraying voltage, the working distance and the properties of the 

solution (such as viscosity and electrical conductivity). The impact of EHDA processing 
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on the bioactivity of a model enzyme is also studied. The latter study is intended to act a 

benchmark for evaluating the potential of the microfluidic T-junction method/bubble 

bursting process with regards to two main areas: the ability to produce nanoparticles within 

a certain size range (i.e. down to 100 nm) and the impact of the method on the bioactivity 

of a model enzyme. 

1.2.2 Obtaining alginate nanoparticles using microbubble bursting 

To investigate the use of microbubble bursting for obtaining nanoparticles, the utilization 

of the microfluidic T-junction method for producing monodisperse microbubbles in a 

controllable manner is initially studied. This objective involves studying the impact of the 

microfluidic processing variables, mainly the flow rate of solution, bubbling pressure and 

the inner diameter of the microfluidic capillaries, particularly on the size of the bubbles. 

The correlation between the liquid properties (mainly the surface tension and viscosity) on 

the stability of the microbubbles is also explored. The ability to control the size and stability 

of microbubbles is used, in turn, for controlling the bursting process and the structures 

obtained from such process. 

1.2.3 Soft preparation of uniform porous structures/films for drug delivery 

applications 

The third main objective of this research is to utilize the ability to control the preparation 

of microbubbles using T-junction and the process of microbubble bursting to produce 

porous structures with uniform features. This part of the thesis is intended to also show a 

‘practical’ use for the formed structures (films) as a delivery device for biomolecules or 

therapeutics, through studying the yield and encapsulation efficiency of the technique at 

different conditions, and also through investigating the release profile of a model enzyme 

from the developed structures, with different pore sizes. A crucial part of this objective is 
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to show the suitability of the T-junction/bubble bursting method for the inclusion of 

sensitive materials, such as enzymes, through demonstrating the impact of the method on 

the bioactivity of those entities. This is done through studying and showing the effect of 

the processing variables, mainly the flow ratio and capillary diameter, on the bioactivity of 

a model enzyme. 

1.3 Structure of thesis 

This thesis illustrates the various stages at which this research was conducted, starting with 

reviewing the related literature, building the experimental setup, choosing the materials, 

identifying the various appropriate/needed methods, conducting the experimental work, 

obtaining the results and analysing them in depth and finally driving the conclusions and 

suggesting ideas to drive this research forward in the future. 

The first chapter describes the aim of this research by providing background information 

related to its usefulness. The objectives of the research are also illustrated in this chapter, 

in addition to the structured of the dissertation. 

The second chapter provides a detailed review of the scientific literature in relevant topics, 

such as the key properties and uses of biomaterials (including natural polymers) in 

biomedical applications. An assessment of conventional preparation methods for 

nanoparticles and scaffolds/films is also provided in this chapter, with a particular focus on 

highlighting key limitations with regards to processing natural polymers.  

The properties and biomedical uses of microbubbles are also discussed, in addition to their 

main preparation routes.  

Finally, the fundamentals of the phenomenon of bubble bursting are discussed. 

Chapter three describes the materials used, in the research, the experimental setup and 

also provides a detailed description for the different characterization methods used 

throughout this work. 
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Chapter four, the first part of the results and discussion section, demonstrates the 

utilization of EHDA to obtain polymeric nanoparticles in a controllable manner, through 

optimizing the processing variables and conditions of preparation. Further, an investigation 

of the impact of the electrospraying voltage on the bioactivity of a model enzyme (trypsin) 

is also demonstrated in this section. The findings of this chapter serve as a benchmark for 

evaluating the capabilities of the T-junction/bubble bursting process for producing 

nanoparticles. 

Chapter five describes the conditions needed to control the process of microbubble 

preparation using T-junction, with a particular focus on factors affecting the size of 

microbubbles. The chapter also deals with certain proposed mechanisms to control 

microbubble bursting, showing the ability to utilize such phenomenon to obtain 

nanoparticles in a controlled manner. 

Chapter six demonstrates the utilization of microbubbles and their bursting process in 

producing uniform porous structures. A study of the impact of the pore size on the release 

of a model enzyme from the structures is also presented in this chapter. Further, the effect 

of the microfluidic processing variables, mainly the flow ratio and the size of the 

microfluidic capillaries, on the bioactivity of the enzyme is demonstrated. 

Chapter seven is divided into two sub-sections; the first (section 7.1) summarises 

conclusions from this research work. The second part (section 7.2) proposes some ideas 

for continuing and advancing this research in the future.  

Finally, the studies cited and referred to throughout the dissertation are mentioned in the 

references section.  
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Chapter Two  

Literature review 

2.1 Using biomaterials in biomedical applications 

The variation in the properties of biomaterials, which are defined as “any substance, other 

than a drug, or combination of substances with either a synthetic or natural origin that can 

be used for a period of time to treat or replace a tissue, an organ, or a biological function” 

(Patel and Gohil, 2012), helped to match a much-needed complexity in their application in 

the medical field. Biomaterials can be used in various applications, such as artificial organs, 

biosensors, pacemakers and medical implants, among other applications (Patel and Gohil, 

2012). 

Biomaterials are playing a crucial role in the development of pharmaceutical treatments 

and tissue engineering applications. The importance of biomaterials in those areas rests on 

their ability to perform their intended role without causing biological complications (such 

as device rejection due to immune response). That said, a biomaterial should satisfy certain 

requirements that assure the safety of their use, including biodegradation, non-toxicity, 

non-carcinogenicity, in addition to the chemical and mechanical stability. 

Biodegradation reflects the ability of the material to degrade through biological 

mechanisms, such as the process of hydrolysis or enzymatic degradation (Gomes and Reis, 

2004). Biomaterials are divided into three categories, metals, ceramics and polymers, and 

this division is mainly based on biomaterials’ properties and origin. For instance, metal-

based biomaterials, such as stainless steel and cobalt–chrome-based alloys, are widely used 

in orthopaedic applications due to their unique mechanical properties, availability and 

relatively easier processing routes (Navarro et al, 2008). Ceramics are also widely used in 
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orthopaedic applications and bone regeneration therapies due to their similarity to the 

mineral phase in the bone tissue, in addition to their bioactivity, biocompatibility and their 

unique surface and structural features (Navarro et al, 2008). 

On the other hand, polymers are widely used in the biomedical field driven by their easily 

controlled properties – compared to the other two categories – that allow them to be used 

in a wide range of applications (Luo and Prestwich, 2001). The versatility of polymer 

properties allows them to be tailored according to the intended application and meet the 

needs of a successful process of drug delivery that requires a great deal of complexity and 

customization (Panyam and Labhasetwar, 2003). Biodegradable polymers, in particular, 

have an ability to degrade via natural biological mechanisms, such as enzymatic 

degradation. Based on this biodegradation attribute, those polymers do not persist in the 

body after supporting the regeneration process of new tissues or the delivering of any 

associated therapeutics, which reduces the chances of eliciting an immune reaction.  

The synthetic group can be more suitable for a prolonged use of the biomaterial, most 

importantly in vivo, as it is capable of facilitating a sustained and extended release for 

therapeutics from the biomaterial matrix over an extended period of several days and up to 

several weeks. On the other hand, natural polymers are generally more suitable for 

applications that require shorter release durations (Panyam and Labhasetwar, 2003). 

Hydrophobic and hydrophilic polymers are reacted to differently in the human body. For 

instance, hydrophilic drug delivery particles are accompanied by lower intensity of 

opsonisation reactions, compared to hydrophobic polymers, which triggers an extended 

delay for the particles prior to immune clearance (Faraji and Wipf, 2009). Even though 

synthetic polymers have more stable/predictable properties, natural polymers have a 

distinct ability of being environmentally responsive. Natural polymers go through 

degradation and remodelling process by means of cell-secreted enzymes (Dang and Leong, 
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2006). Therefore, developing a soft processing technique for natural polymers is expected 

to help enhance the utilization of this category of polymers in developing biologically 

responsive drug delivery systems in the future. 

2.2 Using natural polymers in biomedical applications 

Natural polymers are present in abundance in nature as they are produced by various living 

organisms (Mano et al, 2007), which makes them attractive from an economic perspective. 

Natural polymers are classified into proteins (such as silk and collagen), polysaccharides 

(such as alginate and chitin) and polynucleotides (Yannas, 2004), as shown in figure 2.1. 

 

Figure 2.1: Classification of natural polymers and examples for each of the categories, 

according to Yannas (2004) 

 

Natural polymers can trigger certain cellular interactions with surrounding tissues due to 

their similarity with the biological environment, and this can be utilised to induce a 

therapeutic impact in some cases (Gomes and Reis, 2004). Natural polymers are 

characterised by having reactive sites in their structure that allows cross-linking, ligand 

conjugation and other important modifications that can be used for adjusting their 
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properties in accordance with the intended medical application (Dang and Leong, 2006). 

Even without chemical modifications, natural polymers still have various useful biological 

functions, such as polysaccharides that play a vital role in intracellular communication 

(Malafaya et al, 2007). Despite such potential, using natural polymers can be challenging 

at times due to the difficulty in maintaining their properties after processing since their 

properties are easily distorted by harsh processing conditions. 

2.2.1 Proteins/Enzymes 

Proteins are large biomolecules (i.e. macromolecules) that consist of linear chains of 

combinations of the 20 amino acid residues (Bekard et al, 2011). They are involved in 

almost all biological processes in living organisms, having several biological functions that 

can be grouped into nine key roles, according to Kessel and Ben-tal (2010): 

• Catalysis of metabolic processes 

• Molecular recognition 

• Forming intracellular and extracellular proteins 

• Energy transfer 

• Gene expression 

• Defense 

• Transport of solute across biological membranes 

• Cellular communication 

• Cell/tissue-specific functions 

The unique features and various functionalities of proteins give them prominent importance 

in several areas, particularly biomedical sciences (Langer, 1998). Proteins are characterized 

with a large number of accessible functional groups (mainly primary amine and carboxylic 

acid groups). This allows their modification in accordance with a wide array for biomedical 

uses (Celikkin et al, 2017). Proteins are commonly used for the fabrication of tissue 

engineering scaffolds as they possess various desirable properties for this application, such 
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as water solubility and absorption, biodegradation, hydrophilicity/hydrophobicity and 

biocompatibility (Preethi et al, 2015). Protein-based scaffolds have shown an ability to 

facilitate the formation of inorganic structures and they also showed an ability to guide the 

assembly of crystallites into three-dimensional structures (Flenniken et al, 2009). Fibrous 

proteins transduce external mechanical forces to the seeded cells in a manner that promotes 

tissue growth (Matthews et al, 2002). Proteins, such as keratin, collagen and silk are 

extensively used in drug delivery applications (Jao et al, 2017). Several protein-based 

therapies were developed based on proteins’ high specificity and activity at low 

concentrations in comparison to chemical drugs (George and Abraham, 2006). 

Multicomponent protein drug composites are used in targeted drug delivery through 

guiding active drugs to the targeted tissues (Jao et al, 2017). The therapeutic functions that 

proteins play, however, could be disrupted when their native internal 

structure/conformation is subjected to any form of perturbation, since those functions 

mainly depend on proteins’ three-dimensional structure (Dobson, 1999). Perturbation is 

commonly caused by harsh processing conditions, mainly extreme temperature, pH and 

ionic strength, in addition to being mixed with organic solvents (Wang, 1999). This 

limitation made the processing of proteins and utilizing them in biomedical applications a 

relatively challenging task.  

Enzymes represent a popular protein class that plays a key role in biochemical reactions in 

the human body. Enzymes are classified according to their function. For their use in 

pharmaceutical applications, enzymes are commonly immobilized through attaching them 

to a solid support, such as nanoparticles, membranes or porous materials (Sun et al, 2017). 

Researchers commonly use inert polymers (such as polysaccharides) and/or inorganic 

materials for immobilizing/encapsulating enzymes (Datta et al, 2013). The immobilization 

process, however, often affects the bioactivity of the enzyme, which necessitates a 
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consideration for this aspect during processing (Liang et al, 2000). It is particularly crucial 

to maintain the catalytic activity of enzymes that depends on their three-dimensional 

structure during the immobilization process, as any change that happens to the structural 

conformation of the enzyme or its functional groups will change its functionality and lead 

to losing its biological activity (Hendrickx et al, 1998). The degradation of proteins and 

enzymes could occur due to factors of both chemical and/or physical nature. Chemical 

degradation includes processes that create or break covalent bonds, while the physical 

degradation occurs due to the aggregation, denaturation and precipitation of proteins or 

their adsorption to interfaces (Simon et al, 2011). Several techniques have been used for 

enzyme immobilization, such as absorption, cross-linking and self-assembly (Liang et al, 

2000). The ability to fully maintain the biological activity of the immobilized enzyme 

remains challenging, however (Liang et al, 2000).  

Studying the impact of processing methods on enzymatic activity, as a reflection for the 

changes/damages in the structure of proteins/enzymes, is important to evaluate the 

suitability of the method used for immobilizing them. Trypsin is one of the key digestive 

enzymes that have a distinct advantage in this regard, due to its suitability for bioactivity 

assessment. Trypsin is responsible for the regulation of the degradation of proteins, which 

made it a subject of interest for researchers (Hirota et al, 2006). This enzyme is capable of 

selectively cleaving proteins at arginine and lysine residues that typically provide peptides 

in detectable range for mass spectra (Liu et al, 2010). Liu et al. (2010) developed a 

technique to evaluate the bioactivity of immobilized trypsin based on the frontal analysis 

of enzymatic reaction products. The analysis is done through monitoring the absorption of 

N-benzoyl-L-arginine (BA) at 253 nm from the hydrolysis of N-benzoyl-L-arginine ethyl 

ester (BAEE). Due to its relatively easy and straight forward nature, this bioactivity 
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assessment process has been widely used in protein identification and enzymatic activity 

evaluation studies (Schuchert et al, 2009). 

2.2.2 Polysaccharides 

According to Yang et al. (2015), “polysaccharides are defined as polymeric carbohydrate 

structures composed of repeating monosaccharide units adjoined by glyco-sidic bonds”. 

They are found in abundance in nature and with various structures and properties 

(Hovgaard and Brondsted, 1996). Polysaccharides are characterized by a large number of 

reactive groups (such as hydroxyl, carboxyl, and amino groups) and having a variety of 

chemical compositions and a wide range of molecular weight (MW). This led to the 

diversity in both their structure and properties (Liu et al, 2008). This category of polymers 

has been extensively used in the biomedical area due to some of their properties, such as 

their biodegradability and their ability to easily form hydrogels (d’Ayala et al, 2008; Liu et 

al, 2008). The properties of polysaccharides enable them to form a good matrix for loading 

drugs that can be released in a pH-controlled manner (Raj and Saurabh, 2012). 

Polysaccharide particles absorb drugs onto their exterior surfaces and/or entrap them into 

their interior structures. One of the main uses of polysaccharides in the area of drug delivery 

is to develop solid dosage forms that can be used for targeted drug delivery, such as for the 

colon (Sinha and Kumria, 2001). In addition, they also showed good suitability for being 

combined with other therapeutics, such as proteins, vaccines, polypeptides, nucleic acids 

and genes, among others (Liu et al, 2008). 

2.2.3 Properties and biomedical applications of alginate 

Alginate belongs to polysaccharide polymers. The ratio between the two uronic acids and 

their sequential arrangement varies with the source of alginate, according to Nair and 

Laurencin (2007). The molecular weight and the ratio between the guluronic acid (G) and 
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the mannuronic acid (M) affect the gelling properties of alginate particles (Ostberg et al, 

1993). It is possible to prepare alginates with a range of molecular weights, which can allow 

the development of alginate systems with an array of properties, according to Augst et al. 

(2006). In a purified state, alginates can be produced in different salt forms, such as sodium, 

potassium, calcium and others (Rinaudo, 2008). Alginate is characterized by various 

important properties, such as non-toxicity, biocompatibility and biodegradability 

(Malafaya et al, 2007).  

Alginate also has a mucoadhesive nature due to its anionic nature, a property that enables 

alginate to selectively adhere to mucosal membranes. Such attribute has been used for 

developing drug delivery systems for transmucosal-related applications (Malafaya et al, 

2007). Alginate-based systems are also pH-sensitive, a property used for controlling the 

release mechanism of the encapsulated biomolecules from alginate drug delivery vehicles 

within the targeted tissue that has a specific pH value (Malafaya et al, 2007). Alginate drug 

delivery systems have an ability to enhance the transport of drugs through highly organized 

biological barriers, such as the ocular, intestinal and nasal routes (Goycoolea et al, 2009). 

Alginate systems undergo biodegradation under normal physiological conditions, which is 

considered – in general – an important feature for drug delivery systems (Gombotz and 

Wee, 1998). The relatively easy and mild gelation process for alginate facilitated the use of 

cross-linked alginate-based systems in the encapsulation of various biological entities, such 

as proteins and even cells, without affecting their viability due to the inert and aqueous 

environment provided within those systems (Gombotz and Wee, 1998).  

Alginate nanoparticles were found to significantly enhance the bioavailability of 

encapsulated drugs, compared to those in the free form, despite the difficulty in their 

preparation in the nano-range (Vishakha et al, 2012). Park et al. (2012) used alginate 

particles as an encapsulating material for the local delivery of adino virus to target 
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cancerous tissues with high efficiency. This said, producing alginate particles in the nano-

range has proven to be a challenging task as will be discussed in section (2.3.2). 

2.3 Key features and preparation methods for nanoparticles 

2.3.1 Key features of nanoparticles  

The importance of the field of nanotechnology with regards to biomaterials is based on 

engaging the processing of materials at the “atomic, molecular and macromolecular scales”, 

ranging from 1-100 nanometres (Gao and Xu, 2009). Nano-sized materials can have 

favourable physical, electrical, mechanical and optical properties compared to larger 

systems (Goldberg et al, 2007). There are various forms of nanostructures and 

nanomaterials, including nanoparticles, nanofibers, nanotubes and nanowires (Gao and Xu, 

2009). Nanoparticles are one of the most popular forms of nanomaterials that have attracted 

considerable attention, especially in the biomedical area (De Menech et al, 2008). 

Nanoparticles are defined as sub-micron colloidal systems and can refer to a broad 

spectrum of materials including lipid, polymer and inorganic materials (Zhang et al, 2006). 

Other definitions limit the size of nanoparticles to the range of 1-100 nm, however 

(Farokhzad and Langer, 2009). The small size of nanoparticles makes them comparable to 

various biomolecules and bio-structures, cells (10 – 100 μm), viruses (20 – 450 nm), 

proteins (5 – 50 nm) and genes (2 nm wide and 10 – 100 nm long), according to Pankhurst 

et al. (2003). The significance of the size is evident considering the need to use carriers 

smaller than the diameter of the smallest capillaries (5-6 µm) in human body in order not 

to cause any blockage for blood flow (Hans and Lowman, 2002). The size range of 

nanoparticles also gives them the ability to overcome the different biological barriers that 

prevents an efficient process of drug delivery (Alexis et al, 2008). Nanoparticles are 

characterized by a higher cellular uptake compared to microparticles, which can be used to 
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reduce the required dosage of the administrated drug (De Menech et al, 2008). Various 

studies also found a strong correlation between the size of the administrated drug carrier 

and its distribution in the different types of body tissues, especially cancerous tissues 

(Zhang et al, 2008). Further, nanoparticles smaller than 100 nm would undergo a lower 

intensity of opsonisation reactions caused by the accumulation of proteins on the surface 

of particles and consequently attract macrophages, which offers nanoparticles a better 

chance to fulfil their intended therapeutic purpose before being cleared from the body 

(Faraji and Wipf, 2009). A longer circulation time for a drug carrier in the blood circulation 

also leads to a better absorbance and a prolonged release duration for the administrated 

drug (Yallapu et al, 2011). To avoid a rapid immune clearance, the small size of 

nanoparticles allows them to avoid undesired interactions with plasma proteins that induce 

the opsonisation process and cause the elimination of particles (Thanh and Green, 2010). 

Nanoparticles with sizes between 70 and 200 nm - in particular - proved to have the longest 

circulation time in the body (Ishida et al, 1999), compared to larger particles that cause an 

activation for the complement immune system and cleared faster (Faraji and Wipf, 2009). 

This shaped the scope of this research in relation to the targeted size of the particles 

intended to be developed to be within this specific range. 

Nanoparticles are categorized into two main categories; nanospheres and nanocapsules, 

according to Hembram et al. (2016). Nanospheres or spherical particles can entrap a drug 

within their core or can be adsorbed on their surface (or both), while nanocapsules contain 

a liquid inner core surrounded by a ‘solid/rigid’ polymeric layer or shell and can 

consequently entrap a drug in this core or have it adsorbed onto the surface (or both) 

(Hembram et al, 2016), as shown in figure 2.2. Another crucial feature of nanoparticles is 

the versatility of their structure since it is possible to prepare them from different materials 

(including polymers, lipids and metals) that have diverse properties. 
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Figure 2.2: Schematic diagram showing the different types of nanoparticles; nanospheres 

and nanocapsules. Adapted from Hembram et al. (2016). 

 

In this regard, polymeric nanoparticles showed a remarkable potential in drug delivery 

applications. The versatility of polymeric nanoparticles is attributed to the various types of 

polymers that can be used in developing nanoparticles with a range of properties, including 

biological suitability (Panyam and Labhasetwar, 2003). Polymeric nanoparticles were 

prepared from both synthetic, such as poly(D,L- lactide), poly(lactic acid) PLA, poly(D,L-

glycolide) PLG and poly(lactide-co-glycolide) PLGA, and natural polymers, including 

gelatin, chitosan, collagen and alginate (Soppimath et al, 2001). Further, polymeric 

nanoparticles can be functionalized with various biomolecules that facilitate tissue 

targeting of certain biological tissues (Elsabahy et al, 2012). The latter process can be done 

using different techniques, such as physical adsorption, complementary recognition, 

electrostatic binding and covalent coupling (Goldberg et al, 2007). The biodegradable type 

of polymers is especially favoured in the pharmaceutical area due to their ability to perform 

their intended therapeutic role and eventually being degraded/metabolized via biological 

mechanisms, and therefore no additional steps are needed for their removal. 



41 
 

2.3.2 Preparation methods for nanoparticles 

Several technologies were developed to prepare nanoparticles. Those methods include; 

ionic gelation (Kesisoglou et al, 2007), nanoprecipitation (Hu et al, 2019), emulsion cross-

linking (Esmaeili et al, 2008), spray-drying (Singh and Muthu, 2007), electrohydrodynamic 

atomization (Reardon et al, 2019) and salting-out method (Mittal et al, 2007). A description 

for some of the techniques and their preparation dynamics for nanoparticles and the 

associated advantages and challenges are discussed in the following sections. 

2.3.2.1 Spray-drying method 

The spray-drying method is based on transforming a material from the liquid phase into a 

particulate form through spraying the liquid into a drying gas (Cal and Sollohub, 2010). 

The process is divided into four stages; atomizing/spraying the liquid, drying gas exposure, 

drying of the spray and finally the separation of the dried particles (Lee et al, 2011). The 

sprayed droplets are exposed to a drying gas to get rid of the moisture by evaporation, 

which leads to the formation of solidified particles. Spray-drying is considered one of the 

most common preparation methods for nano-sized drug delivery devices, including protein-

based systems (Cleland et al, 2001). A device based on this principle, Nano Spray Dryer, 

uses an electrostatic precipitator to enable the collection of particles with relatively small 

mass. This is achieved by using an electrostatic particle collector that consists of a grounded 

star electrode (cathode) and cylindrical particle collecting electrode (anode). The high 

voltage around the collector produces an electrostatic field that accelerates the deposition 

of the particles that have a negative charge onto the collecting electrode. The setup for the 

Nano Spray Dryer (B-90) technique is shown in figure 2.3 (a). 



42 
 

Figure 2.3: (a) Schematic diagram for the Nano Spray Dryer, according to Lee et al. 

(2011). (b) SEM image of B-Galactosidase particles obtained using a Nano Spray Dryer. 

Adapted from Bürki et al. (2011). 

 

Using this device, inhaled protein therapeutics (B-Galactosidase) with sizes down to few 

microns were successfully produced (Bürki et al, 2011), as shown in figure 2.3 (b). 

Nanoparticles obtained using this method, however, have large size variation and the 

particles also suffer from coagulation, as shown in figure 2.3 (b). In this regard, the 

processing stages, such the atomization device, the drying chamber and air–droplet contact 

system, have an impact on the final size of the particles produced using this method, which 

increases the variation in particle size (Cal and Sollohub, 2010). The heat involved in the 

process is also considered a limitation for this technique especially when temperature-

sensitive entities are involved (Lee et al, 2011), such as proteins, which are highly sensitive 

towards physiochemical effects during processing or storage (Bürki et al, 2011). 
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2.3.2.2 Electrohydrodynamic atomization (EHDA) 

Electrohydrodynamic atomization or electrospraying is a processing method for liquid 

atomization using electrical forces. The setup for the electrospraying process consists of 

several components; the syringe pump, a syringe that supplies the liquid, a high voltage 

power supply and a grounded collector to collect the produced structures (Xie et al, 2015). 

The EHDA setup is shown in figure 2.4. In the absence of an electric field, the liquid flows 

in a drop by drop manner from the capillary, which is referred to as the dripping mode, as 

demonstrated in figure 2.5. When an electric field is applied between the capillary and the 

collection plate, the liquid is elongated into a fine jet, which can be stable or move in 

various irregular forms (i.e. jetting modes), as shown in figure 2.5. Increasing the intensity 

of the electric field increases the droplet-emission frequency, causing a reduction in the 

size of droplets. According to Cloupeau and Prunet-Foch (1990), fine charged droplets will 

emerge form a liquid droplet that is subjected to an electric field, which is strong enough 

to overcome the surface tension of the liquid. The smaller droplets can then be attracted 

towards a collection surface due to the action of the electric field on the charge present on 

the surface of the fine droplets. 

Figure 2.4: (a) Basic setup of the EHDA process used for nanoparticles preparation, 

adapted from Eltayeb et al. (2015). (b) Ethylcellulose nanoparticles encapsulating a model 

active component (ethylvanillin) 



44 
 

Various EHDA spraying modes were recorded by researchers, including Jaworek and 

Krupa (1999), who proposed two criteria by which a spraying mode can be identified; the 

geometrical shape of the liquid at the outlet capillary and the behaviour of the jet as it 

disintegrates into droplets. In addition to the dripping and cone-jet mode, different spraying 

modes, under the influence of the interaction between the electric forces and the surface 

tension of the solution, are produced such as simple jet multiple cone spraying (Xie et al, 

2015), as shown in figure 2.5. This said, the most important and popular mode is the cone-

jet mode due to the uniform and regular solution meniscus associated with this spraying 

mode (Jaworek and Sobczyk, 2008). In the cone jet mode, the meniscus takes the form of 

a cone extended at its apex that produces a continuous jet that ejects droplets, as shown in 

figure 2.5.  

The reasons that lead to the formation of this meniscus have been investigated by various 

researchers. It was found that for liquids with relatively high electrical conductivity, stable 

conical meniscus can be achieved when the electrostatic and capillary pressures reach 

equilibrium (Taylor, 1964). Some studies demonstrated that a stable meniscus can be 

achieved for a range of hydrostatic pressure and applied voltages (Cloupeau and Prunet-

Foch, 1990).  

The type of the solvent of the polymeric solutions is considered crucial for the mode of 

spraying and the features of the produced droplets (Xie et al, 2015). Solvents, such as 

ethanol, have been reported to be ideal for obtaining a stable jetting mode, as they can lower 

the electrical conductivity and allow a more efficient liquid atomization (Pareta et al, 2005). 

One of the key limitations of EHDA is the limited ability to spray nanoparticles from 

polymers dissolved in water only. Furthermore, subjecting sensitive biomolecules to higher 

electric field involved in the method can potentially have a negative impact on them.
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Figure 2.5: The main spraying modes observed for the EHDA process (Jaworek and Sobczyk, 2008). 



46 
 

EHDA technique has been used in several industrial applications, such as minute 

powder production, thin films deposition and microencapsulation (Jaworek, 2007). 

Different types of solutions can be processed by using electrospraying, including 

emulsions, particle dispersions and polymeric solutions (Xie and Wang, 2007), and 

various ranges of diameters for particles/droplets can be obtained ranging from 

hundreds of microns down to several tens of nanometres (Jaworek and Sobczyk, 

2008).  

Researchers found that the diameter of the droplet depends on certain factors, 

including the diameter of the needle, where needles with larger diameters produce 

larger particles (Suksamran et al, 2009). Further, the size of droplets also depends on 

the properties of the liquid, mainly the viscosity, surface tension and electrical 

conductivity (Pareta et al, 2005). Reducing the surface tension of the liquid or 

increasing its viscosity and electrical conductivity would increase the droplet size 

(Jaworek and Sobczyk, 2008). In addition, a directly proportional relationship was 

found to exist between the flow rate of the liquid and the size of the droplets. 

2.4 Design considerations for tissue engineering scaffolds 

A tissue-engineering scaffold is a structure intended to support the process of tissue 

regeneration and consequently should have certain features that enable such purpose. 

According to O’Brien (2011), the key considerations for scaffold design are: 

• Biodegradability 

• Biocompatibility 

• Mechanical properties 

• Manufacturing technology 

• Scaffold architecture 
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Scaffolds need to be biocompatible and biodegradable to act as an alternative 

extracellular matrix (ECM) through directing and organizing cells to eventually form 

3D tissue constructs (Drury and Mooney, 2003). The choice of the material of the 

scaffold mainly depends on the type of application and the desired tissue to be formed 

(Drury and Mooney, 2003), where different categories of materials used for scaffold 

fabrication (such as polymers and ceramics). Polymers, in particular, are used in a 

wide range of applications because of their ability to be tailored according to the 

intended application (Liu and Ma, 2004). The mechanical properties of scaffolds need 

to match those of the anatomical site and they also need to facilitate the process of 

handling and implantation (O’Brien, 2011). In addition, the mechanical integrity of 

the scaffold should be maintained to a good extent until the completion of the 

remodelling process of the new tissue (Humacher, 2000). 

In terms of architecture, tissue engineering scaffolds are designed to enable/enhance 

and support the various cellular interactions needed for the development of the new 

tissues (Liu and Ma, 2004). As a result, scaffolds need to have an interconnected 

porous structure, with high porosity, to allow cellular penetration and facilitate 

nutrients’ diffusion (O’Brien, 2011). The pore size plays a crucial role in the process 

of tissue formation, both in vitro and in vivo, such as in bone tissue engineering 

applications (Karageorgiou and Kaplan, 2005). Some studies suggested that 100 

microns is the ideal pore size for bone regeneration scaffolds to match the size of the 

involved cells (such as osteoblasts) and facilitate the migration and nutrient transport 

requirements (Karageorgiou and Kaplan, 2005). Controlling the porosity is therefore 

of a great importance, where larger pores are generally regarded to be more capable 

of allowing cells to be seeded within the scaffold, in contrast to smaller pores that 

inhibit the process and prevent infiltration of cells into the scaffold (Kim et al, 2012). 
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Furthermore, scaffolds with more spherical pores were also found to have enhanced 

mechanical properties as they showed more capability to resist compressive stresses 

compared to scaffolds with irregular pore shapes (Zmora et al, 2002). Porous 

structures with a large variation in pore size and shape can make it difficult to conduct 

systematic investigations for cellular activities and interactions in vitro, including cell 

signalling (Chung et al, 2009). Controlling the porosity of scaffolds, however, is 

considered challenging, which led to various efforts to develop new techniques for 

scaffold fabrication that would allow an adequate control over their properties. 

2.5 Preparation techniques for tissue engineering scaffolds 

Several preparation methods were developed to prepare porous scaffolds, including 

freeze-drying (Geetha et al, 2019), electrospinning (Shen et al, 2019) and 3D 

bioprinting (Wei et al, 2019). Techniques such as direct polymer writing and soft-

lithography have been used for obtaining porous polymeric films (You et al, 2008). 

The features and limitations of those techniques are discussed in the following 

sections. 

2.5.1 Freeze-drying method 

The freeze-drying method is based on using a process of rapid cooling to induce 

thermodynamic instability in a material, leading to phase separation, which is followed 

by removing the solvent under vacuum that consequently produce voids (i.e. pores) in 

the material (Annabi et al, 2010). The process occurs in three main steps, the first is 

freezing the solution at very low temperature (ranging between −70°C to −80°C). The 

second is a ‘primary’ drying process for the sample through placing it a chamber with 

low pressure (around few millibars) to remove any ice within the material.  
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The third step is the secondary drying process that is also used to remove any water 

within the material but by means of desorption (Lu et al, 2013). The apparatus used 

for the freeze-drying process is shown in figure 2.6 (a), according to the illustration 

of Ho et al. (2004). The mechanical properties and the porosity of scaffolds obtained 

by using freeze-drying can be controlled through varying the polymer concentration 

and the freezing temperature (Li et al, 2000). 

Using this technique, interconnected porous scaffolds with pores ranging from 60 to 

150 microns from alginate and chitosan can be produced (Ho et al, 2004). Autissier et 

al. (2010) also prepared polysaccharide-based porous scaffold with pore diameters 

ranging from 50 μm to 240 μm. Despite being suitable for producing porous hydrogel 

scaffolds from a range of natural and synthetic ‘hydrophilic’ polymers, the ability to 

control the pore size with high precision remains difficult using this method (Annabi 

et al, 2010). In addition, the method also has a limited ability to control the shape of 

the pores. As shown in figure 2.6 (b), the pores in scaffolds produced using the freeze-

drying method can have sharp and irregular edges, which can have a negative impact 

on cellular attachment and potentially inhibit the process of tissue formation. 

Figure 2.6: (a) Schematic diagram of the setup of the freeze-drying apparatus, adapted 

from Ho et al. (2004). (b) Scanning electron micrographs showing chitosan scaffold 

fabricated by freeze-drying (scale bar, 50 μm), adapted from Lu et al. (2013). 
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2.5.2 Electrospinning 

The electrospinning technique offers a one-step process that produce fibres having 

diameters down to the nano-range by means of using electrical forces (Reneker and 

Chun, 1996). In this process, a syringe pump is used to feed the liquid and a power 

source is used to apply the electric voltage and a collector to collect the produced 

fibres, as shown in figure 2.7 (a). A charge repulsion occurs between the surface 

tension of the liquid and the applied electric field, which when intensifies would 

overcome the surface tension of the liquid and form a jet (Lu et al, 2013). Viscoelastic 

materials characterized by high cohesiveness can be successfully processed using this 

method (Huang et al, 2003). The attempts to produce scaffolds from alginate in water 

solvent have been unsuccessful, however (Bonino et al, 2011).  

Alginate fibres are difficult to produce solely but when combined with other materials 

that increase its viscosity, such as polyethylene oxide (PEO), alginate/polyethylene 

oxide (PEO) scaffolds were produced, as shown in figure 2.7 (b) (Bonino et al, 2011). 

Fibres from various synthetic polymers were also produced by using this method, such 

as polylactide, and polyglycolide (Liang et al, 2007). However, the common use of 

toxic solvents during the process is a key limitation and remains and also necessitates 

additional steps for solvents removal. 
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Figure 2.7: (a) Schematic diagram showing the setup of the electrospinning process, 

adapted from Lu et al. (2013). (b) and (c) Scanning electron micrographs of nanofibers 

prepared from alginate–PEO, produced by Bonino et al. (2011). 

 

2.5.3 Templating 

The templating method produces uniform porous films through using templates 

created from spherical particles assembled into crystalline-shaped arrays (You et al, 

2008). The voids between the spherical particles are filled with a fluid that can be 

converted into solid and eventually the particles are removed to leave behind a highly 

ordered porous film. The technique is demonstrated in figure 2.8. The ‘breath figure’ 

method is one of the templating techniques that uses the condensation process of water 

droplets on the surface of a solution containing a polymer and an organic solvent (You 
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et al, 2008). The patterns originate from the ability of the condensed water droplets to 

assemble themselves in hexagonal-shaped arrays. After the evaporation of the solvent, 

those droplets remain in the films, which leads to the formation of highly-ordered 

porous films. The films are characterized by regular patterns and can be produced with 

an average pore size of less than 10 microns, as shown in figure 2.8 (h). This method 

is also capable of producing films with closely-packed pores (Cai and Newby, 2009). 

However, this technique is not suitable for producing non-close packed ones, which 

can be useful for certain biomedical applications. More importantly, the pore sizes 

obtained using this method commonly range between 0.2 μm to 10 μm, making 

scaffolds produced using this method unsuitable for various tissue engineering 

applications that require larger pores. The pore size suitable for supporting osteoblasts 

is larger than 100 μm and for endothelial cells it can range between 20 to 80 μm 

(Haugh et al, 2010). Porosity is indeed crucial for cellular proliferation and survival 

(Annabi et al, 2010). Another crucial limitation for the breath figure method is the use 

of organic solvents, which will not be suitable if some biomolecules, such as enzymes, 

are involved as they would have a negative effect on their bioactivity (Zhang et al, 

2011). 
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Figure 2.8: A schematic description showing the stages of the formation of highly 

ordered honeycomb structures, adapted from Dou et al. (2015). (a) The evaporation of 

the solvent leads to the cold polymer solution surface; (b) The occurrence of the 

nucleation process where water condenses on the cold surface to become water 

droplets. (c) The formation of a closed packed array by the water droplets due to the 

convective currents of the evaporation and moist air flow. (d) The cooling and sinking 

of the water droplet array into the solution. (e) New generation of water droplets. (f) 

The formation of new close packed array template by underlying layer. (g) The 

formation of the highly-ordered honeycomb structure after solvent and water 

evaporation. (h) Scanning electron micrograph showing a film produced using the 

breath figure method (Wu et al, 2016). 
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2.6 Structure and stability of microbubbles 

A microbubble generally consists of a gaseous core that is surrounded by a shell. The 

microstructure of the microbubble shell affects its properties and consequently its 

functionalities/behaviour when used in any application (Borden et al, 2005). Various 

materials can be used to form the microbubble film, such as lipids, proteins and 

polymers. Each of those categories are characterized by a certain range of thickness. 

According to Liu et al. (2006), the lipid-based microbubble shell typically has a 

thickness of 3 nm, while a protein-based one has an average thickness ranging between 

15 nm to 20 nm. Polymeric shells have the largest thickness (ranging from 100 nm to 

200 nm). A schematic diagram for the basic structure of a microbubble is shown in 

figure 2.9 (a). A schematic diagram for a lipid-based microbubble encapsulating 

perfluorocarbons and containing a drug is shown in figure 2.9 (b), as described by Liu 

et al. (2006). Each of the shell types are held together using different forces; the lipid 

molecules are held together through physical force fields, monolayers of lipids are 

particularly cohesive due to hydrophobic and van der Waals interactions between 

tightly packed acyl chains (Sirsi and Borden, 2009). 

Figure 2.9: Schematic drawing showing; (a) The structure of microbubble typically 

used in biomedical applications and its different shell compositions, Adapted from 

Sirsi and Borden (2009), (b) The structure of a microbubble used for delivering drugs, 

according to Liu et al. (2006). 
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The protein shell, on the other hand, is cross-linked using covalent disulphide bonds 

(Sirsi and Borden, 2009). Various types of materials can be used to form the bubble 

shell, with a particular focus on enhancing the stability of the bubble, such as 

polymers, proteins, surfactant or lipids On the other hand, polymer chains can also be 

covalently cross-linked and, in some cases, entangled to form a bulk-like material 

(Sirsi and Borden, 2009). The stability of microbubbles rests upon their ability to 

withstand mechanical and thermally-induced perturbation, in addition to resisting 

forces. Those forces include gravitational drainage, gas diffusion through the bubble 

shell (i.e. film) and drainage caused by capillary suction between adjacent regions 

characterized by different radii (Beneventi et al, 2001). The impact of the capillary 

pressure acting on the surface of a microbubble due to its curved interface can be 

understood in light of the Young-Laplace equation that describes the difference in 

capillary pressure across an interface between liquid and gas due to the surface tension 

forces (Zhang and Wang, 2009). 

Microbubble stability can therefore be altered and enhanced by means of controlling 

the surface tension of the liquid-forming bubble. According to George et al. (2017), 

changing the surface tension can cause the bubble shell to become more resistant to 

gas diffusion, and surfactants are popular for their capability to play such a role. 

2.6.1 Stabilization by surfactants 

Stable microbubbles can be formed if the liquid/gas interface has low surface energy 

and the bubble film is surface active, elastic and characterized by low surface energy. 

Surfactants, also known as surface-active agents, have the capability to play a crucial 

role in applying the necessary conditions that help maintains the stability of aqueous 

microbubbles/foam, including supporting the formation of an elastic bubble film 



56 
 

characterized by a low surface energy. The key feature that drives the surfactant’s 

ability to stabilize microbubbles is their amphiphilic structure, due to the presence of 

lyophobic and lyophilic ends, a property known as ‘amphipathic structure’, which 

gives them the ability to have both limited and strong attraction towards the aqueous 

solvent, respectively (Rosen and Kunjappu, 2012).  

The structure of a surfactant stabilized microbubble is shown in figure 2.10 (a). 

Surfactants are classified in accordance with the nature of their head group, anionic, 

cationic and, amphoteric and nonionic (Tadros, 2013). The classification of surfactants 

in accordance with the composition of their head group is illustrated in figure 2.10 

(b). The molecular composition at the liquid/gas interface dictates the nature of its 

interaction with the surrounding environment. Surfactants have the ability to align 

themselves at the gas/liquid interface, where the hydrophobic end aligns itself to the 

gaseous core while the hydrophilic group aligns itself to the aqueous medium, as 

illustrated in figure 2.10 (c). Such attribute has been witnessed in natural surfactants, 

such as phospholipids that are known to spontaneously self-assemble themselves into 

a ‘highly oriented monolayer at the air-water interface’, where their hydrophobic acyl 

chains face the gas and their hydrophilic headgroups face the water, according to Sirsi 

and Borden (2009). Based on this feature, the surfactant layer (i.e. film) can decrease 

the interfacial tension and restricts the diffusion of gas in both directions (in and out 

of the microbubble), and therefore the concentration of the surfactant is expected to 

play a crucial role in this regard, according to (Mohamedi et al, 2012).Stabilizing the 

microbubble can also be done through the choice of the gas forming the bubble, as 

inducing a slower diffusion rate of the gas from the bubble shell can cause relatively 

similar effect as the surfactant. 
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Figure 2.10: Schematic drawing showing; (a) Structure of surfactant molecule; (b) 

Surfactant classification according to the composition of their head group; (c) 

Structure of gas-filled, surfactant stabilized, microbubble. 

 

2.6.2 Stabilization by gases 

The second generation of microbubbles substitutes encapsulating air to other gases 

with low solubility or higher molecular weight, such as perfluorocarbons (PFC) or 

Sulphur hexafluoride. This enhances the stability of microbubbles since those gases 

diffuse at a slower rate compared to nitrogen and oxygen that diffuse rapidly out of 

the gas core (Güvener et al, 2017). Microbubbles containing perfluorocarbon gas 

showed significant stability and an extended lifetime when injected into blood 

circulation, according to Liu et al. (2006). Further, PFC (Forsberg et al, 1999) and 

Sulphur hexafluoride-filled microbubbles (Riess, 2002) showed higher stability in vivo 

owing to their limited interaction with the biological environment and their lack of 

dissolving in the blood stream. On the other hand, when using air-filled microbubbles, 
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they tend to dissolve faster in the blood due to the exerted (arterial) pressure on the 

bubble surface, in addition to other factors, such as oxygen metabolism, and also when 

subjected to the pressure of the ultrasound pulse. Researchers, including Sridhar et al. 

(2016) and Forsberg et al. (1999), found that microbubbles filled with gases 

characterized by lower Ostwald coefficient (i.e. the ratio between the solubility of the 

gas in a particular liquid and the density of the gas) had better stability and extended 

lifetime in a fluid system. As a result, those type of gases were extensively used in 

various biomedical areas. 

2.7 Biomedical applications of microbubbles 

Microbubbles have various useful attributes that paved their way to play a key role in 

several applications in the medical field, including drug delivery and diagnostic 

applications (Farook et al, 2007). 

2.7.1 Microbubbles for ultrasound imaging 

The main function of ultrasound contrast agents is to enhance the visibility of blood 

vessels, and gas-filled microbubbles having average sizes between 1 and 8 microns 

were successfully used for this purpose (Güvener et al, 2017). The importance of 

microbubbles for ultrasound imaging depends on their ability to enhance the 

sensitivity of the technique with respect to microcirculation (Kang and Yeh, 2012), 

especially as their compressibility causes high scattering of ultrasound waves and 

allows them to appear brighter on the resulting image (Chomas et al, 2001). Further, 

microbubbles flowing in the blood stream provide a form of contrast enhancement 

with nearby tissues that can reach up to several orders of magnitude (Cui et al, 2005). 

Polymer and surfactant-coated microbubbles are currently recognized as the most 
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effective contrast enhancement means for ultrasound imaging techniques (Wells, 

2001). 

2.7.2 Microbubbles for drug delivery applications 

Utilizing microbubbles in drug delivery applications is considered the second most 

common use of microbubbles in the biomedical field, after their use as contrast agents 

(Sirsi and Borden, 2009). Two strategies have been reported for using microbubbles 

to deliver therapeutic agents. The first depends on using ultrasound-mediated 

microbubble destruction through combining microbubbles and inducing their 

destruction using ultrasound waves at the specific region in tissues intended for 

releasing the drug (Ferrara et al, 2007). In addition, the collapsing microbubbles would 

enhance the permeability of tissues since the destruction of microbubbles produces 

intense mechanical stress and, in turn, improves the extravasation of the administrated 

therapeutics (Kang and Yeh, 2012). Further, the ultrasound beam used to destruct the 

microbubbles will also disrupt the walls of blood vessels, which provides an effective 

mechanism for localizing delivery of the carried gene (Ferrara et al, 2007). This 

property is useful particularly for delivering large macromolecules that require a 

helping mechanism for them to be administrated successfully due to their relatively 

large size (Sirsi and Borden, 2009). The second strategy depends on the direct delivery 

of therapeutics/drugs bounded to microbubbles’ shell without the involvement of 

ultrasound (Tsutsui et al, 2004). Various approaches are used for loading 

microbubbles with drugs, such as loading the hollow core of polymer-based 

microbubbles surrounded by a polymeric shell. Other loading strategies also include 

loading the microbubble’s shell with a hydrophobic drug, among other techniques 

(Hernot and Klibanov, 2008). Microbubbles can be used for specific (i.e. active) 
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targeting of tissues by being provided with target ligands that enable them to adhere 

to specific tissues (Hernot and Klibanov, 2008). 

2.8 Preparation methods for microbubbles 

Several methods were developed to prepare microbubbles and specially to enable the 

control of their features in order to meet the diverse needs of biomedical applications. 

Some of the most common preparation techniques include sonication (Stride and 

Edirisinghe, 2008a), Coaxial Electrohydrodynamic Atomization (CEHDA) and 

microfluidics-based methods (Filho et al, 2012). Some of the methods showed a good 

ability to produce microbubbles with sizes down to few microns in diameter, such as 

the CEHDA (Farook et al, 2007). This technique, however, showed a limited ability 

to produce the bubbles with uniform sizes. On the other hand, Microfluidic-based 

methods, such as the T-junction technique, demonstrated greater ability to produce 

monodisperse microbubbles in different micron-sized ranges of diameters (Parhizkar 

et al, 2015), compared to microfluidic flow focusing devices that are produced using 

complex soft lithography routes (Hettiarachchi et al, 2007). The common methods for 

microbubble preparation are discussed in the following sections. 

2.8.1 Sonication 

The sonication method depends on using high-intensity ultrasound to produce air-

filled microbubbles (Suslick et al, 1999) from either polymeric or surfactant-based 

solutions. Sonication creates a coating shell capable of encapsulating gas to form 

bubbles (Christiansen et al, 1994). Two mechanisms are responsible for the formation 

of microbubbles using this method. The first is the emulsification of the gas forming 

the microbubbles with a coating surface that adsorbs automatically to form the 

resulting microbubbles (Stride and Edirisinghe, 2008b). The second mechanism is 
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based on the ability of the inertial cavitation to chemically modify the bubble’s surface 

layer and enhance its stability (Stride and Edirisinghe, 2008b). Such technique, 

however, has no simplified relationship to describe the relationship between those 

variables and the bubble size, and preparation protocols are merely produced based on 

empirical approaches (Stride and Edirisinghe, 2009). The setup for the sonication 

method and microbubbles obtained using this technique are shown in figure 2.11. As 

shown in figure 2.11 (b), microbubbles produced using sonication are characterized 

by a large variation in size. This restricts their use in biomedical applications that 

require high control over the size, such as their use as contrast agents for medical 

imaging (Stride and Edirisinghe, 2008b). 

Figure 2.11: (a) Schematic diagram showing the preparation of microbubbles using 

sonication. (b) Optical image for microbubbles prepared by using sonication method, 

from Pancholi et al. (2008a). 

 

2.8.2 Coaxial Electrohydrodynamic Atomization (CEHDA) 

The coaxial electrohydrodynamic atomization (CEHDA) is a technique for liquid 

atomization by using electrical forces (Jaworek, 2007). This method has evolved from 

the earlier electrohydrodynamic atomization/electrospraying (Farook et al, 2007). The 

CEHDA setup is shown in figure 2.12 (a), as described by Yan et al. (2017). The main 
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distinction between EHDA and CEHDA is that two aligned coaxial needles are used 

in CEHDA as passages for the simultaneous flow of liquid and gas phases, as shown 

in figure 2.12 (a). CEHDA can be useful when the processed fluids are immiscible as 

it can encapsulate one of them inside the other with the help of the co-axial needle 

setup (Stride and Edirisinghe, 2008b). The same approach can also be used to produce 

microbubbles through encapsulating a gas inside a stabilizing liquid film.  

 
Figure 2.12: (a) Schematic diagram of the set-up for the CEHDA preparation method, 

showing the inner and out needles. (b) Optical image for microbubbles obtained using 

CEHDA. Adapted from Yan et al. (2017). 

 

Three flow modes were recorded with respect to the CEHDA process, bubble dripping, 

coning and continuous microbubbling. The three modes are shown in figure 2.13, 

according to Farook et al. (2007). The most important mode, continuous 

microbubbling, is obtained through adjusting the flow of the gas and the liquid flow, 

in addition to the applied voltage. Through controlling and varying those parameters, 

bubbles with diameters smaller than 10 microns can be prepared (Stride and 

Edirisinghe, 2009; Farook et al, 2007). Bubbles obtained through this method have a 

relatively large size variation, which restricts the method’s use for producing multi-
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layered and composite particles and capsules for drug delivery applications (Liu et al, 

2018). 

Figure 2.13: Schematic diagram and high-speed camera images showing the CEHDA 

modes. (a) Bubble dripping mode. (b) Coning mode. (c) Continuous microbubbling 

mode. Adapted from (Stride and Edirisinghe, 2009) 

 

2.8.3 Microfluidic Devices 

Microfluidic techniques have received considerable attention for the preparation of 

monodisperse bubbles and droplets. Microfluidic devices are commonly fabricated 

using various methods, the majority of which are centred on etching in silicon and 

glass (McDonald et al, 2000). More advanced fabrication techniques, including 

lithography, have been developed and showed more capability to control the features 

of the devices, despite their relatively high cost (McDonald et al, 2000). Microfluidic 

devices produce microbubbles by controlling/manipulating fluids within the 
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micrometre size range (Zhao and Middelberg, 2011). The main feature of microfluidic 

devices used for microbubble formation is the orifice at which the column of gas 

impinges upon the liquid flow and focused into a jet (Stride and Edirisinghe, 2009). 

When the gas-liquid interface becomes unstable the microbubbles are formed by a 

‘pinch-off’ process (Gunduz et al, 2012). The features of the bubbles (particularly the 

size) are dependent on the physical properties of the liquid, the flow rates of the 

gaseous and liquid phases, the dimensions and shape of the microfluidic channels and 

the profile of the orifice (Garstecki et al, 2006). Microfluidic devices that can be 

utilized to obtain microbubbles can be divided into three categories (see figure 2.14): 

1- Co-flowing devices 

2- Flow-focusing devices 

3- Cross flowing or T-junction devices 

 

Figure 2.14: An illustration of the two main microfluidic geometries used for the 

preparation of bubbles; (a) Co-flow. (b) Flow-focusing. (c) Cross-flow (i.e. T-

junction). Adapted from Anna (2016) and Xu et al. (2006). 
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2.8.3.1 Co-flowing devices 

The co-flowing microfluidic setup can be used to prepare droplets and bubbles, 

depending on the type of the dispersed phase. For bubble formation, a gas is fed into 

the co-flowing liquid/continuous phase through a capillary, as shown in figure 2.14 

(a). The gas column that access the mixing channel, which is parallel to the solution 

flow, causes the formation of the microbubble. The microbubble grows in the channel 

and moves under the impact of the liquid flow that pushes the microbubble towards 

the wall of the capillary and the break up process of the microbubble happens. If there 

is a continuous flow for the dispersed/gas phase, microbubbles will be produced in a 

continuous manner. 

2.8.3.2 Flow-focusing devices 

In flow focusing devices, the continuous (liquid) phase is fed through two opposite 

inlets, and the dispersed (gas) phase flows through a capillary in between the two 

opposite channels, see figure 2.14 (b). The gas phase is squeezed under the impact of 

the liquid flow and the dispersed phase breaks up into microbubble at the end of the 

mixing channel (i.e. where the liquid and gas phases meet). According to Zhou et al. 

(2006), there are two mechanisms for the flow in flow-focusing devices, the dripping 

mode and the jetting mode. A key difference between the flow-focusing device and 

the cross-flow device (i.e. T-junction), which is discussed in section 2.8.3.3, is that 

the former results in spherical bubbles while the latter produces slugs (Zhao and 

Middelberg, 2011).  

2.8.3.3 Cross-flowing devices (i.e. T-junction) 

In addition to the simplicity of design, the T-shaped microchannel device is known to 

be one of the most used microfluidic devices for microbubble preparation, as it shows 
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a remarkable ability to produce monodisperse microbubbles (Parhizkar et al, 2013). 

According to Garstecki et al. (2006), the bubble formation process in the T-junction 

occurs as follows; after the dispersed phase access the main channel, a bubble starts to 

grow until it obstructs almost the entire cross-section of the channel. See figure 2.14 

(c). This obstruction, in addition to the pressure difference across the bubble, causes 

the breakup/pinch off process to occur and form the microbubble. The frequency of 

the pinching determines the size of the bubbles. The mechanism of formation using T-

junction can be controlled by using the balance of tangential forces and interfacial 

force, commonly referred to as the capillary number (De Menech et al, 2008). In 

addition, the viscosity of the liquid and the ratio of liquid to gas flow were found to 

have a significant impact on the process of bubble formation and the bubble size, 

according to Pancholi et al, (2008c).  

Researchers have identified two types of flows in the T-junction geometry, cross-

flowing (Thorsen et al, 2001) and perpendicular flowing (Xu et al, 2006). In the first 

flow type, the gas is introduced from the perpendicular capillary and the liquid phase 

flows within the horizontal capillary. In this case, the formation/breakup of bubbles is 

influenced by the cross-flowing shear force. In the perpendicular flowing geometry, 

the liquid phase flows through the perpendicular capillary, while the dispersed phase 

is fed through the horizontal. Previous studies showed that cross-flowing techniques 

are more capable of producing bubbles with narrow size distribution. 

In terms of set-up, the T-junction setup consists of few key components, mainly the 

gas tank, the syringe pump and the collector, as shown in figure 2.15. To reach stable 

microbubbling, the pressure needs to be high enough to overcome the surface tension 

of the liquid, which would lead to the formation of the microbubble (Wang et al, 

2010). Like most microfluidic devices, the T-junction device is fabricated from poly 
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dimethyl siloxane (PDMS), a relatively cheap material and easy to shape (Teh et al, 

2008). Further, three flow dynamics were identified in relation to the cross-flow 

geometry; squeezing, dripping and jetting, according to De Menech et al, 2008). In 

the ‘squeezing’ mode, at small capillary number, the main factor that contributes to 

the dynamics of microbubble formation arises from the rising pressure at the tip of the 

emerging microbubble. In this flow type, the microbubble size depends only on the 

ratio of liquid to gas flow. Beyond a (higher) critical value for the capillary number, 

identified by De Menech et al. (2008), the microbubble formation mechanism shifts 

towards shear-dominated/ dripping mechanism. At even higher capillary numbers, the 

flow transits to what was referred to as a ‘jetting’ mechanism. 

Figure 2.15: Schematic figure showing the T-Junction microfluidic setup used to 

prepare microbubbles. Adapted from Parhizkar et al. (2015). 

 

2.9 Bubble bursting phenomenon 

The natural phenomenon of bubble bursting that occurs in the marine environment is 

considered one of the natural processes capable of producing droplets with different 

size ranges (Fitzgerald, 1991). Bubbles are produced in seas and oceans through a 

mechanism of liquid shearing (i.e. wave breaking). The bubbles are known to remain 
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stable for a period on the water surface before eventually bursting and produce a large 

collection of droplets into the air (Lhuissier and Villemaux, 2012). According to 

Bikerman (1973), three main reasons are responsible for the stability of the liquid thin 

film that separates the bubble from the surrounding gas, the first of which is the surface 

viscosity that slows the escaping of the gas to the surrounding. The second reason is 

the Marangoni effect, which drives liquid displacement across liquid films due to 

surface tension gradient. A liquid with a high surface tension can pull the surrounding 

liquid in a stronger manner compared to a liquid with a lower surface tension. As a 

result, the surface tension gradient will drive liquids away from regions having low 

surface tension towards those with higher surface tension. The third reason, which 

affects the stability but to a lower extent, is the electrostatic repulsion forces.  

The forces related to electrostatic repulsion and the Marangoni effect have an impact 

over films particularly with relatively small thickness (in the order of 100nm), 

according to Boulton-Stone and Blake (1993). Those forces causing the film stability 

are opposed by London-van der Waals forces, which tend to pull the two sides of the 

film together and increases the tendency of the film to rupture. According to Bikerman 

(1973), two key forces cause the thinning of the film and help induce bursting, the first 

of which is the gravity and the second is due to Plateau borders, which are the regions 

characterized by a high surface curvature in the cluster of bubbles/foams and cause 

low pressures at the corners of a bubble (Boulton-Stone and Blake, 1993). The bubble 

film becomes unstable, according to Scheludko (1962), if it reaches a critical thickness 

at which small perturbations on the surface will grow and cause a void to appear. This 

hole needs to be large enough to allow its expansion under the impact of the liquid’s 

surface tension, which eventually leads to the rupture of the film (Taylor and Michael, 

1973). The composition of the droplets produced after bursting depends on the 
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materials forming the bubble cap, such as the surfactants that commonly exist in the 

marine environment (Ulevicius et al, 1997). Droplets produced after the bubble burst 

have various sizes in both the nano- and the micrometre range. Two formation 

mechanisms have been associated with each size range, the bubble film disintegration 

for the nano-range and the jetting process for the larger/micron-sized droplets (Spiel, 

1998). A schematic diagram showing the processes associated with the natural 

bursting phenomenon is shown in figure 2.16. 

Figure 2.16: Schematic diagram showing the processes associated with the natural 

bursting phenomenon; film drops production and jetting. Adapted from (Blanchard 

and Syzdek 1988). 

 

The mechanism that produces smaller droplets depends on the disintegration of the 

bubble cap or film that separates the inside of the bubble from the surrounding air, 

while the jetting mechanism produces droplets in the micrometre range after the 

partitioning of a liquid jet that emerges after the collapsing of the bubble.  
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Researchers relate each of the droplet production mechanisms to a specific size range 

for the parent bubble, the millimetre range for the film drops formation and the 

micrometre range for the jetting mechanism (Resch and Afeti, 1991). Spiel (1998) 

found that only bubbles larger than 2.4 mm are capable of producing film drops, while 

Resch and Afeti (1991) observed that bubbles larger than 1.8 mm in threshold diameter 

produced more film drops, and smaller bubbles produced more jet drops. Generally, 

these studies agree that larger bubbles are needed to induce bubble disintegration and 

form smaller nanoparticles with greater number. Lee et al. (2011) found that a specific 

size threshold needed to induce the jetting bursting process is affected by the properties 

of the solution that bubbles burst within, mainly viscosity, density and surface tension. 

There is still no consensus among researchers regarding the exact size of bubbles 

responsible for triggering a specific bursting mechanism. 

Little attention, however, has been given in previous studies to the properties of the 

bubble shell and its impact on the bubble size required to induce a particular bursting 

mechanism. This can be attributed to the fact that previous studies only attempted to 

replicate the natural environment of bubble bursting and investigate the features of the 

obtained droplet (Resch and Afeti, 1991). This often leads to studying bubbles with a 

wide range of sizes obtained from solutions that match the composition of sea oceans/ 

water. 
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Chapter Three 

Experimental details 

3.1 Materials 

The main materials used to produce the polymeric microbubbles using T-junction are; 

sodium alginate powder (Sigma-Aldrich, Poole, UK), the surfactant 

polyethyleneglycol-40-stearate (PEG- 40S, Sigma-Aldrich, Poole, UK, density; 1300 

kg/m3), phospholipid (hydrogenated L-α-phosphatidylcholine, Type I-EH, 0.5% w/w, 

powder) and trypsin (Type XI, lyophilized powder, Sigma–Aldrich, Poole, UK), N-

benzoyl-L-arginine ethyl ester (BAEE), and readily-made Calcium Chloride solution 

(Sigma–Aldrich, Poole, UK). 

3.1.1 Polyoxyethylene glycol 40 stearate 

Polyoxyethylene glycol 40 stearate (PEG 40S, Sigma Aldrich) is PEG-40S is a 

biocompatible and non-ionic surfactant widely used in pharmaceutical products. It can 

also be used as an emulsifier, solubilizer, and surface-modifying element and in the 

preparation of lipid-coated microbubbles. 

3.1.2 Phospholipid 

L-α-Phosphatidylcholine from egg yolk (Type XVI-E, ≥99% (TLC), lyophilized 

powder; Sigma Aldrich, UK). Hosphatidylcholine is the main membrane phospholipid 

in eukaryotic cells and is also the major component of cellular membranes. 

Phospholipids are added to polymeric systems due to their well-established ability to 

self-assemble around the inner gaseous gas core of the microbubble, providing a 
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stronger (i.e. more elastic) shell, which makes the bubbles more suitable for the 

addition to other functional entities. 

3.1.3 Phosphate Buffered Saline (PBS) 

Phosphate buffered saline (Sigma Aldrich, USA) is used in chemical and biological 

research. PBS contains sodium chloride, potassium chloride, potassium dihydrogen 

phosphate, and disodium hydrogen phosphate. PBS is characterized by the presence 

of various ions, one PBS tablet dissolved in 200 mL of deionized water would contain 

0.01M of phosphate buffer, 0.0027M of potassium chloride and 0.137M of sodium 

chloride. 

3.1.4 Alginate 

Alginate is found in the form of structural components of brown algae and some soil 

bacteria, as a block copolymer composed of guluronic and mannuronic acids, with 

various block lengths and sequential arrangements, where the ratio between the two 

uronic acids and their sequential arrangement varies with the source of alginate. The 

extraction process of alginate from algae, in the form of alginic acid, is performed 

using a base solution, and reacting with an acid. It is possible to prepare alginates with 

a range of molecular weight. In a purified state, alginates can be produced in different 

salt forms, such as sodium, potassium, calcium and others. Alginate is one of the useful 

and popular polymers in the field of drug delivery; it has many uses such as acting as 

suspending agent, tablet binder or as stabilizer for emulsions. 

3.1.5 Trypsin 

Trypsin [Type XI, lyophilized powder, soluble in water (10 mg/ml) and phosphate 

buffers (10 mg/ml), Sigma–Aldrich, Poole, UK] is a globular protein that functions as 

a pancreatic serine protease. Based on their three-dimensional structure, globular 
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proteins are soluble in water since the hydrophobic amino acid side chains of a 

globular protein are very often “buried, and closely packed, in the interior of the 

protein, out of contact with water”, while the hydrophilic amino acid side chains lie 

on the surface, making them very soluble in aqueous solutions (Shen, 2019). Trypsin 

is extensively used in various biomedical and industrial applications. In contrast to 

other types of proteins (such as BSA), its bioactivity can be relatively easy to evaluate. 

Consequently, trypsin has been used frequently used for the evaluation of enzymatic 

bioactivity evaluations. 

3.1.6 N-benzoyl-L-arginine ethyl ester (BAEE) 

N-benzoyl-L-arginine ethyl ester (BAEE) is used as a substrate for trypsin. The 

bioactivity of trypsin-containing material can be measured by monitoring the 

formation of N-benzoyl-L-arginine (BA), which is the digestion product of BAEE.  

3.1.7 Hydrochloric acid (HCl) 

Hydrochloric acid is a mineral acid used many applications, including chemical and 

industrial. It is used as a chemical reagent in the production of various other materials, 

including vinyl chloride used within the plastics, such as polyurethane. HCl solution 

was readily obtained from Sigma Aldrich (USA). 

3.1.8 Calcium chloride solution  

The calcium chloride solution was readily obtained (Sigma, Aldrich co., USA) and the 

concentration was adjusted by adjust the water volume accordingly. 
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3.2 Preparation of solutions 

3.2.1 Solutions used to obtain nanoparticles using EHDA 

Several polymeric solutions with different concentrations of alginate and solvent ratios 

(water/ethanol) were prepared. Alginate powder was dissolved in deionized water and 

ethanol according to specified ratios and stirred for 1-3 hours until a homogenous 

solution was obtained. 

3.2.2 Solutions used to obtain nanoparticles from microbubble bursting  

A series of alginate solutions with several concentrations were prepared from sodium 

alginate powder (molecular weight: 120,000-190,000 g/moL. Sigma-Aldrich, Poole, 

UK) and polyethyleneglycol-40-stearate (PEG- 40S, Sigma-Aldrich, Poole, UK, 

density; 1300 kg/m3). Alginate powder was dissolved in deionized water followed by 

the addition of the surfactant polyethyleneglycol-40-stearate and the two contents 

were further stirred until a homogenous solution was obtained. The viscosity and 

surface tension of the alginate-PEG solutions, which are crucial for microbubbling, 

were measured. 

3.2.3 Solutions used to obtain films from microbubbles  

The polymeric/surfactant solutions with various concentrations were used in a series 

of experiments needed to investigate the process of producing porous films from 

microbubbles. Sodium alginate powder was initially dissolved in deionized water 

followed by the addition of the surfactant polyethylene glycol-40-stearate under 

continuous stirring for 1 hour. When phospholipids is included, a phospholipid 

(hydrogenated L-α-phosphatidylcholine, type I-EH, powder) was added to alginate 

and PEG-40S and was further stirred for approximately 4 hour. 
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3.2.4 Solutions used to evaluate bioactivity and release kinetics of trypsin  

The polymeric solution used in the determination of release kinetics of trypsin, were 

prepared by addition the concentrations of alginate, PEG-40S and trypsin into 

deionized water, according to the specified concentrations. The viscosity, density and 

surface tension of the solution are shown in the same table. 

3.3 Characterization of solutions 

The properties of the alginate solution, such as surface tension and viscosity, are 

important for the preparation of bubbles. Therefore, the surface tension and viscosity 

of the alginate solutions were measured firstly. At least 5 different readings are 

obtained, and an average is taken to ensure a reasonable accuracy for different 

measurements. Water was used as the calibration liquid given that its physical 

properties are well known. 

3.3.1 Density 

The density of the solutions was measured using the standard bottle density method, 

with a volume of 25 ml (VWR, Lutterworth, UK). The bottle was calibrated using 

ethanol and both masses of the empty bottle and solution filled were measured at 

ambient conditions, using an electronic balance (AND HF-1200G A&D Instruments 

Ltd, Japan).  

3.3.2 Electrical conductivity  

The electrical conductivity of the solutions was measures by using a Jenway 3540 

pH/conductivity meter (Bibby Scientific Limited, Staffordshire, UK). The devices 

electrodes were cleaned and dried before each measurement. Further, the electrode 
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was left immersed in the solution at least for 10 minutes, and until the readings were 

obtained. The average of at least five consecutive readings was recorded.  

3.3.3 Viscosity 

The viscosity of the alginate solution was measured by using a U-tube viscometer 

(type A, Schott Instruments GmbH, Germany). This was done through measuring the 

time taken by the alginate solution to move between two marked points, using a 

stopwatch with millisecond accuracy and the viscometer was calibrated using 

deionized water. The kinematic viscosity (ν) was obtained using the following 

equation: 

ν = Ct 

C: the viscometer constant = 0.003 cSt/s 

The dynamic viscosity (η) was calculated using the following equation: 

η =νρ 

ρ: the relative density of the alginate solution. 

 

3.3.4 Surface tension 

A Kruss Tensiometer K9 was used to measure the surface tension of the alginate 

suspension (Wilhelmy’s plate method). The method depends on hanging a plate from 

a hock and completely immersing it in a beaker containing the solution, placed below 

it, then gradually lifting it up. The recorded reading is the one obtained at which the 

surface of the solution detaches from the plate without breaking its surface. The 

calibration method for the instrument is through using ethanol before measuring the 

surface tension of the solution. The plate was washed with deionized water and dried 

before each reading.  
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3.3.5 pH of solutions 

The pH of the calcium chloride and PBS solutions were determined by using a Jenway 

3540 pH/conductivity meter (Bibby Scientific Limited, Staffordshire, UK). The 

electrodes were cleaned and dried before the measurements. In addition, they were 

immersed in the solution for a period of 10 minutes and the measurements were 

recorded accordingly. Five measurements were conducted, and the mean value was 

calculated for each sample. 

3.4 Experimental setup 

3.4.1 Electrohydrodynamic atomization (EHDA) set-up 

The experimental setup of the electrohydrodynamic production process for alginate 

particles is shown in figure 3.1. The setup consists of a metallic needle (Outer needle 

diameter = 1.85 mm and inner diameter of 100 and 200 µm) connected to a 20 ml 

stainless steel syringe (KD Scientific Holliston, MA, USA) with a syringe pump (PHD 

4400, Harvard) through a silicone tube to supply the polymeric solution. The tip of the 

EHDA needle is connected to an electric voltage generator (Glassman Europe Limited, 

Bramley, UK) and is paced at a specific distance from the collection (calcium chloride 

solution) surface (i.e. height of needle = h). The voltage can be changed gradually until 

a stable spraying mode is established. In addition, the setup includes and grounded 

collector that contains calcium chloride solution with a known concentration to collect 

and solidify the produced alginate particles. 
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Figure 3.1: Schematic drawing showing the process of obtaining polymeric particles using electrohydrodynamic atomization (EHDA) process. 
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3.4.2 T-junction microfluidic set-up for microbubbles production 

The T-junction microfluidic setup used in this work for the microbubbling process is 

illustrated in figure 3.2. This microfluidic device was fabricated with poly (methyl 

methacrylate) (PMMA) using CNC machining. The T-junction device has two 

perpendicular Teflon capillaries (length of each is 50 mm) having the same inner 

diameter (100 or 200 μm). The vertical capillary provides the bubbling gas from a gas 

cylinder that is connected to a digital manometer to adjust the gas pressure according 

to the requirements. The other horizontal capillary channels provide the polymeric 

solution flow, and this is fed and controlled using a 20 mL stainless-steel syringe (KD 

Scientific, Holliston, MA, U.S.A.) connected to a syringe pump (PHD 4400, Harvard). 

For microbubble production, the solution is fed at a constant rate using the syringe 

pump and the gas pressure is increased gradually until it overcomes the surface tension 

of the solution. Both the polymeric solution and the gas meet at the intersection zone 

between the two perpendicular capillaries, and microbubbles are then produced at this 

gas/liquid interface. By adjusting the bubbling pressure and flow rate of the solution 

simultaneously, monodispersed microbubbles can be formed. A constant volume (1 

mL) of the solution was used to produce microbubbles which were collected on a glass 

slide at the outlet capillary and observed using an optical microscope until the bubbles 

burst and the resulting structures were obtained. 
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Figure 3.2: Schematic drawing showing the process of obtaining polymeric microbubbles using a T-junction.



81 
 

3.4.3 Evaluation of enzyme bioactivity 

To evaluate the potential of the processing methods investigated in this research as 

soft preparation technologies, the impact of the processing parameters, mainly the 

flow ratio of the solution and the capillary (inner) diameter, on the bioactivity of the 

enzyme is performed. For investigating a certain variable (capillary inner diameter, 

flow ratio, flow rate of solution or electric voltage); 10 mL of the T-junction processed 

alginate/trypsin/PEG-40S solution, was collected in glass container to conduct the 

enzymatic essay of trypsin. In case of EHDA processing, the material was collected in 

a liquid form (i.e. collection of droplets produced after electrospraying). In case of T-

junction microfluidic preparation, the processed material was collected in the 

microbubbles phase, which returns to the liquid phase after bursting (after an 

approximate duration of 40-50 minutes).  

As part of the evaluation process, the concentration of N-benzoyl-L-arginine (BA), 

the digestion product of trypsin’s substrate (BAEE), was measured using UV 

spectroscopy (Dulay et al. 2005). The quantitative measurement of the formed 

amounts of BA was performed at 253 nm, its characteristic wavelength (Liu et al, 

2010). 

A 0.086 mg/mL solution of BAEE was prepared in 67 mM sodium phosphate buffer 

pH 7.6. Samples were diluted 32-fold with 0.1 mM HCl solution, and 20 μL of diluted 

sample was mixed with 300 μL of substrate solution within a microplate well. The 

reaction was monitored at room temperature (25 C) for 5 minutes using ultraviolet-

visible spectrophotometer (Synergy H1M, BioTek, US). BAEE units are defined by a 

change of 0.001 A253 (i.e. UV light absorbance measured at a wavelength of 253 nm) 

per minute with a path length of 1 cm. A freshly made trypsin only solution, prepared 
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using the same concentration used in the tested films was used as control. 

Measurements were examined in triplicate.  

3.4.4 In vitro enzyme release and kinetic studies 

The in vitro studies for the trypsin release were conducted to the porous films with 

different pore sizes, to evaluate their potential as delivery tools for therapeutics. The 

resulting films formed from the bursting of microbubbles were collected and put in a 

glass container with 1 M. calcium chloride solution for 1 hour to be cross-linked. After 

cross-linking, the films were collected by using filters and washed for several times 

using deionized water and left to dry in room temperature for 6 hours. To assess the 

release of trypsin from the films, dried trypsin-loaded film samples with a fixed weight 

(0.1 gm) were put in glass container with a fixed quantity of PBS (10 mL) with a 

constant pH value (7.4). The supernatant was removed at regular intervals (every 5 

minutes) and in each time it was replaced with the same volume of fresh buffer. The 

absorbance was determined using UV spectrometer at 280 nm and the concentration 

of trypsin at each time point was calculated by using the calibration curve of trypsin. 

The experiment was repeated several times and a statistical analysis was conducted to 

ensure the accuracy and the significance of the results. The release data are plotted in 

the form of mean ± standard deviation of 3 separate measurements. In order to 

determine the encapsulation efficiency of the films and determine the concentration of 

trypsin therein the following equations were used: 

!"#$% = '#"(ℎ*	,-	*ℎ#	-"$.
'#"(ℎ*	,-	*ℎ#	./*#0"/$	 1100 

456/789$/*",5	#--"6"#56:	 = 	'#"(ℎ*	,-	*0:78"5	"5	-"$.'#"(ℎ*	,-	*0:78"5	98#%	 1100 
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3.5 Characterization of microbubbles and porous structures/films 

3.5.1 Optical microscopy 

A Nikon ME600 optical microscope (Nikon, Japan) was used to observe the 

microbubbles produced using T-junction device. The microscope is supplied with an 

illuminating unit to observe bubbles in both transmission and reflection modes. Each 

sample was examined at three different magnifications x5, x10 and x20. The size of 

microbubbles was measured using an image processing software ‘Image J’, where for 

each case 50-100 bubbles were examined.   

3.5.2 High speed camera images 

Measurements of the bubble formation process were recorded by using a Phantom V5 

high speed camera. The software version 605.2 supplied with the camera provide a 

range of image resolutions from 128, 256, 512 and up to 1024 pixels in height and 

width. The data were processed using PVF image processing tool (version 3392, 

Photron Europe Ltd., U.K.).  

3.5.3 Scanning electron microscopy (SEM) 

A Jeol JSM 6300F field emission scanning electron microscope (FE-SEM, JEOL Ltd., 

Herts, UK) with a resolution of approximately 1.5 nm, was used to examine the 

alginate nanoparticles obtained from the microbubbles. Before SEM examination, the 

samples were coated with gold for a period of 3 minutes, using a sputtering machine; 

(Edwards Sputter coater S150B). Nanoparticles were observed under SEM at an 

accelerating voltage of 3-5 kV, with a working distance ranging from 1.5 to 3.5 cm. 
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3.6 Statistical analysis 

All values are shown as means ± standard deviation, and each experiment was 

conducted in triplicate. The t-test was used to determine if there is significant 

difference between the means of the analysed groups. A p-value < 0.05 is used to 

indicate a significant difference.  
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Chapter Four  

Producing alginate nanoparticles using EHDA 

4.1 EHDA in cone-jet mode 

This chapter describes how the EHDA method is used to produce alginate 

nanoparticles, through investigating the influence of the properties of the liquid (such 

as viscosity, surface tension and electrical conductivity) and the processing variables 

(flow rate of solution, spraying voltage, the needle diameter and the distance between 

the needle and the collector) on the formation of the particle. This investigation is used 

to find out the most suitable conditions for the formation of uniform alginate 

nanoparticles within the targeted size range (100 nm to 200 nm).  

The first step towards achieving this goal is obtaining stable ‘cone-jet’ mode, wherein 

the liquid meniscus produces a steady microscopic jet that breaks up into uniformly 

sized droplets (Rosell-Llompart et al, 2018). Under the influence of the surface tension 

of the liquid and other accelerating forces, such as gravity or electric force, the liquid 

drop emerging from the nozzle can display several dripping/jetting modes, depending 

on the properties of the liquid and the impact of those forces (Rosell-Llompart et al, 

2018). Without applying any electric field, a ‘dripping’ mode is induced that produces 

alginate particles (or beads) with relatively large sizes, as shown in figure 4.1 (a). 

According to Xie and Wang (2007), the repulsion forces of the electrical polarisation, 

produced by the electrical field, will overcome the liquid’s surface tension and 

accelerate the liquid towards the collector. Further, the applied electric field around 

the liquid drop flowing from the needle causes its deformation into a cone-like shape 

from whose vertex the jet is ejected (Gañán-Calvo et al, 2018).  
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Processing an alginate solution of 0.5 wt % using a range of electric voltages (0-7 kV), 

at a constant flow rate of 50 µl/min and an electrospraying distance of 10 cm. This 

distance was chosen to act as a reasonable reference point for this variable based on 

the findings of relevant studies that dealt with electrospraying of alginate solutions, 

such as Nikoo et al. (2016). This said, the impact of varying the working distance on 

particles obtained in cone-jet was investigated in a separate section [section (4.2.3)], 

due to the expected impact of this variable on the strength of the electrical forces on 

the droplets and the frequency of jetting (Wang et al, 2018). 

Increasing the voltage in the latter experiment caused a reduction in the size of the 

droplets to the micron range at 7 kV, producing what can be referred to as ‘micro-

dripping mode’, as shown in figure 4.1 (b and c). Therefore, this voltage can be 

considered as the ‘critical voltage’ for this particular solution (alginate 0.5%), below 

which no significant reduction in the diameter of droplets can occur due to the inability 

of the intensity of the electric field to overcome the liquid’s surface tension. Park et 

al. (2012) found the critical voltage for 1 wt % alginate liquid to be 11 kV, while 

Nedović et al. (2001) showed the critical voltage of 2 wt % alginate solution to be 6.5 

kV. The difference in the value of the critical voltage might be due to the difference 

in viscosity, which, according to Tang and Gomez (1994) has a major impact on the 

breakup process of alginate droplets. The variation in critical value with the liquid 

viscosity is discussed in section 4.2.1. Furthermore, the difference can be also 

attributed to the difference in the nozzle’s dimensions. 

The switch from dripping to micro-dripping due to the increase in the applied electric 

voltage is in agreement with Speranza and Ghadiri (2003)’s findings that showed that 

increasing the intensity of an electric field on the dripping of a viscous and conductive 

aqueous solution of polyvinyl alcohol triggered an increase in the dripping frequency. 
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Increasing the voltage further between 13.5 to 20 kV – at a constant flow rate of 50 

µl/min and electrospraying distance of 10 cm – led to the formation of an unstable 

‘multi-jet’ spraying mode that produced various clusters of particles with different 

sizes, as shown in figure 4.1 (d and e). Increasing the spraying voltage to more than 

20 kV (at a constant flow rate of 50 µl/min) was not possible due to a sparking 

phenomenon (i.e. corona discharge), where electric charges spread to the surroundings 

of the EHDA system. According to Wang and Stark (2010), several spraying modes 

can be induced during EHDA, including dripping, pulsating, cone-jet and multi-jets, 

depending on the processing parameters (such as the spraying voltage, flow rate of 

solution and the liquid properties). Since the cone-jet mode could not be obtained 

within a range of the spraying voltages and flow rates, the impact of tuning the 

properties of the liquid to obtain cone-jet mode was investigated next. According to 

Jaworek (2007), the spraying mode in EHDA depends on the properties of the liquid, 

particularly its electrical conductivity, and one of the ways to alter the electrical 

conductivity of the liquid is to change the solvent ratio. To produce a stable cone-jet, 

the electrical conductivity should be high enough to allow enough flow of charges but 

at the same time it should not be too high to cause instabilities in spraying (Smeets et 

al, 2017). 
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Figure 4.1: Summary particle sizes and spraying modes observed at a range of electrospraying voltages for an alginate solution of 0.5 wt %. (a) Alginate 
particle obtained via dripping mode. (b) and (c) Alginate microparticles obtained via micro-dripping mode, when a voltage of 7 kV was used. (d) and (e) 
Alginate micro- and nanoparticles obtained when a voltage of 13.5 kV was used that resulted in a non-uniform/tri-modal (i.e. three distinct jetting modes 

produced simultaneously) spraying mode.
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Liquids characterized by higher electrical conductivity carry more charges but 

increasing the flow rate of charges creates a higher current and as a result the electric 

stress becomes too high and leads to instabilities. As a result, adjusting the electrical 

conductivity of the liquid is expected to play a crucial role in obtaining cone-jet mode. 

To test this hypothesis, the spraying modes resulting from EHDA processing of 

alginate solutions with the same alginate concentration (0.5 wt %) and different 

ethanol/water ratios were investigated. Ethanol was chosen as some studies showed 

that adding ethanol to hydrophilic solutions facilitates obtaining a stable cone-jet mode 

based on reducing the electrical conductivity of the solution (Pareta et al, 2005). For 

alginate solutions, increasing the ethanol ratio in the solvent from 0% to 25% (at the 

same alginate concentration) resulted in a reduction of electrical conductivity from 2.6 

down to 2.0 µS m-1, as illustrated in table 4.1. Increasing the ethanol concentration 

above 25% could not be achieved, as the alginate powder failed to dissolve fully at 

such high ethanol concentration. 

Table 4.1: Concentrations of alginate and the ethanol/water ratio for solutions used to 
prepare alginate particles using EHDA. 

Solution Alginate conc. 

(wt %) 

Ethanol ratio 

(%) 

Electrical conductivity 

(µS m-1) 

4.1 0.5 0 2.6 ± 0.5 

4.2 0.5 10 2.3 ± 0.4 

4.3 0.5 20 2.1 ± 0.3 

4.4 0.5 25 2.0 ± 0.3 

 

When an alginate solution with 10% ethanol solvent concentration was electrosprayed 

at a voltage of 10 kV, this showed to be the minimum and most suitable voltage 

required to switch from micro-dripping to spraying. This is believed to be due to 
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reaching the Rayleigh limit, which is the magnitude of charge on the droplet that is 

needed to overcome the surface tension force and cause the fission of the droplet, 

according to Jaworek (2007). The features of this spraying mode did not differ 

significantly from that observed when an alginate containing no ethanol was sprayed 

at the same voltage (i.e. Tri-model spraying mode). At ethanol ratio of 20%, what can 

be described as a ‘bi-modal’ (i.e. two jetting modes with distinct shape produced 

simultaneously) uniform jetting mode was produced even at lower voltage of 10 kV, 

which resulted in two distinct groups of alginate particles with average sizes of 0.34 

µm and 242 nm, as shown in figure 4.2 (c and d).  

The analysis of the particle size obtained at ethanol ratios of 10% and 20% showed an 

overall reduction in the size of particles, which can be regarded as an indication of the 

reduction in the surface tension of the liquid with increasing the ethanol concentration, 

which, in turn, increase the droplet jetting frequency (i.e. the rate at which droplets are 

emitted from the jet) due to weaker surface tension forces. According to Wang et al. 

(2018), the frequency of periodic spraying is highly dependent on the voltage and also 

on the electrical conductivity of the liquid. More importantly, a stable cone-jet mode 

was only achieved at an ethanol ratio of 25% at a spraying voltage of 10 kV and at an 

electrospraying distance of 10 cm. As a result, the ethanol ratio in all investigations 

was kept at 25%, while any potential changes in electrical conductivity (due to varying 

the polymer concentration, for example) were kept to minimum. The cone-jet mode 

resulted in producing particles with a relatively limited size variation, and no 

microparticles were produced at this concentration, as shown in figure 4.2 (e and f). 

The alginate nanoparticles in such case had an average size of 217 nm, which is within 

the targeted size range specified in the research objectives.
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Figure 4.2: Summary for the size and the sparing modes observed due to the processing of alginate solutions, having a range of ethanol concentrations, using 

constant spraying voltage (10 kV), flow rate of solution (50 µl/min) and needle height (10 cm). (a) and (b) Alginate particles obtained from a solvent with 
10% ethanol and a tri-modal spraying mode. (c) and (d) Alginate particles obtained from a solvent with 20% ethanol and a bi-modal spraying mode. (e) and 

(f) Alginate nanoparticles obtained through cone-jet mode achieved at an ethanol/water ratio of 25%. 
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The outcome of the latter experiment is considered in agreement with previous studies 

that indicated that the solvent type and its properties have crucial impact on the 

spraying mode and the features of particles produced via EHDA (Xie et al, 2015). 

Bohr et al. (2018) found that the size of the particles was dependent on the solubility 

of hypromellose acetate succinate (HPMCAS) in the solvent mixture (acetone, ethanol 

and water) used, with poorer solvents resulting in smaller microparticles. 

4.2 Factors affecting particle size  

Adjusting the electrical conductivity of the solution, in parallel with the spraying 

voltage and flow rate, helped to obtain the cone-jet mode, necessary to produce 

particles with narrow size distribution in the nano-range. Based on those conditions, 

the impact of the processing variables on particles produced in cone-jet mode, such as 

the flow rate of solution, the electric voltage and needle diameter, was investigated. 

4.2.1 Electrospraying voltage and polymer concentration 

Among the various processing parameters of the EHDA method, electric voltage is 

arguably the most crucial, which was demonstrated by its significant impact on the 

spraying behaviour/mode (as shown in section 4.1). To investigate the impact of the 

voltage on the droplet size, an alginate solution of a concentration of 0.5 wt % was 

sprayed in cone-jet mode using three different voltages 10 kV, 15 kV and 20 kV. Using 

spraying voltages more than 20 kV was not possible as electric sparks (i.e. corona 

discharges) started to occur and the stability of spraying was jeopardized, in a similar 

observation made by Hayati et al. (1986) who reported the occurrence of sparks at 

higher voltages when spraying water, oil and glycerol-based solutions. Ardila et al. 

(2018) also showed that arc discharges occurred when electrospraying chitosan/acetic 

acid solutions at voltages more than 40 kV. 
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Similar to the impact of the voltage on the spraying behaviour (i.e. mode), the voltage 

was also found to have an impact on the size of the particles obtained in cone-jet mode. 

As demonstrated in figure 4.3, increasing the spraying voltage of an alginate liquid of 

0.5 wt % from 10 kV to 20 kV, at constant flow rate of liquid (50 µl/min), caused a 

reduction in particle size from 217 nm down to 92 nm. The latter impact can be 

attributed to the impact of increasing the spraying voltage on the surface charge 

density of the emitted droplets.  

Figure 4.3: Scanning electron micrographs showing alginate particles produced using 

EHDA method, from alginate solution of 0.5 wt %, at similar processing parameters 

(flow rate = 50 µl/min and needle height = 10 cm) and different electric voltages. (a) 

10 kV. (b) 15 kV. (c) 20 kV. (d) Graph showing the decrease in alginate particles size 

with increasing the electric voltage (p-value < 0.05). 
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The reduction in droplet size would lead to an increase in the surface charge density 

of the droplets that may increase beyond the Rayleigh limit, which is the maximum 

amount of the charge that a droplet can carry and leads to droplet instability and leads 

to Coulomb fission that cause the particles to disintegrate into smaller particles. 

The surface charge density of a droplet depends on the spraying voltage, distance, and 

the flow rate of solution or the feed rate, in addition to the needle size, according to 

Partovinia and Vatankhah (2019). Ardila et al. (2018) showed that the size of chitosan 

particles produced using EHDA in cone-jet mode decreased from 139 to 129 nm, when 

the intensity of the electric field increased from 1.7 to 2.3 kV/cm. Le et al. (2018) also 

reported the electrospraying process for chitosan solution at a higher voltage in the 

stable cone-jet mode resulted in smaller and more narrowly dispersed droplets. The 

size of particles, however, did not change significantly between 15 kV and 20 kV, with 

the particle size dropping marginally from 108 nm to 92 nm, respectively. This 

suggests that spraying frequency has reached the minimum size limit for this particular 

solution/polymer concentration for this range of voltage, which is considered the range 

capable of maintaining a stable conical meniscus that is established when the 

electrostatic and capillary pressures reach equilibrium (Taylor, 1964). 

When the latter investigation (the correlation between electrospraying voltage and 

particle size) was repeated at different alginate solutions (i.e. with higher 

concentrations: 0.75 wt % and 1 wt %), a similar correlation was observed at those 

alginate concentrations, as illustrated in the graph shown in figure 4.4. This said, it 

should be noted that at lower concentrations (0.5 wt % and 0.75 wt %), the reduction 

in particle size between 15 kV and 20 kV was less significant. This suggests that 

solutions with lower polymeric concentrations are more likely to reach the maximum 

reduction in droplet size at lower voltages, which highlights the correlation between 
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the liquid properties and the Rayleigh limit. This is in line with the findings of 

Cloupeau and Prunet-Foch (1990), who noted that the maximum reduction in droplet 

size can be achieved within a range of hydrostatic pressures and applied voltages that 

depend on the properties of the system/processed liquid. 

Figure 4.4: Graph showing the variation in alginate particles size in relation to the 

electrospraying voltage , which was varied from 10 to 20 kV, at three different alginate 

concentrations (0.5, 0.75 and 1 wt %), (p-value < 0.05). Similar processing conditions 

were used (flow rate = 50 µl/min and needle height = 10 cm). 

 

The latter investigation also shows the impact of the polymer concentration and liquid 

viscosity on the particle size, since the size increased in a statistically significant 

manner with increasing the alginate concentration of the liquid, when EHDA 

processing occurred at the same conditions. EHDA processing of alginate solutions 

with various concentrations ranging from 0.5 to 1 wt % led to an increase in the size 

of the particles from an average of 217 nm to 440 nm, as shown in figure 4.4. This 

can be attributed to the increase in viscosity of the solutions from 7 to 19 mPa s, which 

is accompanied by a rise in surface tension, as shown in table 4.2. The correlation 

between the viscosity and surface tension of alginate liquids was also reported by Del 
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Gaudio et al. (2005). It is expected that the decline in the surface tension force, which 

causes the reduction of the droplet size, would lead to a drop in the particle size. The 

latter phenomenon was demonstrated by Suksamran et al. (2009) who showed that the 

size of alginate beads obtained using EHDA in cone-jet mode was directly 

proportional to the surface tension of the liquid. In addition, Nikoo et al. (2016) 

showed an increase in the size of alginate particles with an increase in alginate 

concentration from 1.5 to 3% (w/v), while Bock et al, (2011) also showed that the 

polymer concentration is one of the key factors that have a strong impact on the size 

of particles. 

Table 4.2: Properties of alginate solutions used to study the relationship between the 
polymer concentration and size of particles produced using EHDA. 

Solution Alginate conc.  

(wt %) 

Ethanol ratio 

(%) 

Viscosity 

(mPa s) 

Surface tension 
(mN/m) 

4.7 0.5 25 6.8 ± 0.9 41 ± 0.2 

4.8 0.75 25 15.4 ± 0.7 45 ± 0.2  

4.9 1.0 25 18.5 ± 0.2 51 ± 0.2 

4.10 1.5 25 24.8 ± 0.6 55 ± 0.2 

4.11 2.0 25 37.2 ± 0.8 60 ± 0.2 

 

EHDA processing of higher concentrations, such as 1.5 wt % or 2 wt %, proved to be 

challenging when processing was done using different needle diameters (100 µm and 

200 µm). The difficulty in processing can be attributed to the high viscosity of 

solutions at the given concentrations, which prevented the smooth flow of the liquid 

into the narrow needles. In addition, the high viscosity of the liquid will also make it 

difficult to cause the deformation of the liquid needed for obtaining a stable jet, even 
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at higher spraying voltage. More importantly, the orifice diameter needs to be kept as 

small as possible to prevent the formation of larger particles.  

EHDA processing for the same solution (0.5 wt %), in cone-jet mode, using two 

needles with different diameters (100 µm and 200 µm) showed that the needle with 

the smaller diameter produces smaller particles (see figure 4.5), as particle size 

dropped from 212 nm to 180 nm when both were produced using the same spraying 

voltage and flow rate of solution.  

 
Figure 4.5: Scanning electron micrographs for alginate particles produced using 

EHDA in cone-jet spraying mode using two needle diameters; (a) 100 µm & (b) 200 

µm). (c) Graph showing the average particle size and the size distribution obtained in 

each case (p-value < 0.05). Processing conditions, other than the needle diameter, such 

as flow rate of solution (50 µl/min), spraying voltage (10 kV) and collection distance 

(10 cm) were kept constant.  
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According to Boda et al. (2018), the nozzle diameter is crucial in EHDA processing 

as it limits/defines the size of the cone base. A larger needle diameter has been 

associated with inducing unstable electrospraying and producing larger droplets, while 

smaller diameters generally produced stable spraying and smaller droplets (Boda et al, 

2018). 

4.2.2 Collection distance  

To study the impact of the electrospraying collection distance (or working distance), 

the distance between the needle tip and the collector, was varied from 10 cm to 20 cm 

while other processing parameters {polymer concentration (0.5 wt%), flow rate of 

solution (50 µl/min) and electrospraying voltage (15 kV)} were kept constant.  

Producing cone-jet mode at distances above 20 cm could not be achieved at a spraying 

voltage of 10 kV. According to Zhang et al. (2019), for electrospraying 

polycaprolactone (PCL) solution, 3 cm is the minimum (i.e. lower limit) working 

distance required to induce cone-jet mode, while 15 cm proved to be the maximum 

limit, when an electric voltage range between 0 and 25 kV were investigated. Such 

correlation is not surprising since a large distance would require a higher voltage to 

induce an electric field strong enough to cause jet elongation. Choosing a smaller 

distance can be desirable, however, as it would increase the electric field strength and 

potentially leads to obtaining smaller particles, in accordance with the correlation 

between the spraying voltage and particle size demonstrated in section 4.2.1.  

The investigation for the impact of the working distance on particle size showed that 

increasing the distance between 10 cm and 20 cm induced an increase in the particle 

size from 92 nm to 121 nm (see figure 4.6). Such increase in particle size has resulted 

from the weaker electric field, which controls the particle size. The reduction in 
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electric field with increasing the working distance is also reflected in the higher 

variation in size at larger distances (i.e. standard deviation). 

 
Figure 4.6: Graph showing the correlation between the collection distance and the 

average alginate particle size. (a) Collection distance of 10 cm. (b) collection distance 

= 15 cm. (c) Collection distance of 20 cm. (d) Graph showing the variation in particle 

size with respect to the collection distance (p-value < 0.05). 

 

When the same experiment was repeated for an alginate liquid with a higher 

concentration (1 wt %), a similar observation was made despite the difference in the 

size of the particles. The particle size increased from 440 nm to 496 nm, also with a 

corresponding increase in the standard deviation (from ± 35 nm to ± 44 nm). The 

difference in the size range between the two experiments can be attributed due to the 

higher viscosity of the 1 wt % alginate liquid (18.5 mPa s) compared to that of the 0.5 

wt % solution (6.8 mPa s). 
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Based on the later finding, the collection distance was kept at 10 cm for the rest of the 

experiments.  

According to Zhang et al. (2019), smaller working distances can be enough to form 

cone-jet mode for solutions with low electrical conductivity. When larger distances 

are used, however, voltage needs to be increased accordingly to ensure the formation 

of a strong electric field needed for jet formation, according to Boda et al. (2018). 

Varying the distance between the nozzle and the collector can also affect the flow rate 

of the liquid and the uniformity of the jet, according to Nikoo et al. (2016), which 

could be another explanation for the larger variation in particle size at the highest 

working distance (20 cm) as illustrated in figure 4.6. The latter finding agrees with 

the studies of Zhang et al. (2019) and Ardila et al. (2018), among others, as they also 

demonstrated that the size of particles is directly proportional to the working distance. 

Further, according to Wang et al. (2018), the jetting frequency slows with increasing 

the distance between the nozzle and the collector, which leads to an increase in particle 

size. Ardila et al. (2018) found that reducing the working distance from 15 cm to 10 

cm and down to 5 cm leads to a reduction in particle size obtained from chitosan 

(dissolved in acetic acid) solutions with different concentrations (1 wt – 2 wt %), 

attributing the latter phenomenon to the increase in electric field between the nozzle 

and the collector. Zhang et al. (2019) found that the working distance (from 3 to 15 

cm) affected EHDA production of PCL particles in different organic solvents.  

4.2.3 Flow rate of solution 

The flow rate of solution impacts the amount of the liquid at the needle tip that is 

subjected to the electric field. In addition, flow rate was reported to be an important 

factor in the formation of stable cone-jet mode (Zhang et al, 2019). Therefore, it was 
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hypothesised that the flow rate could have an impact on EHDA processing and the 

size of particles. To test this hypothesis, the flow rate of an alginate solution (0.5 wt 

%) was varied from 50 µl/min to 175 µl/min, while other processing variables were 

kept constant, including alginate concentration (0.5 wt%), electrospraying voltage (15 

kV) and the spraying distance (10 cm). The minimum flow rate needed to induce cone-

jet mode was found to be 50 µl/min for an alginate solution of 0.5 wt %, when an 

electrospraying voltage of 15 kV. A study by Barrero and Loscertales (2007) showed 

that a minimum flow rate exists at which a steady cone-jet mode can be achieved, 

which depended on the flow properties of the solution. Xie et al. (2015) also found 

that to maintain the stability of the cone-jet mode, a minimum flow rate is required, 

especially in the case of liquids with relatively low viscosity, while Jaworek (2007) 

showed that a range of flow rates can still be suitable for obtaining cone-jet mode, 

with this range dependent on the viscosity of the liquid. And this research confirms 

Jaworek (2007)’s findings, as cone-jet mode could be maintained using a range of flow 

rates from 50 µl/min to 175 µl/min. Higher flow rates, however, could not induce 

cone-jet mode, and also had a negative impact on the stability of spraying. 

Furthermore, increasing the flow rate from 50 µl/min to 175 µl/min caused an increase 

in the size of particles, from an average size of 102 nm to 267 nm, as shown in figure 

4.7. Increasing the flow rate increases the amount of liquid emerging from the nozzle 

and would, in turn, lead to the emerging of larger droplets, which could also result in 

improper solvent evaporation from the droplets in their journey towards the collector 

and lead to the formation of larger particles. Further, a faster flow rate can also trigger 

an uneven distribution of the liquid at the tip of the needle, which can cause alterations 

to the spraying mode and affect the droplet formation (Park et al, 2012). Xie el al. 

(2006) showed that the size of electrosprayed PCL particles size increased from 17 to 
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30 µ m with the flow rate from 3 to 15 ml/h, at constant polymer concentration (3%), 

such impact of flow rate on particle size is corroborated by results demonstrated in 

figure 4.7. 

 

Figure 4.7: Scanning electron micrographs showing alginate particles obtained using 

EHDA method from similar alginate solution (0.5 wt %) by using the same processing 

parameters (voltage = 15 kV, needle height = 10 cm) but at different flow rates; (a) 50 

µl/min. (b) 125 µl/min. (c) 175 µl/min. (d) Graph showing the variation in particle size 

in at each flow rate (p-value < 0.05). 

 

4.3 Impact of EHDA processing on the bioactivity of a model enzyme 

The electrospraying voltage demonstrated a strong impact on EHDA processing and 

the size of particles. However, as monodisperse alginate nanoparticles were only 

obtained using higher electric voltages (reaching up to 20 kV), the impact of the 

voltage on a model ‘sensitive’ entity had to be investigated to evaluate the potential of 
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the process for biomedical applications. Therefore, a bioactivity essay on alginate 

solutions containing a model enzyme (trypsin) and processed using EHDA at a range 

of voltages was performed. An assessment for the bioactivity of trypsin is considered 

an indirect way to evaluate the impact of the voltage on its chemical structure, which, 

in turn, dictates trypsin’s bioactivity (Bock et al, 2012). This, in fact, is due to the 

unique internal three-dimensional structure of enzymes that unfolds/denatures when 

subjected to extreme temperatures, pH mediums and/or mechanical stresses (Jaspe and 

Hagen, 2006; Bekard et al, 2011). 

The trypsin bioactivity essay was performed at different voltages - an alginate solution 

that contains a fixed concentration of trypsin (0.5 wt %) was sprayed using several 

electric voltages (0 kV, 10 kV, 15 kV and 20 kV) and the percentage of the bioactive 

trypsin concentration within the processed liquid was analysed. The bioactivity of 

trypsin-containing solutions is measured through monitoring the formation of N-

benzoyl-L-arginine (BA), which is the digestion product of N-benzoyl-L-arginine 

ethyl ester (BAEE) used as a substrate for trypsin. The study showed that 

electrospraying at a voltage of 10 kV and using flow rate of 50 µl/min had a moderate 

impact on the bioactivity of trypsin, as 73% of trypsin’s bioactivity was retained after 

processing. Higher spraying voltages, however, had a significant negative impact on 

trypsin’s bioactivity, as the average bioactivity dropped to 56% and 52% (compared 

to the control) at spraying voltages of 15 kV and 20 kV, respectively. The results are 

illustrated in the graph showed in figure 4.8.  

The reduction in bioactivity is reflected in the decline in the amount of BA detected, 

which, in turn, shows the amount of the active trypsin in the analysed sample. The 

catalytic activity of enzymes depends on their three-dimensional structure and, as a 

result, any changes in this regard (the structural conformation of the enzyme or its 
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functional groups) can change its functionality and lead to a potential loss of the 

enzyme’s biological activity (Hendrickx et al, 1998). Although the exact mechanism 

of the impact of electrospraying on the processed materials is not fully understood, 

Moayyedi et al. (2018) showed that the spraying voltage has a negative impact on the 

survival of a liquid that contains bacteria (L. rhamnosus ATCC 7469). Their work 

showed that electrospraying had a negative impact on the survival of the encapsulated 

bacteria, compared to other processing techniques, and they attributed the decline in 

survival to the high voltage used in the EHDA process. Some studies that dealt with 

electrospraying of protein-based microparticles reported a loss in bioactivity of the 

encapsulated protein (Scholten et al, 2011; Wang et al, 2013), which is an indication 

of the potential impact of the preparation method on sensitive macromolecules, such 

as proteins and enzymes. 

Figure 4.8: Graph showing the percentage of bioactivity of trypsin present in the 

polymeric solution processed via EHDA using various spraying voltages (0, 10, 15 

and 20 kV) at constant flow rate of 50 µl/min (p-value < 0.05). Unprocessed trypsin 

dissolved in water was used as the control. 
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Following the study of the impact of electrospraying voltage, the impact of the flow 

rate of solution on the bioactivity of trypsin was investigated. It was found that varying 

this parameter had a statistically insignificant impact on bioactivity, when the flow 

rate changed from 50 µl/min to 150 µl/min. Such restricted impact can probably be 

attributed to the limited range tested, which was necessary to induce cone-jet mode for 

this particular solution at a constant spraying voltage of 10 kV. This said, increasing 

the flow rate further could have probably had an impact on bioactivity, similar to that 

observed when a microfluidic T-junction device was used but a larger range of flow 

rates were investigated (see section 6.4). The latter finding shows that, despite the 

good potential of the EHDA method to obtain monodisperse hydrophilic/alginate 

nanoparticles (especially at higher voltages), the potential impact of the spraying 

voltage on the properties of the processed material should be considered, especially 

when high voltages are used. This, in turn, can be considered a limitation for this 

method and demonstrates the need for ‘softer’ processing methods that would allow 

the production of hydrophilic nanoparticles without distorting their structure or innate 

properties.  

The process of bubble bursting is proposed as a promising technique for this target, 

which is dealt with in the next chapter. 
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Figure 4.9: Graph showing the percentage of bioactivity of trypsin present in the 

polymeric solution processed when processed via EHDA using three different flow 

rates (50, 100 and 150 µl/min) at constant spraying voltage of 10 kV (p-value > 0.05). 

Unprocessed trypsin dissolved in water was used as the control. 

 

4.4 Summary 

In this chapter, an investigation of the potential of the EHDA as a promising technique 

for the preparation of nanoparticles was conducted. This was done initially through 

optimising the processing parameters to obtain the cone-jet mode. Adjusting the 

electrical conductivity of the solution, in parallel with the spraying voltage and flow 

rate, helped to facilitate spraying in cone-jet mode, which proved to produce particles 

with nearly uniform size in the nano-range. Using EHDA in cone-jet mode, alginate 

nanoparticles with sizes ranging from 440 nm and down to 92 nm were produced. The 

concentration (and viscosity) of the alginate solution showed a significant impact on 

particle size, driving an increase from 92 nm to 370 nm, when the alginate 

concentration increased from 0.5 wt % to 1 wt %. Further, the impact the processing 
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variables (spraying voltage, flow rate of solution, collection distance and needle 

diameter) on spraying in cone-jet mode was studied. The increase in electrospraying 

voltage showed an ability to reduce the particle size within the tested range of voltages, 

while the needle diameter, the flow rate of the solution and the working distance 

showed an opposite impact on the particle size. The impact of electrospraying voltage 

and flow rate of the solution on the bioactivity of a model enzyme (trypsin) was also 

investigated in this chapter. Increasing electrospraying voltage from 10 kV to 20 kV 

caused a decline of more than 40% of trypsin’s bioactivity, while increasing the flow 

rate of the solution from 50 to 150 µl/min had a minimal and insignificant impact on 

bioactivity (retaining almost 80% of trypsin’s bioactivity in all cases). The findings in 

this chapter demonstrated the good potential of the EHDA method as nanoparticle 

production technology capable of reaching very small sizes (down to 90 nm). 

However, it highlights the possible negative impact of the method on sensitive 

materials/biomolecules (i.e. enzymes) when using higher spraying voltages. 
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Chapter Five 

Producing nanoparticles using microbubble bursting  

5.1 Controlling the preparation of microbubbles 

In this chapter, the use of microbubbles as a platform for producing polymeric 

nanoparticles is demonstrated. Initially, the formation of microbubbles is studied 

through adjusting the processing parameters, mainly the bubbling pressure, the flow 

rate of the solution and the diameter of the microfluidic capillaries. Further, the impact 

of the surfactant and polymer concentration in the liquid on the formation of 

microbubbles. By using the T-junction technique and its ability to control the 

formation of microbubbles and their size, the mechanism of microbubble bursting is 

investigated with the aim to control the features of droplets produced from bursting. 

The main hypothesis is that if the process of microbubble formation and the 

microbubble shell thinning phenomenon are controlled, the process of bubble bursting 

can be used to produce nano-sized droplets/particles in a controlled manner. Previous 

studies have mostly limited their focus on developing various methods capable of 

producing microbubbles with uniform sizes. However, the utilization of microbubbles 

for the formation of nano-droplets remains yet to be deeply investigated.  

5.1.1 Impact of liquid properties on microbubble preparation 

To investigate and achieve the necessary conditions required to produce monodisperse 

microbubbles, the impact of the properties of the solution, mainly the viscosity and 

surface tension, was studied. For this purpose, several alginate solutions with a range 

of surfactant concentrations are prepared and they showed a variance in surface 

tension with changing the surfactant concentration, as illustrated in table 5.1.  
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Table 5.1: Concentrations of alginate and PEG-40S and the equivalent viscosities and 
surface tension for the solutions used for investigating the process of microbubble 
formation and their thinning process 

Solution Alginate conc. 
(wt %) 

PEG-40S conc. 
(wt %) 

Viscosity 

(mPa s) 

Surface tension 
(mN/m) 

5.1 0.50 0.1 13.1 ± 0.2 47.4 ± 0.6 

5.2 0.50 0.3 16.4 ± 0.9 45.2 ± 0.1 

5.3 0.50 0.5 18.9 ± 0.4 44.1 ± 0.3 

 

When the formation of microbubbles from solutions with various surfactant (PEG-

40S) concentrations was studied (at fixed alginate concentration), the solution with a 

surfactant concentration as low as 0.05 wt % allowed the formation of stable 

microbubbles using T-junction, as shown in figure 5.1. At such low concentration, 

‘monodisperse’ microbubbles are obtained, through adjusting the flow rate of solution 

and bubbling pressure, simultaneously, as shown in figure 5.1 (b), which shows that 

achieving a stable and uniform microbubble process is mainly dependent on adjusting 

the flow rate and the bubbling pressure. Otherwise, polydisperse microbubbles were 

produced when a ‘stable/consistent’ microbubbling was not achieved, as shown in 

figure 5.1 (c). The surfactant concentration also showed a notable impact on the size 

of microbubbles, right after production using T-junction. To investigate the impact of 

the concentration of surfactant on the size of microbubbles, microbubbles produced 

from three surfactant concentrations were obtained and the size was analysed, while 

the flow rate of solution (flow rate: 200 µl/min) and the bubbling pressure (bubbling 

pressure: 135 kPa) were kept constant. 
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Figure 5.1: (a) High-speed camera image showing liquid slugs within the capillary 

and the formation of cluster of microbubbles at the output capillary. Optical 

micrographs showing; (b) Monodisperse alginate microbubbles produced using 

bubbling pressure of 100 kPa and solution flow rate of 100 µl/min. (c) Polydisperse 

alginate microbubbles produced using bubbling pressure of 150 kPa and solution flow 

rate of 100 µl/min. 

 

The size of microbubbles decreased with increasing the concentration of surfactant 

since the average microbubbles size decreased from 158 µm to 118 µm, when the 

surfactant concentration was increased from 0.1 wt % to 0.5 wt % (at constant alginate 

concentration), as shown in figure 5.2. The impact of increasing the surfactant 

concentration can be rather attributed to the change in liquid viscosity (from 13 mPa.s 

to 19 mPa.s), especially as the reduction in surface tension with increasing the 

surfactant concentration was relatively limited (from 47 mN/m to 44 mN/m). 
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Figure 5.2: Optical images for alginate microbubbles obtained from alginate solutions 

(solutions 5.1, 5.2 and 5.3 in table 5.1) with constant alginate concentration (0.5 wt 

%) and various surfactant concentrations; (a) 0.1 wt %, (b) 0.3 wt % and (c) 0.5 wt %. 

All microbubbles were obtained at the same conditions (flow rate: 200 µl/min - 

bubbling pressure: 135 kPa). (d) Graph showing the inverse relationship between the 

bubble size and the concentration of the surfactant (p-value < 0.05). 

 

Increasing the viscosity would reduce the diameter of the air column, according to 

(Pancholi et al, 2008b), and produce smaller bubbles. This is mainly because the 

increase in viscosity will increase the capillary number (the ratio between viscous and 

interfacial forces) and consequently trigger a decrease in microbubble size (Parhizkar 

et al, 2015). The latter finding is also in agreement with previous studies that showed 

that a linear relationship governs the relation between the surfactant concentration of 

the solution and the size of microbubbles prepared using a T-junction, such as the work 
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of Parhizkar et al. (2015) that studied T-junction microbubbling of liquids containing 

different surfactants (such as Tween 40, PEG-40S, among others). 

In addition to the impact on the bubble size. the polymer concentration also showed a 

strong impact on the success of microfluidic processing. A solution from higher 

polymer concentrations might not flow efficiently within narrow capillaries (i.e. 

micron-sized inner diameters) due to the rising friction with capillary walls. Further, 

the viscosity of alginate solutions depends on the concentration of alginate (Herrero et 

al, 2006) and therefore increasing the concentration can indeed restrict microfluidic 

processing. This was evident as the increase in polymer concentrations from 0.25 wt 

% to 1.5 wt% triggered an increase in the viscosity of the liquid, from approximately 

3 mPa s to 37 mPa s, as illustrated in table 5.2.  

Table 5.2: Concentrations of alginate and PEG-40S and the equivalent viscosities and 
surface tension for the solutions used for investigating the processes of formation and 
thinning of microbubbles 

Solution Alginate conc. 

(wt %) 

PEG-40S conc. 

(wt %) 

Viscosity 

(mPa s) 

Surface tension 

(mN/m) 

5.4 0.25 0.25 3.1 ± 0.2 55.1 ± 1.5 

5.5 0.50 0.025 14.7 ± 0.9 50.4 ± 0.9 

5.6 0.75 0.25 19.2 ± 0.4 51.1 ± 1.2 

5.7 1.0 0.25 23.4 ± 0.4 51.8 ± 0.7 

5.8 1.5 0.25 37.4 ± 0.9 50.7 ± 1.1 

5.9 1.5 0.50 36.7 ± 0.8 47.3 ± 0.6 

 

At a capillary diameter of 100 µm, alginate solutions with concentrations ranging from 

0.5 to 1 wt % were successfully processed using flow rates ranging from 100 to 400 

µl/min. However, when the polymer concentration increased to 1.5 wt % processing 

the solution was not possible. That said, when the concentration of surfactant was 
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increased to 0.5 wt % the processing of the solution became possible. This is mainly 

due to the drop in the surface tension of the liquid to 47 mN/m (see table 5.2). This 

shows that another way to facilitate microfluidic processing is to increase the 

surfactant concentration. In addition, using larger inner capillaries (i.e. 200 µm) also 

proved to fulfil a similar purpose since solutions, which showed to be more capable of 

withstanding higher flow solution rates needed for liquids with higher viscosities. In 

addition to the importance of adjusting the liquid viscosity to enable processing, the 

liquid’s viscosity also was found to have an impact on microbubble size.  

When the size of microbubbles obtained from liquids with three polymer 

concentrations (and a fixed surfactant concentration), was investigated, it was found 

that the size of microbubbles decreased with the increase in the viscosity of the liquid, 

as shown in figure 5.3. The size of microbubbles dropped from an average of 218 µm 

to 169 µm as the concentration was increased from 0.5 wt % to 1 wt %. The latter 

phenomenon could be attributed to the shrinking effect of the increase in the liquid’s 

viscosity on the diameter of the air column that dictates the bubble size (Pancholi et 

al, 2008b). The decrease in microbubble size is also a result of the increase in the 

capillary number (i.e. the ratio between viscous and interfacial forces) that causes a 

reduction in microbubble size, according to Parhizkar et al. (2015). 
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Figure 5.3: Optical images for alginate microbubbles obtained from alginate solutions 

(solutions 5.5, 5.6 and 5.7 in table 5.2) with constant PEG concentration (0.25 wt %) 

and different concentration of alginate; (a) 0.5 wt %, (b) 0.75 wt % and (c) 1 wt %. 

All microbubbles were obtained at the same conditions (flow rate: 225 µl/min - 

bubbling pressure: 143 kPa). (d) Graph showing the variation in microbubble size at 

different polymer concentrations, and the inverse relationship between the bubble size 

and the concentration of the polymer (p-value < 0.05). 

 

5.1.2 Impact of processing variables on microbubble size 

Studying the relationship between the bubbling conditions and controlling the size of 

microbubbles is essential to enable the systemic study of the process of bubble 

bursting, one of the key objectives of this research. To investigate the impact of the 

liquid flow rate on microbubble size, microbubbles were prepared at different flow 

rates suing the same alginate solution, while keeping other processing variables 
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unchanged (mainly the bubbling pressure and capillary diameter). It was found that, 

at constant bubbling pressure (70 kPa), the size of microbubbles showed decrease with 

increasing the flow rate of solution. When the flow rate increased from 400 to 700 

µl/min, the average microbubbles size decreased from 160 µm to 100 µm, as shown 

in figure 5.4. Beyond the previously mentioned range of flow rate stable 

microbubbling could not be achieved at this particular bubbling pressure, which led to 

producing polydisperse microbubbles. A further increase in flow rate also affected the 

uniformity of microbubbles and beyond 800 µl/min the liquid started to push the gas 

upwards towards the gas tank, an observation similar to that Gordillo (2001).  

The inverse relationship between the liquid flow rate and the bubble size agrees with 

the findings of previous studies that concluded that higher flow rates result in the 

formation of smaller microbubbles. Wang et al. (2010) investigated microfluidic 

preparation of alginate/phospholipids microbubbles and produced microbubbles with 

an average size down to 85 µm at a maximum flow rate of 400 µl/min, while Parhizkar 

et al. (2013) produced glycerol/water microbubbles with an average size down to 66 

µm at a flow ratio (i.e. ratio between gas and liquid flow rates) less than 0.5.  
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Figure 5.4: Optical images of monodispersed alginate microbubbles prepared using a 

T-junction from the same alginate/PEG solution (solution 5.4 in table 5.2), at a 

constant bubbling pressure of 70 kPa and different flow rates; (a) 400 μl/min, (b) 500 

μl/min, (c) 600 μl/min, (d) 700. (e) Graph showing the variation in microbubble size 

with the increase in flow rate (p-value < 0.05). FR denotes flow rate. 
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The second major processing element of the T-junction method is the bubbling 

pressure. At a constant liquid flow rate, the size of microbubbles increased from to 

180 µm to 280 µm when the bubbling pressure was increased from 75 kPa to 125 kPa, 

as shown in figure 5.5.  

It was not possible to increase the bubbling pressure further at this flow rate (200 

μl/min) as it overcame the liquid and started pushing it backwards towards the syringe 

pump, a phenomenon also described by Pancholi et al. (2008b). Such statistically 

significant impact of the bubbling pressure on microbubble size can be attributed to 

the formation of a longer bubble/slug at higher pressures, which eventually is reflected 

in the formation of larger microbubbles (Parhizkar et al, 2013).  
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Figure 5.5: Optical images of monodispersed alginate microbubbles prepared using 

the T-junction from an alginate/PEG solution (solution 5.4 in table 5.2), at a constant 

flow rate of 200 μl/min and different bubbling pressures; (a) 75 kPa, (b) 90 kPa, (c) 

110 kPa, (d) 125 kPa. P denotes pressure. (e) Graph showing the variation in 

microbubble size with the increase in bubbling pressure (p-value < 0.05). 
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5.2 Promoting alginate microbubble bursting 

Investigating the factors that affect the mechanism of bubble bursting is considered 

crucial to enable the control of the bursting process and its output. The natural process 

of bubble bursting that occurs in seas and oceans was taken as a reference for this 

investigation due to the similarity in structure between naturally produced bubbles and 

hydrophilic (alginate-based) gas bubbles produced using T-junction. A naturally 

produced bubble is described as a volume of air covered with a stabilizing liquid cap, 

which is simply a film of water containing either particles, chemicals or bacteria, and 

stabilized by surfactants naturally present in the marine environment. On the other 

hand, alginate microbubbles consist of a gas (air) volume trapped in a shell of a 

polymeric solution consisting of dissolved chemicals (e.g. alginate) and stabilized 

using a surfactant (PEG-40S). A schematic sketch shown in figure 5.6 illustrates the 

stages of bubble bursting, as described by Reinke et al. (2001), in combination with 

the expected bursting process of alginate bubbles prepared using the T-junction.  

This similarity in structure was expected to facilitate investigating and comparing the 

bursting behaviour in both cases in order to utilise this phenomenon for the purpose 

of this research. The naturally occurring bubble bursting process happens over two 

stages that result in two distinct outputs of droplets. Therefore, initially both 

mechanisms had to be firstly identified within alginate bubbles to eventually promote 

the one responsible for producing nano-sized droplets (disintegration process) and 

suppress the other (jetting process). Initially, stabilizing the microbubbles is 

considered crucial for promoting the bursting process. Using surfactants was found to 

be essential to produce stable alginate microbubbles, given that producing them was 

not possible otherwise. 
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Figure 5.6: Schematic drawing showing the similarity in structure and the bursting 

process of bubbles bursting in seas and oceans, adapted from Reinke et al. (2001), and 

alginate bubbles prepared using a T-junction. 

 

Microbubbles produced at a relatively low concentration (0.025 wt %) were 

characterized by a relatively short lifetime (approximately 25 to 45 minutes), showing 

a gradual shrinking in size, however. As shown in figure 5.7, the drainage of the 

film/shell of microbubbles is reflected in the reduction in their size. The shrinking 

microbubbles initially start forming branches of small microbubbles, which eventually 

leave threads of polymeric material in relatively similar branched positions, as shown 
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in figure 5.7 (e). More importantly, the studied cluster of microbubbles did not go 

through any form of bursting, an observation which is considered crucial with respect 

to the objective of this research that aims to utilize bursting to obtain droplets.  

The absence of bursting in relation to microbubbles prepared from this surfactant 

concentration (0.025 wt %) was also observed at different microbubble sizes despite 

having variable duration of stability, which varied according to their initial size, as 

shown in figure 5.8. Microbubbles with a size of 150 µm remained stable for around 

45 minutes, compared to around 25 minutes for the 70 µm diameter microbubbles. 

Such difference in microbubbles stability can be attributed to the greater volume of 

gas that larger bubbles have.  

Filho et al. (2012) found that the duration of stability of microbubbles is directly 

proportional to their size, as microbubbles with an average diameter of 300 µm had 

almost double the lifetime of microbubbles with an average diameter of 70 µm. The 

absence of the bursting phenomenon, however, can be particularly attributed to the 

low surfactant concentration used. The surfactant plays a crucial role in providing 

microbubbles with the necessary elasticity to sustain the difference in pressure and it 

also provide electrostatic repulsion between the neighbouring microbubbles and 

reduce coalescence (Frinking et al, 2000). Coalescence, in turn, is considered one of 

the main phenomena that strongly affects the stability of microbubbles (Upadhyay and 

Dalvi, 2019).
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Figure 5.7: Optical micrographs showing the changes occurring to the size of alginate/PEG-40S microbubbles, having an alginate concentration of 0.5 wt % 

and a low surfactant concentration of 0.025 wt % (sol. 5.5 in Table 5.2), with time. The images show the changes occurring at time intervals of approximately 
(a) 0 minutes, (b) 20 minutes, (c) 30 minutes, (d) 40 minutes and (e) 45 minutes, showing complete loss of their spherical structure. (f) Scanning electron 

micrograph showing the residual structure of the microbubbles, showing a branched-like arrangement and the absence of a bursting process. 
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Figure 5.8: Optical micrographs showing the alginate/PEG-40S microbubbles (from 

solution 5.5 in table 5.2 - alginate: 0.5 wt % - PEG: 0.05 wt %), with different sizes; 

(a) 70 µm (b) 100 µm (c) 150 µm, immediately after production, and after the process 

of shell thinning and complete drying, at a time interval of (d) 25 minutes, (e) 30 

minutes and (f) 45 minutes, for the three microbubbles groups, respectively. 

  

Earlier studies highlighted the relatively high mobility of the liquid boundaries 

between microbubbles and rapid bubble film drainage when a low surfactant 

concentration is used (Kocárkova et al, 2013). The rapid drainage of the bubble film 

(i.e. cap) would prevent having the thickness of the film and maintaining this state 

long enough to induce bubble shell disintegration/bursting (Reinke et al., 2001). 

Therefore, even if microbubbles had a relatively longer duration of stability through 

increasing their initial size, their bursting behaviour will still be dictated by the 

surfactant concentration and the shell thickness of the film that leads to bursting. Based 

on the latter findings, the minimum surfactant concentration for all the coming 

experiments was set at 0.05 wt %, which proved to be the lowest surfactant 
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concentration needed to stabilize the microbubbles and also promote both efficient 

bursting and the jetting phenomena, as shown in figure 5.9 (a and b). The main 

distinction between the two groups of microbubbles shown in figure 5.9 is the 

difference in the initial microbubbles size.  

Figure 5.9: Schematic drawing showing the two different bursting mechanisms 

occurring in naturally produced bubbles; (a) Disintegration bursting mechanism 

causes the production of droplets through the disintegration of the bubble cap. (b) 

Jetting mechanism is caused by the division of a liquid jet produced towards the end 

of the bursting process. 
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Alginate microbubbles shown in figure 5.9 (a) had an initial size (right after 

production) of 90 µm, while microbubbles shown in figure 5.9 (b) were less than 30 

µm microns. This shows that despite the important role of the surfactant in promoting 

the bursting process, other variables, such as the bubble size, also plays a part in 

defining the fate of the bursting behaviour.  

Further, it demonstrated the similarity between the natural bursting process and the 

method developed based on observing the resulting particles from the bursting process 

of the alginate/PEG-40S microbubbles. As shown in figure 5.9, similar size ranges of 

droplets (in the nano- and micron range) commonly attributed to the natural processes 

of bubble disintegration and jetting were produced in alginate microbubbles, which 

suggests the occurrence of similar formation mechanisms.  

Other features of the resultant droplets were also taken into consideration and noticed, 

such as the number and size of the particles, as there is a clear distinction between both 

droplet formation processes, the disintegration process producing more droplets 

(Kientzler et al. 1954; Allan et al. 1961; Blanchard, 1963). 

As shown in figure 5.9 (b), the number of obtained particles did not exceed 10 which 

is expected to be the result of the jetting process and the absence of the bubble 

disintegration. However, the number of particles shown in figure 5.9 (a) exceeds 100, 

all of them are within a close size range (i.e. nano-range), an indication for the 

dominance of the bubble shell disintegration process. The occurrence of the film 

drops, from bubble shell disintegration, within micron-sized bubbles can actually shed 

more light on previous reports that confined film drops production to millimetre sized 

ocean bubbles. Despite various environmental factors influence on the bubble 

bursting, the bubble size is a particularly important factor (Spiel, 1998). 
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5.3 Factors affecting bursting mechanisms of microbubbles 

5.3.1 Bubble size 

The correlation between the size of microbubbles and the bursting behaviour was also 

demonstrated when microbubbles prepared from liquids with various alginate 

concentrations were used. Figure 5.10 shows that only a limited number of ‘larger’ 

alginate microparticles were produced from the bursting of three groups of 

microbubbles of diameters ranging between 20 and 40 μm, prepared from alginate 

liquids and viscosities ranging from 1.5 to 7 mPa s. 

In contrast, large numbers of alginate nanoparticle were produced from the burst of 

alginate microbubbles bubbles prepared from the same liquids used in the latter 

experiment, but with larger sizes, with diameters between 50 - 150 µm, as shown in 

figure 5.11. 

Table 5.3: Concentrations of alginate and PEG-40S and the equivalent viscosities and 
surface tension for the solutions used for investigating the process of nanoparticles 
formation from microbubble bursting 

Solution Alginate conc. 

(wt %) 

PEG-40S conc. 

(wt %) 

Viscosity 

(mPa s) 

Surface tension 

(mN/m) 

5.10 0.10 0.25 1.5 ± 0.3 43.4 ± 0.5 

5.11 0.25 0.25 3.1 ± 0.2 44.6 ± 0.3 

5.12 0.40 0.25 7.0 ± 0.2 46.2 ± 0.2 

5.13 0.70 0.25 19.2 ± 0.4 47.4 ± 0.3 
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Figure 5.10: Scanning electron micrographs showing the relics (particles) of bursting 

alginate microbubbles, obtained using the T-junction, from three alginate solutions 

(5.10, 5.11 and 5.12; in table 5.3), with different alginate concentrations and different 

viscosities. (a) Viscosity of 1.5 mPa s; (b) Viscosity of 3 mPa s; (c) Viscosity of 7 mPa 

s. Regardless of the viscosity of the solution, bubble shell disintegration did not occur 

in all cases due to their small size.  

 

  

Figure 5.11: Scanning electron micrographs showing the relics (particles) of bursting 

alginate microbubbles, obtained using the T-junction, from three alginate solutions 

(5.10, 5.11 and 5.12; in table 5.3) with different alginate concentrations, different 

viscosities and average bubble size (a) Viscosity of 1.5 mPa s with bubble size of 60 

µm; (b) Viscosity of 3 mPa s with bubble size of 90 µm; (c) Viscosity of 7 mPa s with 

bubble size of 110 µm. 

 

This distinction in the dominating droplet production mechanism caused by the 

difference in the size of bubbles prepared from a particular solution is an important 

observation, since little attention has been previously given to the role of the properties 

of the bubble shell in affecting the bursting process. 
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The impact of the viscosity of the material forming the bubble shell on the process of 

bubble bursting has been reported (Lewis and Schwartz, 2004). Researchers related 

the bursting mechanisms to a specific size range for the parent bubble: millimetre sized 

for the film drops formation and the micrometre range for the jetting mechanism 

(Resch and Afeti, 1991). Spiel (1998) found that only bubbles larger than 2.4 mm are 

capable of producing film drops, while Resch and Afeti (1991) observed that bubbles 

larger than 1.8 mm in threshold diameter produced more film drops, and smaller 

bubbles produced more jet drops.  

Generally, these studies agree that larger bubbles are needed to induce bubble 

disintegration and form smaller nanoparticles with greater number. But there is no 

consensus among researchers regarding to the exact size of bubbles responsible for 

triggering a specific bursting mechanism. However, the interrelation between the 

viscosity and the bubble size of a bursting bubble and the consequent droplet/relic 

production process is unclear. Previous studies attempted to replicate the natural 

preparation process occurring in the oceans, which often results in bubbles with a wide 

range of sizes.  

On the other hand, the T-junction microfluidic method employed here can produce 

bubbles with a specific size, and thus it was possible to monitor more closely the 

changes caused by the bubble size, on the bursting phenomenon, in addition to the 

influence of the type of the bubble cap. The size of bubbles needed to induce 

disintegration increased with the viscosity of the alginate solution. It is important to 

note that complete interpretation of the bubble-bursting phenomenon is limited 

because of the lack of both systematic and theoretical experimentation. The 

macroscopic element of this process is related to the fluid mechanics of the rupturing 

of a bubble film, and the microscopic element is dependent on the intermolecular 
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interactions of the solutions involved (Russell and Singh, 2006). However, these 

studies show that larger bubbles are required to induce bubble disintegration and 

produce smaller nanoparticles in great number. 

5.3.2 Polymer concentration 

When studying the impact of the polymer concentration/viscosity of the solution 

forming the bubble shell, it was found that droplet production from bubble bursting 

through bubble disintegration requires reaching a level of fluid instability to induce it, 

and this depends on the viscosity of the material forming the bubble shell. This was 

demonstrated when the bursting of relatively large microbubbles was investigated, as 

an inhibition of bubble shell disintegration and jetting was observed on alginate 

microbubbles (with sizes ranging from 70 - 80 µm), prepared from an alginate solution 

with a higher viscosity (19 mPa s), as shown in figure 5.12. Increasing the viscosity 

of the bubble shell forming solution requires larger bubbles to allow their shell 

disintegration and thus by decreasing the bubble size and increasing the viscosity the 

disintegration of the shell and the production of nanoparticles will be prevented. 

 

Figure 5.12: Scanning electron micrographs showing the relics of bursting alginate 

microbubbles, obtained using the T-junction, from an alginate solution with a 

relatively high viscosity of 19.2 mPa s (solution 5.13 in table 5.3) and collected on a 

dry surface; (a) All bubbles seem to experience the inhibition of a complete bursting 

process (disintegration and jetting). (b) and (c) Inside of bubbles showing a lack of 

particles. 
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Lee et al. (2011) found that a threshold size is needed to induce the jetting process, 

when bubble burst is affected by the properties of the solution, mainly viscosity, 

density and surface tension, although the authors were more focussed on the effect of 

the chemical changes in the marine environment on the mechanism of aerosol 

production and its environmental implications. Collecting the bubbles on a dry surface 

can prevent the jetting of particles that occurs due to the retraction of partitioning 

liquid in the solution beneath the bubble after bursting. This result offers a way to 

predict and control the formation of nanoparticles from a bubble bursting mechanism, 

by monitoring and altering the shell solution properties.  

Furthermore, it is possible to suppress the jetting process (responsible for the 

production of microparticles) and induce the bubble shell disintegrating process only 

(responsible for the production of nanoparticles), by increasing the size of bubbles as 

well as using a collection method that prevents retraction occurring after the process 

of bubble burst. The next step objective will consequently be to investigate the effect 

of the bubble shell viscosity, defined by the polymer concentration, on the size of the 

particles obtained via bubble shell disintegration, which will be further explained in 

the next section.  

5.4 Factors affecting particles obtained through efficient bursting 

5.4.1 Polymer concentration  

Based on the previously shown impact of the properties of the solution forming 

microbubbles (mainly viscosity) on the promotion of the disintegration bursting 

mechanism, it was hypothesised that properties can also have an impact on the size of 

particles obtained through bursting mechanism. To test this hypothesis, microbubbles 
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were prepared from three alginate solutions with concentrations varying from 0.1 to 

0.4 wt %, and the particles obtained from bursting were analysed. Increasing the 

concentration of alginate increased the liquid viscosity from 1.5 to 7 mPa s.  

The tested microbubbles were prepared with sizes larger than the threshold required 

for each viscosity to induce solely bubble shell disintegration. Further, the 

microbubbles were collected on a dry glass slide to prevent the jetting. The average 

sizes of bubbles for each viscosity were approximately similar (90 - 100 µm) to ensure 

the neutralization of a possible impact of bubble size on the size of the particles (this 

factor will be further investigated). The size of particles obtained from bursting was 

found to increase with the increase in alginate concentration and viscosity. Figure 

5.13 shows particles obtained from the different alginate solutions and the variation of 

particles size with the change in viscosity, showing an increase in the particle size 

from around 80 nm to 200 nm with the increase in liquid viscosity.  
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Figure 5.13: Scanning electron micrographs of particles obtained from the process of 

bubble bursting prepared from three alginate solutions with three different viscosities. 

(a) Solution with the lowest viscosity of 1.5 mPa s. (b) Solution with the viscosity of 

3 mPa s. (c) solution with the highest viscosity of 7 mPa s. (d) Alginate particles (1-2 

µm) obtained from alginate liquid film without the bubble bursting step. (e) Graph 

showing the correlation between particle size and the solution viscosity (p-value < 

0.05). 
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Nanoparticles are believed to have resulted from the process of bubble bursting only 

and not from a spontaneous solvent evaporation process of the alginate solution, since 

the size of the particles produced from bubble bursting (80 - 200 nm) is much smaller 

than those produced from leaving the alginate solution to dry out (1 - 2 µm), as shown 

in figure 5.13 (d). 

The correlation between the concentration of alginate and the size of particles obtained 

from the disintegration of the bubble shell affirms the similarity between alginate 

bubbles bursting in the laboratory with those in the marine environment. Afeti and 

Resch (1990) reported a similar observation and found that the size of droplets 

produced from the natural process of bubble bursting can be defined as a function of 

the liquid that bubbles burst in, which can be understood as another way to refer to the 

bubble cap or the bubble shell at the time of bursting. Additionally, Tyree et al. (2007) 

found a direct relation between the size of the aerosol particles and the solute 

concentration. This is particularly important since the size of particles could therefore 

be adjusted through changing the concentration (i.e. the viscosity) of the solution and 

allow producing various size ranges in accordance with the intended biomedical 

application. 

5.4.2 Surfactant concentration 

In addition to the viscosity, other properties of the bubble shell (such as the surface 

tension) could also be expected to have an importance in allowing obtaining different 

size ranges for droplets resulting from the bubble film bursting. This is because of the 

effect of the surface tension on the stability duration of bubbles before bursting, which 

would lead to altering the thickness of the shell at the bursting moment and 

consequently cause a change in particles size. To test this hypothesis, three groups of 
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microbubbles having a similar average size (ranging from 110 - 135 µm) were 

prepared from liquids with different surfactant concentrations. This was done through 

adjusting the bubbling pressure and the liquid flow rate to produce microbubbles with 

the required average size, and prevent the interference of this factor on the results. As 

shown in figure 5.14, the bursting of microbubbles from three different surfactant 

concentrations (0.1, 0.3 and 0.5 wt %), and a constant polymer concentration (0.5 wt 

%), resulted in a significant reduction in the average particles size, down to 49.5 nm 

at the highest surfactant concentrations and the lowest surface tension. 

 

Figure 5.14: Particles obtained from the process of bubble bursting, prepared from 

three different alginate solutions, with three different surfactant concentrations (0.1, 

0.3 and 0.5 wt %), and a constant alginate concentration (0.5 wt %). (a) Particles 

obtained from solution with lowest surface tension= 44 mN/m. (b) Particles obtained 

from solution with surface tension = 45 mN/m. (c) Particles obtained from alginate 

solution with the highest surface tension = 47 mN/m. (d) Graph showing the 

correlation between the size of the particles and the surface tension of the liquid (p-

value < 0.05). 



135 
 

On the other hand, microbubbles containing the lowest surfactant concentration (0.1 

wt %) produced the largest particles that had an average size of 140 nm. 

5.4.3 Bubble size 

Further to showing the importance of microbubble size in relation to promoting bubble 

shell disintegration (see section 5.3.1), the correlation between the bubble size and the 

size of particles was investigated. When the size of particles obtained from efficient 

bursting of microbubbles with sizes of 185 µm, 210 µm and 225 µm was analysed, the 

size of particles did not show any strong correlation with the parent bubble size. As 

shown in figure 5.15, the size of the obtained particles did not vary significantly with 

increasing the microbubble size from 185 to 225 µm, as the particle size varied from 

87 nm to 82 nm, respectively. The difference in particle size was not significant given 

that the bubble shell thickness that go through a disintegration process is known to be 

close to an average of 90 nm (Hahn et al, 1985). Therefore, the bubble size effect 

remains less significant when comparing the size of particles obtained via similar 

bursting mechanism. The mild effect of the bubble size on the particles size, shown in 

figure 5.15, can be also attributed to the narrow size range of bubbles investigated 

(185-225 µm), which is limited by the capillary diameter used for processing (Pancholi 

et al, 2008b). Further, the diameter of the alginate microbubbles is expected not to 

remain constant until the point of bursting, as a full control for the pross remains 

difficult. This is due to the difficulty in simultaneously handling the various factors 

that cause the bubble diameter to shrink, such as evaporation of water from the bubble 

shell, the encapsulated gas diffusion and the thinning of the bubble shell, which 

happens as a result of different factors including gravity.  



136 
 

 

Figure 5.15: Optical and scanning electron micrographs showing alginate/PEG-40S (alginate 
= 0.25 wt % and PEG-40S = 0.25 wt % - sol. 5.4 in table 5.2) microbubbles and scanning 
electron micrographs showing particles obtained from their bursting process. (a) 
Microbubbles with smallest diameter = 185 µm. (b) Microbubbles with size 210 µm. (c) 
Microbubbles with size 225 µm. (d) Graph showing the variation in particle size with respect 
to the size of microbubbles used to obtain them (p-value > 0.05). 
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Based on this observation, it can be argued that the condition and features of bubbles 

at a time closer to the point of bursting are probably more relevant in determining the 

features of the formed droplets, rather than the size of the parent bubble. Even though 

microbubbles can be initially produced in a controllable manner, the final diameter 

cannot be fully controlled with the used setup, since an absolute control over the shell 

thinning process for each microbubble is a difficult task. Further, each bubble shell 

might have a unique composition of the polymer and the surfactant, although ideally 

not much different, despite being produced from the same solution. That is why a 

uniform dispersion of the polymer within the solution, enhanced by the emulsifying 

agent/surfactant, is considered to be a crucial element in dealing with this issue. 

5.5 Summary 

In this chapter, the T-junction microfluidic device was used to obtain microbubbles 

with various size ranges in a controllable manner. This was achieved through 

investigating the impact of the liquid properties (viscosity and surface tension) on the 

size of microbubbles produced using this method. The size of the microbubbles was 

found to increase with increasing the bubbling pressure, at a constant flow rate of the 

solution. On the other hand, the microbubble size was found to decrease with 

increasing the flow rate of the solution, at a constant bubbling pressure. The latter 

relationships were valid within a specific range of flow rates or bubbling pressures, as 

the maximum value that can be tested for each of those variables was found to depend 

on the value of the fixed variable. The size of the microbubbles also dropped when 

both the concentrations of the surfactant (PEG-40S) and the polymer (alginate) were 

increased. Through adjusting the processing variables, mainly the bubbling pressure 

and the flow rate of the solution, the size of the microbubbles could be controlled. 



138 
 

Based on the ability to control the size of microbubbles, the phenomenon of bubble 

bursting was successfully utilized to obtain droplets within the nano-range.  

The size of microbubbles and the concentrations of the surfactant and the polymer in 

the solution were found to have a strong impact on inducing a particular bursting 

mechanism. Solutions with higher viscosities were found to inhibit efficient bursting 

in general, while solutions having higher surfactant concentrations were found to 

produce more stable microbubbles that eventually burst and produce nano-droplets. 

When efficient bursting (bubble shell disintegration) occurs, increasing the viscosity 

of the liquid was found to increase the size of droplets obtained through bursting, while 

the surfactant concentration was found to be have the opposite effect on droplet size. 

On the other hand, the size of the parent microbubbles had an insignificant impact on 

particle size.  
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Chapter Six 

Soft preparation of porous films using microbubbles 

6.1 Factors affecting porous structures produced using T-junction 

Various methods have been developed to prepare porous structures, including freeze-

drying, electrospraying, particles leaching and bioprinting (Parhizkar et al, 2014). 

However, the resulting scaffolds were often characterized by large variation in pore 

size, which could limit their use in certain biomedical applications that depends on the 

geometry of the structure. Porous structures with larger size distribution and 

inconsistent pore shapes make it difficult to conduct systematic investigations for 

cellular activities and interactions, including cell signalling (Chung et al, 2009). 

Scaffolds with more spherical pores have better mechanical properties and resist 

compressive stresses compared to scaffolds with irregular pores (Zmora et al, 2002). 

Therefore, in this chapter the ability of the T-junction to control the size of 

microbubbles and the thinning process of the bubble shell (demonstrated in chapter 

five) are used to produce uniform porous polymeric films in a controlled manner. 

As previously demonstrated in chapter five, two main processing variables (the 

bubbling pressure and the flow rate) can be used to control the microbubble size. 

However, in order to minimize the impact of the shear forces on the solutions flowing 

in the capillaries, minimum values for the flow rate of the solution were used (60 to 

115 µl/min). For a specific gas pressure, there is a maximum flow rate value above 

which the liquid flow would overcome the gas flow, leading to the inability to produce 

microbubbles (Pancholi et al, 2008c). Further, relatively shorter microfluidic 

capillaries (50 mm) with larger inner diameters (100 to 200 µm) were used. Observing 
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the latter considerations are important since decreasing the diameter of the 

microfluidic channels and/or increasing the flow rate would increase the velocity of 

the flow and increase the intensity of the shear forces on the flowing solution (Hallow 

et al, 2008). This, in turn, will influence the physiochemical properties of the liquid, 

especially in the case of viscoelastic shear thinning solutions such as alginate solutions 

(Patra el al, 2015). Processing the liquid under the previous conditions helped maintain 

the viscosity of the liquid. This was demonstrated when the viscosity of the alginate 

solutions was measured at the conditions used before and after processing, since it was 

found to be largely unaffected by processing within the chosen range of flow rates, 

bubbling pressure and at the chosen capillary diameter. Therefore, it was assumed that 

the dynamics of the preparation process will have no significant effect on the 

mechanisms of producing the porous films discussed in this research. 

6.1.1 Polymer and surfactant concentrations 

After collection on a flat dry surface (glass slide), it was found that monodisperse 

microbubbles can align themselves in an ordered pattern in contrast to polydisperse 

microbubbles. This phenomenon is believed to be attributed due to the similarity in 

the size of the microbubbles, which spontaneously assembled in the form of organized 

ordered lattices called microfluidic crystals (Raven and Marmottant, 2009). The 

hypothesis was if such alignment could be retained it would help in the formation of 

the intended regular porous structures. In this regard, the stability of microbubbles has 

been shown to be a function of their radius, which governs the Laplace pressure, but 

still many other factors can affect the stability (bubble film thinning process) such as 

the material within the bubble shell (as demonstrated in chapter five). 



141 
 

Based on the latter principle, varying the polymer and surfactant concentrations was 

used as means to retain the initial alignment of microbubbles that in turn will help 

produce the intended uniform porous structure. Microbubbles from alginate/surfactant 

solutions with a weight ratio of 2:1 showed to be the most suitable for this purpose, as 

it provided the right balance need for driving a gradual bubble shell thinning process 

that led to the formation of uniform porous films. More importantly, larger 

alginate/surfactant ratio was found to suppress the bursting of microbubbles and 

produce capsule-like structures, as shown in figure 6.1. The films prepared from 

polymer/surfactant concentration ratio lower than 2:1 had pore sizes ranging from 2 

to 17 μm, which is much smaller in comparison to larger and more regular pores shown 

in figure 6.2 produced using 2:1 ratio.  

 

Figure 6.1: Optical micrographs showing microbubbles prepared from alginate/PEG-

40S (sol. 6.4 in table 6.1) having a high alginate concentration (1 wt %) and a 

relatively low concentration of PEG-40S (0.25 wt %). (a) After preparation. (b) 

Scanning electron micrograph showing the resulting structure formed at the end of 

thinning process of the microbubbles, after 35 minutes. (c) Higher magnification 

scanning electron micrograph showing the capsule-like structure that microbubbles 

turned into at the end of the thinning process. 

 

The impact of using higher polymer concentration on the pore size could be attributed 

to the large viscosity of the liquid that prevents an extended thinning process and also 

prevents the efficient bursting of microbubbles, a process that helps in the formation 
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of larger pores. The properties of the solutions at the different ratios are shown in table 

6.1.   

Table 6.1: Properties (viscosity and surface tension) of solutions prepared from 
various alginate/PEG-40S concentrations and used for investigating the process of 
producing porous films from microbubbles 

Solution Alginate conc. 

(wt %) 

PEG-40S conc. 

(wt %) 

Viscosity 

(mPa s) 

Surface tension 

(mN/m) 

6.1 0.1 0.05 5.5 ± 0.7 40.5 ± 0.8 

6.2 0.3 0.15 9.5 ± 0.5 38.5 ± 0.5 

6.3 0.5 0.25 13.4 ± 0.5 37.4 ± 0.7 

6.4 1.0 0.25 18.6 ± 0.4 38.9 ± 0.3 

 

Figure 6.2 shows the porous films produced from various alginate/surfactant liquids 

with different concentrations, but all of them had the same polymer/surfactant ratio 

(2:1). The alginate concentration was varied from 0.1 wt % to 0.5 wt % and the PEG-

40S concentration was varied from 0.05 wt % to 0.25 wt %. In the three cases the 

parent microbubbles were monodisperse and were produced with a similar range of 

sizes (120-140 μm). The microbubbles maintained their alignment and stability to 

various degrees before the structures shown in figure 6.2 were formed. Microbubbles 

from the solution with the least amount of alginate and surfactant (and the lowest 

viscosity) went through the shortest duration of stability (56 minutes), in comparison 

to 67 and 75 minutes for microbubbles prepared from 0.3 wt % and 0.5 wt % alginate 

solutions, respectively. 

The size and shape of pores in the different cases also varied, as shown in figure 6.2, 

as the strut thickness increased with the alginate concentration (from 0.1 wt % to 0.5 

wt %), as shown in figure 6.2. It is expected that the longer stability provided an 

extended duration for the bubble shell thinning to occur, because coating the 
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microbubbles with PEG-40S has been found to significantly enhance the stability of 

bubbles (Lee and Lee, 2010). Increasing the viscosity of the bubble shell is also known 

to extend the thinning process (Allan et al, 1961). The average pore size of the film 

produced from 0.1 wt % alginate solution was 122 ± 15 μm, while the average pore 

size was 70 ± 30 μm in the case of 0.3 wt % alginate solution. The microbubbles in 

latter case was characterized by larger variation in pore size (i.e. higher standard 

deviation) and also a greater extent of shrinkage (around 40%) from the original 

microbubble size (∼120 μm).  

Figure 6.2: Scanning electron micrographs showing the relics obtained from the 

bursting of alginate microbubbles (solutions 6.1, 6.2 and 6.3 in table 6.1), having three 

polymer/PEG-40S concentrations with a fixed ratio of 2:1, where the polymer 

(alginate) concentrations increased from 0.1 wt % to 0.5 wt %; (a) 0.1 wt %. (b) 0.3 

wt %. (c) 0.5 wt %. 

 

Microbubbles prepared from the highest polymer (0.5 wt %) and surfactant 

concentrations showed the greatest duration of stability and produced the smallest 

pores among the studied microbubble groups. The surfactant played a dual role in the 

process of film formation; the first is stabilizing the microbubbles through controlling 

the diffusion of gas from the bubbles and preventing the coalescence of adjacent 

microbubbles (Huerre et al, 2014), which help the process of producing films with 

nearly uniform structure and pore size. The second role is controlling/extending the 
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thinning process of the bubbles (Hahn et al, 1985) in a manner that allows the gradual 

accumulation of the polymeric material between the voids. The small pore size is 

mainly due to the greater material concentrations within the bubble shell that is 

eventually deposited within the boundaries between microbubbles (plateau borders). 

Overall, the extended duration of the thinning process, particularly in the cases of 0.3 

and 0.5 wt % alginate concentrations, is probably the cause of the unsymmetrical 

deposition of the material and the larger variation in the pore size. 

In all cases, it was noted that the obtained films assumed a near-polyhedral shape, 

more noticeable especially at the lowest material (polymer and surfactant) 

concentrations (figure 6.2 a and b). This can be caused by the lower liquid volume 

fraction within the produced cluster of microbubbles, initiated by the relatively low 

liquid/gas flow ratios used to obtain the microbubbles, to reduce shear stresses on the 

processed solution. Polyhedral porous structures have been previously referred to as 

‘dry foam’ and can be generated by microfluidic methods by using relatively lower 

liquid to gas fractions, in contrast to wet foams which are formed at a higher liquid to 

gas fractions and are characterized by a more spherical shape (Marmottant and Raven, 

2009).  

6.1.2 Role of lipids in porous structure formation 

The findings presented in the previous section highlighted the need to overcome the 

obstacle of bursting suppression at high polymer concentrations (more than 0.5 wt %). 

The inability to regulate the shell thinning process also results in the formation of 

structures lacking the intended defined/large pore shape, as shown in figure 6.1. To 

overcome this obstacle, it was hypothesised that adding phospholipids, in combination 

with the surfactant, to the polymeric systems, would lead to a closer packing of the 
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material within the film. This would be driven by the ordered alignment of lipids, 

characterised by long hydrophobic groups, and the surfactant, characterised by long 

hydrophilic groups, at the liquid/gas interface (Rosen and Kunjappu, 2012), making 

the microbubble shell highly packed and more elastic (Borden and Longo, 2002). 

It is expected that increasing the shell elasticity would improve shell stability and 

extended shell thinning, and also promote effective shell bursting that in turn will 

produce uniform porous structures. One of the most crucial functioning elements 

within the bubble shell is the surfactant, due to its ability to create a barrier for the gas 

transfer in and out of the bubble shell (Mohamedi et al, 2012). The non-uniform 

distribution of the surfactant within the bubble shell can also result in a difference in 

the surface tension (surface tension gradient) across the bubble film (Bain et al, 2000), 

which in turn induces the Marangoni effect, causing slower or accelerated thinning 

according to the direction of the surface tension gradient across the bubble film 

(Breward and Howell, 2002). As for the chosen polymeric system (solution); alginate 

+ lipids + PEG-40S, the PEG-40S has also been reported to act as an emulsifier, 

capable of improving the lipid dispersion and preventing the coalescence of the 

microbubbles (Borden and Longo, 2002).  

Preventing the coalescence of bubbles is crucial for this work, in order to limit the 

production of porous structures with a polydisperse pore size. Therefore, increasing 

the concentration of the surfactant further seemed potentially useful. The emulsifier’s 

effect was demonstrated when three alginate solutions having fixed alginate and lipids 

concentrations of 1 wt % and 0.25 wt %, respectively, and three different 

concentrations of PEG-40S (0.25, 0.5 and 0.75 wt %) were investigated. The first two 

groups of alginate microbubbles produced porous structures with irregular-shaped 

pores, as shown in figure 6.3 (a) and figure 6.3 (b).  
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However, alginate microbubbles with the highest PEG-40S concentration (0.75 wt. %) 

resulted in a porous structure with near-spherical pores, as shown in figure 6.3 (c) and 

in examples discussed later. This can be the result of the better dispersion of the 

material within the bubble shell, which resulted in a thinner shell thickness, at the 

bursting moment, leading to efficient bursting and resulting in more ‘open’ pores, as 

shown in figure 6.3 (c), compared to the irregular-shaped and ‘closed’ pores, as shown 

in figure 6.3 (a). It is important to note that microbubbles prepared from the same 

alginate/surfactant concentrations, but with/without lipids, went through different 

shrinkage and bursting mechanisms, as previously shown in chapter 5. 

Figure 6.3: Scanning electron micrographs showing the porous structures resulting 

from the bursting of alginate/lipid/PEG-40S microbubbles (sol. 6.5, 6.6 and 6.7 in 

table 6.2), having constant alginate (1 wt %) and phospholipid (0.25 wt %) 

concentrations, and three PEG-40S concentrations; (a) 0.25 wt %, (b) 0.5 wt % and 

(c) 0.75 wt %. 

 

Microbubbles that do not contain lipids went through a considerable shrinkage and 

ended up bursting, leaving few micron-sized voids on their surface, as shown in figure 

6.1. On the other hand, microbubbles containing 0.25 wt. % lipids went through a 

relatively lower shrinkage in microbubble size and produced ‘more open’ pores, 

despite having irregular shapes. This shows the important role of lipids in induce an 

efficient bursting process due to the more ‘elastic’ nature of lipid-based microbubbles 

(Borden and Longo, 2002). Furthermore, microbubbles from this solution, in 
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particular, had the longest lifetime before bursting (approximately 90 minutes). The 

extended lifetime can be crucial in defining the structures resulting from bubble 

bursting, as bubbles are considered to have strong time-dependent properties (Modini 

et al, 2013).  

Table 6.2: Properties (viscosity and surface tension) of solutions prepared from 
various alginate/PEG-40S/phospholipids concentrations and used for producing 
porous films with nano-patterned surfaces from microbubbles 

Solution Alginate 
conc. 

(wt %) 

PEG-40S 
conc. 

(wt %) 

Lipid 
conc. 

(wt %) 

Viscosity 
(mPa s) 

Surface 
tension 
(mN/m) 

6.5 1.0 0.25 0.25 19.4 ± 0.4 37.9 ± 0.7 

6.6 1.0 0.50 0.25 21.5 ± 0.6 35.4 ± 0.5 
6.7 1.0 0.75 0.25 22.5 ± 0.8 33.5 ± 0.7 

 

Microbubbles having the highest surfactant concentration maintained to a great extent 

being monodisperse and they also maintained their alignment throughout the thinning 

process until the bursting process, as shown in figure 6.4 (b), resulting in the structures 

shown in figure 6.4 (c). The efficient bursting process from this group of microbubbles 

resulted in a nano-patterned surface, caused by the nano-droplets produced during the 

bursting that became embedded in the porous film, as shown in figure 6.5 (c). 

 

Figure 6.4: Optical micrographs showing the alginate/lipid/PEG-40S microbubbles 

(sol. 6.7 in table 6.2) microbubbles, at different time points; (a) After preparation (b) 

Before bursting, (c) After bursting. 
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Figure 6.5: Scanning electron micrographs showing: (a) Structure of the pore obtained 

at the highest PEG-40S concentration (sol. 6.7 in table 6.2); (b) Lower magnification 

image showing nano-patterned surface; (c) Embedded nanoparticles produced from 

the efficient bursting of microbubbles; (d) High magnification image showing near 

spherical alginate nanoparticle embedded in the film surface. 

 

Previous reports (Kuo and Wang, 1999) showed that as the bubble cap reaches a 

critical thickness, the shell breaks into fine droplets with a different size range, starting 

from a sub-micron range. This notion is similar to our findings as particles with an 

average diameter of 315 nm were found embedded within the surface of the porous 

film, as shown in figure 6.5 (a and b). The ability to control the surface structure of a 

porous film is very important, as the surface properties have impacts on the cellular 

functionalities, such as, cellular adhesion, proliferation, differentiation etc. (Jang et al, 
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2011). Our results show that through controlling the initial size of microbubbles using 

a microfluidic method, such as T-junction, and adjusting the solution properties (i.e. 

polymer, surfactant and emulsifier’s concentrations), we are able to produce well-

defined porous structures with a nano-patterned surface. We have thus advanced from 

controlling the bubbles thinning and bursting (Roisman, 2011) to establishing a new 

processing method with the capability to achieve not only a well-defined porous 

structure but also a regulated strut morphology. To the best of our knowledge, this is 

the first time such a well-defined porous structure has been produced using a 

microfluidic processing without additional post processing treatment. 

6.2 Controlled formation of trypsin-loaded porous films 

This part of the research demonstrates the use of the T-junction microbubbling method 

and the process of microbubble shell thinning/bursting to prepare uniform porous 

enzyme-loaded films with controlled release. To choose the suitable concentrations to 

prepare the trypsin-loaded films, various alginate, trypsin and PEG-40S 

concentrations were investigated. It was found that increasing the alginate 

concentration (above 1 wt %) and trypsin (above 0.5 wt %) causes the suppression of 

the bursting process mainly due to high viscosity. This finding is in agreement with 

the previous results that demonstrated the suppressing effect of the increased viscosity 

on the bursting process, demonstrated in chapter five (see section 5.2.2). However, 

decreasing the polymer concentration remain to be undesirable for the purpose of 

loading the enzyme into the alginate film and not to jeopardize the integrity of film. 

Further, choosing the appropriate surfactant concentration was also important for the 

process of uniform films formation, given that decreasing the concentration of PEG-

40S to 0.25 wt % produced pores with irregular shaped edges, as shown in figure 6.6 
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(a and b), compared to higher concentrations (0.5 wt %) that produced spherical pores, 

as shown in figure 6.6 (c), at the same polymer and trypsin concentrations. This is 

mainly because microbubbles prepared from liquids with low surfactant 

concentrations/and higher surface tension are characterized by low stability and faster 

shell drainage (Lhuissier and Villermaux, 2012). This did not induce the intended 

enhancement of microbubble stability, which would lead to a gradual accumulation of 

the material around the bubble circumference. Interestingly, films prepared from 

liquids with higher surfactant concentration (0.5 wt %) were also found to have smooth 

surfaces, compared to those from lower surfactant concentration (0.25 wt %), as show 

in figure 6.6 (c). The surface properties of the films are considered to be very 

important, as researchers are finding increasing evidence regarding the correlation 

between surface properties and inducing important cellular functions, such as 

adhesion, proliferation and differentiation (Jang et al, 2011). 

Figure 6.6: Scanning electron micrographs showing alginate/trypsin/PEG porous 

films produced from solutions with constant alginate (1 wt %) and trypsin (0.5 wt %) 

concentrations and different surfactant concentrations; (a) and (b) 0.25 wt % (sol. 6.8 

in table 6.3) and (c) 0.5 wt % (sol. 6.9 in table 6.3), showing spherical pores and 

smoother surfaces at the higher surfactant concentration. 

 

As a result, the most suitable concentrations for the polymeric solution that was used 

in the following experiments were 1 wt %, 0.5 wt % and 0.5 wt % for alginate, trypsin 

and PEG-40S, respectively, having a viscosity of approximately 22 mPa s, density of 
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673 kg/m3 and surface tension of 34 mN/m. In addition to using surfactants to control 

the microbubble stability, it was found that the common obstacle of controlling the 

pore size of films and scaffolds, discussed in chapter two (see section 2.5), can be 

successfully tackled by using the ability of T-junction to produce monodisperse 

microbubbles. 

Table 6.3: Properties of solutions prepared from various concentrations of alginate, 
PEG-40S and trypsin and used to study the release kinetics of trypsin from porous 
films 

Solution Alginate 
conc. 

(wt %) 

PEG-40S 
conc.  

(wt %) 

Trypsin 
conc.  

(wt %) 

Surface 
tension 
(mN/m) 

Viscosity 
(mPa s) 

Density 
kg/m3 

6.8 1.0 0.25 0.5 37.3 ± 0.8 21.8 ± 0.8 781 ± 9.5 

6.9 1.0 0.50 0.5 34.2 ± 0.5 22.2 ± 0.5 673 ± 7.5 

 

At a constant bubbling pressure (90 kPa) and capillary inner diameter of 200 µm, the 

flow rate of solution allowed varying the initial size of microbubbles, which the pore 

size would depend on. Increasing the ratio of liquid to gas flow rate, from 0.38 to 0.53, 

through increasing the flow rate of solution and keeping the bubbling pressure constant 

or as low as possible, was found to reduce the average microbubble size from 240 to 

47 µm, as shown in figure 6.7. Further increase in the solution flow rate (above 400 

µl/min) was not possible without jeopardizing the balance between the flow rate and 

the bubbling pressure, which lead to the formation of polydisperse microbubbles. On 

the other hand, when the flow rate of solution was decreased (below 75 µl/min), the 

bubbling pressure became dominant and pushed the solution towards the syringe and 

no bubbles were formed. Such correlation between the flow rate and the microbubble 

size, at a constant bubbling pressure, agrees with the findings discussed in chapter 

five (section 5.1.2).  
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The correlation has also been shown by previous studies, such as Parhizkar et al. 

(2013) and Wang et al. (2010) who demonstrated experimentally that using higher 

flow rates result in microbubbles with smaller diameters below 200 microns.  

The alginate/trypsin/PEG-40S microbubbles, shown in figure 6.7, remained stable for 

a period that ranged from 45 to 60 minutes according to the size of microbubbles, 

where the stability was found to rise with increasing the microbubble size. 

A similar correlation between the stability of microbubbles and their size has been 

previously demonstrated by Filho et al. (2012). After bursting, porous films with 

different pore sizes that depended on the initial microbubble size were formed, as 

shown in figure 6.8. Microbubbles with an initial larger size produced films with 

larger pores, in a linear manner, ranging from 9 to 165 µm, as shown in figure 6.8 (e). 

It is important to note that the surfactant played two main roles in the process of film 

formation, which have been demonstrated by previous studies. The first of the 

functions is stabilizing the microbubbles by controlling gas diffusion from the shell of 

microbubbles, in addition to opposing the coalescence of neighbouring bubbles 

(Huerre et al, 2014) leading to producing polymeric films with nearly uniform shape 

and pore size. The second role is extending the bubbles shell thinning process (Hahn 

et al, 1985), which allows a gradual disposition of the material within plateau borders 

of adjacent microbubbles and leading to the formation of the nearly uniform porous 

films shown in figure 6.8. 
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Figure 6.7: Optical images showing alginate/trypsin/PEG microbubbles produced using T-junction, at a constant capillary inner diameter of 200 

µm, at different flow ratios; (a) 0.38. (b) 0.44. (c) 0.46. (d) 0.53. (e) Graph showing the decrease in microbubble size with increasing the flow rate 

(p-value < 0.05).
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Figure 6.8: Scanning electron micrographs showing alginate/trypsin/PEG porous films produced obtained from microbubbles with different sizes; 

(a) 47 µm. (b) 130 µm. (c) 180 µm. (d) 240 µm. (e) Graph showing increase in pore size with increasing the parent microbubble size (p-value < 

0.05).
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6.3 Kinetic studies and in vitro characterization of trypsin 

The yield calculated for the films with different pore sizes shown in figure 6.8 was 

equal to 89.2, 83.5, 81.7 and 77.3 % for films with pore sizes of 9, 55, 80 and 165 µm, 

respectively (as illustrated in table 6.4). Such decrease in the yield correlated with 

increasing the pore size is probably the result of the portion of the material lost by 

remaining stuck to the collection surface underneath the pore (i.e. particularly inside 

the void), which is difficult to collect fully compared to the bulk of the polymeric 

material forming the film. This observation is demonstrated in figure 6.9. It is also 

likely that some of the trypsin can remain within small spaces in the T-junction or 

even in the microfluidic channels due to an adherence to the walls of the 

microchannels they flow within. On the other hand, when the average pore size 

decreased to 9 µm the percentage of the wasted material became less, and the yield 

increased up to 89.2 %.  

Figure 6.9: Scanning electron micrographs for different pore sizes of porous films; 

(a) 80 µm, (b) 190 µm, showing a greater amount of lost material within larger pores. 

 

The encapsulation efficiency was found to be equal to 87.5, 82.3, 81.2 and 69.4 % for 

the films with pore sizes of 9, 55, 80 and 165 µm, respectively, showing a decline in 

encapsulation efficiency with increasing the pore size. 
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This reduction in efficiency with increasing the pore size could be due to the difficulty 

in retaining the whole amount of trypsin initially used when the pores of the film were 

larger, as more material was lost during collection of films with higher porosity. The 

release kinetics of trypsin from the previous films were characterized next, after cross-

linking the films in calcium chloride. This was done to study the effect of the pore size 

on the release of the enzyme, and also to evaluate the potential of the films for the 

delivery of therapeutics. 

Table 6.4: Variation in yield and encapsulation efficiency at different pore sizes of 

films (p-value < 0.05). 

Average pore size (µm) Yield (%) Encapsulation efficiency (%) 
9 89.2 ± 0.9 87.5 ± 1.3 
55 83.5 ± 1.2 82.3 ± 3.5 
80 81.7 ± 1.6 81.2 ± 3.0 
165 77.3 ± 2.1 69.4 ± 4.5 

Note: the yield and encapsulation efficiency of non-porous films (i.e. films produced from the passage 
of the polymeric/trypsin solution through the capillaries and the junction without forming microbubbles 
and using gas for bubbling) were assumed to be 100%. 

This was done through fixing the other variables, such the alginate concentration, the 

cross-linking strength and the cross-linking duration. This is due to the fact that the 

gelling properties of alginate-based systems are strongly dependent on the molecular 

weight, the alginate concentration, and the type of the cross-linking agent and the 

duration of cross-linking (Saraei et al, 2013). The same type of alginate (i.e.  constant 

molecular weight) was also used throughout the experiments and the concentrations 

of trypsin and PEG-40S were fixed.  

The concentration of the calcium chloride was kept constant at a concentration of 1M 

as it was considered sufficient for providing the films with the needed integrity for 

handling for kinetic studies, while lower concentrations (such as 0.1M and 0.5 M.) 

caused the films to return to the liquid phase shortly after the cross-linking process, 

particularly during the washing (calcium chloride removal) process of the films to 
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remove the excess calcium chloride after cross-linking. The duration of cross-linking 

was also kept constant (1 hr), as it is known to affect the swelling behaviour of alginate 

structures when placed in PBS (Nikoo et al, 2016). The graph shown in figure 6.10 

shows the release of trypsin from the crosslinked films having three different average 

pore sizes and porosity. In all cases, an initial burst release was observed that 

decreased with the decrease in overall porosity of the film and the average pore size, 

where the average percentage of trypsin initial release (within 1 minute) was 25.1, 

33.2 and 45.5 % (of the initial trypsin concentration measured prior to immersion in 

PBS) for films with pore sizes of 9, 80 and 165 µm, with equivalent porosity of 7.4%, 

16.8% and 62.5%, respectively.  

According to Suksamran et al. (2009), the “egg-box” model can be used to explain the 

gelation by divalent cations in alginate where the ion binds to the carboxyl groups of 

the adjoining alginate. Based on this principle, trypsin is released from the alginate 

films as the bivalent calcium ions that crosslink the polymer (alginate) are removed 

from the film, due to ion replacement from PBS by the monovalent cations. Through 

this ion-exchange process, the extent of cross-linking in alginate decreases with time 

and the films become destabilized leading to more leakage (diffusion) of trypsin. The 

diffusion process occurs through the pores characterizing alginate system surfaces 

(Moradhaseli et al, 2013), a phenomenon also supported by the increasing swelling of 

the alginate structure as they continue to absorb the surrounding liquid. The highest 

burst release associated with the films with the highest porosity and largest pores is 

probably due to the larger surface area of the film that came in contact with PBS at the 

initial stage. The extended bubble shell thinning associated with larger microbubbles 

that lead to larger porosity and higher porosity would also lead to a variation in the 

thickness of the film, especially around the pore circumference, demonstrated in their 
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brighter colour, as shown in figure 6.8 (b, c and d), making it even faster to degrade. 

The burst release has also been triggered by the expected swelling of the films, is 

expected to be followed by an erosion of films, which will accelerate the release of 

trypsin. In agreement with this observation, previous studies that investigated the 

release of proteins (BSA) from alginate systems recorded a large initial burst release 

that reached up to 55% of the encapsulated protein in some cases (Lemoine et al, 

1998). Nikoo et al. (2016) showed that alginate particles cross-linked in calcium 

chloride and put in PBS went through a swelling process, which was followed by the 

erosion of the particles, and this swelling behaviour showed to vary with the 

concentration of the cross-linking medium. The limited duration of release (less than 

30 minutes) in all cases is due to the high pH value of the release medium (7.4), which 

can lead to full solubilization of the alginate into it (Gombotz and Wee, 1998). This 

said, the later phenomenon helped in achieving 100% (of the initial trypsin 

concentration) release in all cases, which is also supported by the relatively high 

solubility of trypsin, a common property of a typical globular protein caused by their 

three-dimensional structure (Shen, 2019). The faster release for films with higher 

porosity can also be attributed to a faster degradation rate of the porous structures, 

which is directly proportional to the pore size (Odelius et al, 2011). 
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Figure 6.10: Graph showing trypsin release from polymeric films with different porosity and pore sizes (p-value < 0.05). 
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6.4 Processing impact on bioactivity of trypsin  

One of the main objectives of this work is to develop a ‘softer’ processing method for 

polymeric structures. Consequently, evaluating the effect of the method on the 

bioactivity of a sensitive biological entity, such as an enzyme, would help quantify 

such effect. Various studies suggested that proteins or enzymes in a solution can be 

subjected to deforming forces (particularly shear forces) and thus those should be 

taken into consideration when developing processing methods (Thomas and Geer, 

2011). The effect of shear stresses is especially important when proteins or enzymes 

are present in a liquid environment (Ghadge et al, 2005). This caused the focus for this 

bioactivity evaluation to be on the processing variables strongly related to the shear 

forces within the microfluidic capillaries, mainly the flow ratio of the liquid (i.e. ratio 

of liquid to gas flow rate) and the capillary inner diameter.  

The investigation was conducted through performing a bioactivity essay on the 

trypsin- containing microbubbles that were produced using a range of flow ratios and 

using the same capillaries with an inner diameter of 200 µm. The films were not cross-

linked, however, to avoid any impact for the cross-linking step. The percentage of 

bioactivity in each case was calculated in reference to the control (the experimental 

bioactivity of the unprocessed trypsin was found to be equal to 20,194 BAEE units/mg 

protein). As shown in the graph in figure 6.11 (a & b), the bioactivity of trypsin 

showed a slight but statistically insignificant (p-value > 0.05) decline when the flow 

ratio increased from 0.38 to 0.53.  
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Note: The flow ratios varied in the two cases because of the challenge in producing microbubbles at the same flow 
ratios but with different capillary diameters 

Figure 6.11: Graphs showing the percentage of bioactivity of trypsin present in the 

polymeric solution processed using several flow ratios of the solution, obtained using 

different capillary inner diameters; (a) 100 µm (p-value < 0.05); (b) 200 µm (p-value 

> 0.05). Unprocessed trypsin dissolved in water was used as the control. 

 

On the other hand, when microfluidic processing occurred using a range of flow ratios 

and when using narrower set of capillaries (inner diameter of 100 µm), a statistically 

noticeable drop in the bioactivity of trypsin was observed especially at the highest 

flow ratio (0.48), down to 49.5% of the bioactivity of the unprocessed trypsin, as 

shown in figure 6.11 (a). 

The difference in enzyme bioactivity between the two cases can be an indication of 

the structural destabilization of the enzyme, which might have been caused by the 

exposure to stronger hydrodynamic forces when narrower capillaries were used. The 

same phenomenon has also been observed in other mechanisms such as sonication and 

shaking (Bekard et al, 2011). Decreasing the capillary diameter would increase the 

probability of collision for the flowing enzymes, and consequently increase deforming 
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forces on them. Protein molecules can be damaged when they become subject to 

extremes of heat, cold, or mechanical stress (Jaspe and Hagen, 2006) and the observed 

damage can be due to the increased interfacial effects, which are expected to increase 

with the flow rate of the movement (Thomas and Geer, 2011). Other mechanisms may 

have also caused such loss in the enzyme bioactivity, such as aggregation or adsorption 

to interfaces (Simon et al, 2011). The latter effects can increase with decreasing the 

capillary inner diameter or increasing the flow rate of solution. Various indications to 

shear-induced damaging of proteins have been reported, despite conflicting 

observations in some cases (Jaspe and Hagen, 2006). This can be due to the complexity 

of performing an accurate characterization for shear forces within a flowing solution 

and also relating it to the exact damaging mechanism of the enzyme. 

6.5 Summary 

In this chapter, the ability to control both the preparation of microbubbles using T-

junction and the process of microbubble thinning/bursting (both dementated in chapter 

five) is used to prepare porous films in a controllable manner. The film features, 

mainly the pore size and the thickness of the struts of the film, were successfully 

controlled through varying the initial microbubble size and the polymer/surfactant 

concentration. Films with pore sizes ranging from 70 to 122 μm were produced with 

different strut thicknesses depending on the concentration of polymer/surfactant. 

Further, including lipids in the solution showed an ability to promote efficient 

bursting, even at higher polymer concentration (such as 1 wt %), which facilitated the 

promotion of efficient microbubble bursting and produced well-defined porous 

structures with nano-patterned surface (by means of the nanodroplets obtained from 

the bursting of the bubble, which became embedded in the film). 
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The yield of the film preparation method was investigated at different pore sizes and 

was found to decline with increasing the pore size, dropping to 77.3% for films having 

an average pore size of 165 µm. Similarly, when the encapsulation efficiency for 

trypsin-containing films with different pore sizes was studied, it was found to decrease 

with increasing the pore size. The encapsulation efficiency of films with average pore 

sizes of 9, 55, 80 and 165 µm was equal to 87.5, 82.3, 81.2 and 69.4%, respectively. 

The release kinetics of trypsin from the porous films were also investigated. It was 

found that films with larger pores and higher porosity were characterized by a stronger 

burst release for trypsin in PBS. The percentage of trypsin’s initial release was 25.1, 

33.2 and 45.5 % from films with pore sizes of 9, 80 and 165 µm, and porosity of 7.4%, 

16.8% and 62.5%, respectively. Further, all the trypsin-loaded films where 

characterized by a relatively short period of release time (less than 30 minutes), which 

reflects the potential of those films in time-limited delivery applications.  

The impact of microfluidic processing on the bioactivity of trypsin was studied, 

through conducting a bioactivity essay for the liquid-containing trypsin, through 

varying the flow ratios and the capillary inner diameters (200 µm and 100 µm). It was 

found that when processing the liquid at the highest flow ratio (0.48) using the 

narrower capillaries (diameter: 100 µm), a significant reduction of almost 50% in the 

bioactivity of trypsin was observed, while the bioactivity remained almost similar to 

the bioactivity of the unprocessed trypsin when larger capillaries were used (diameter: 

200 µm) at the various flow ratios used. This shows the potential of this novel method 

as a soft processing technique for porous structures, especially when larger capillaries 

are used. 
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Chapter Seven 

Conclusions and future work 

7.1 Conclusions 

7.1.1 Producing nanoparticles using EHDA  

The first key contribution of this research is the demonstration of the ability of the 

EHDA technique to produce alginate nanoparticles with average sizes ranging from 

92 nm to 440 nm with narrow size distribution. This was initially done through 

determining and applying the necessary conditions needed to obtain the cone-jet mode, 

through the adjustment of both the liquid properties (mainly viscosity and electrical 

conductivity) and the processing variables (spraying voltage, flow rate of solution and 

collection distance). The spraying voltage was found to have a significant impact on 

the spraying mode, as increasing the spraying voltage from 0 kV up to 13.5 kV helped 

switched the mode from dripping, which produced large particles, to tri-modal 

spraying that resulted in smaller particles in the micro- and nano-meter range. The 

latter mode, however, produced particles with large size distribution. This obstacle 

was overcome through the adjustment of the electrical conductivity of the alginate 

solution with the help of ethanol. An ethanol/water solvent ratio of 25% was found to 

be ideal for obtaining cone-jet mode when the alginate solution was sprayed using a 

voltage of 10 kV and a flow rate of solution of 50 µl/min. This resulted in alginate 

nanoparticles with narrow size distribution. 

In cone-jet mode, the size of particles was found to drop from 217 nm to 92 nm with 

increasing the spraying voltage from 10 kV up to 20 kV. Such correlation was also 



165 
 

witnessed at different polymer concentrations (0.75 wt % and 1 wt %) in a statistically 

significant manner. The particle size, however, was found not to change significantly 

between 15 and 20 kV, an indication of the limit to which the size can be reduced for 

a particular solution. The polymer concentration also showed a significant impact on 

the particle size, which increased from 92 nm to 395 nm when the polymer 

concentration increased from 0.5 wt.% to 1 wt.%, at the same processing conditions. 

Furthermore, this correlation was witnessed at different spraying voltages (10, 15 and 

20 kV). This demonstrates the significant impact of the liquid’s viscosity on the 

spraying process and the features of the produced particles. Similarly, the nozzle 

diameter showed a notable impact on the particle size, as the size increased form 180 

nm to 212 nm when the nozzle diameter increased from 100 µm to 200 µm.  

The collection distance also showed to impact particle size since the particle size 

increased from 92 nm (collection distance: 10 cm) to 121 nm (collection distance: 20 

cm), reflecting the effect of the weakening of the electric field with increasing the 

working distance and the impact of such phenomenon on particle size. However, the 

standard deviation was found to increase with the collection/working distance, which 

is an indication of the importance of the working distance and the distance between 

the needle and the collection surface for particle size variation considering that it 

affects the process of solvent evaporation from sprayed droplets. Similar to the 

spraying voltage, the flow rate of the liquid showed a notable impact on the particle 

size. However, the flow rate had a directly proportional relationship with the particle 

size, in contrast to the spraying voltage. Increasing the flow rate from 50 µl/min to 175 

µl/min caused an increase in the size of particles from 102 nm to 267 nm. This shows 

the significant impact of the flow rate on the frequency and quantity of the liquid 
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emerging from the nozzle and subjected to the electric voltage, which forms the 

droplets/particles. 

The impact of two of the processing variables (spraying voltage and flow rate of 

liquid) on the bioactivity of a model enzyme. Overall, the EHDA processing had a 

moderate impact on bioactivity (dropping only by 24%, compared unprocessed 

trypsin), except when higher spraying voltages were used. At spraying voltages of 15 

kV and 20 kV, the bioactivity of trypsin dropped by 44.5% and 48%, respectively. 

This is a clear indication of the negative impact that high spraying voltages would 

have on sensitive biomolecules, such as enzymes, despite the technique’s potential for 

producing polymeric nanoparticles in a controllable manner and down to tens of 

nanometres.   

7.1.2 Obtaining nanoparticles using microbubble bursting  

The second key contribution of this research is to show the use of the microfluidic T-

junction technique to prepare microbubbles in a controlled manner and more 

importantly using them as platforms for obtaining nano-sized droplets/particles. 

Initially, the impact of liquid properties driven by the surfactant and polymer 

concentration was studied to determine their impact on processing and microbubble 

size. It was found that the size of microbubbles is influenced by both the surfactant 

and polymer concentrations in a statistically significant manner. The size of 

alginate/PEG-40S microbubbles dropped from an average of 218 µm to 169 µm when 

the polymer concentration increased from 0.5 wt % to 1 wt %. This shows the impact 

of the increase in the viscosity of the liquid - driven by the increase in alginate 

concentration - on the diameter of the air column, as it minimizes it in a way that leads 

to the formation of smaller microbubbles.  
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The surfactant concentration was shown to have also had a similar impact on 

microbubble size, as the average size of microbubbles produced using the same 

processing conditions (bubbling pressure and flow rate of solution) decreased from 

158 µm to 118 µm when the surfactant concentration increased from 0.1 wt % to 0.5 

wt % (at a constant alginate concentration). This demonstrates the impact of the liquid 

properties, mainly viscosity and surface tension, on the frequency of the pinch off 

process that produces and dictates the size of microbubbles. Furthermore, the 

processing factors, mainly the flow rate of the liquid and the bubbling pressure, 

showed a statistically significant impact on microbubble size. It was found that the 

size of microbubbles bubbles decreases with increasing the flow rate, while it increases 

when the gas pressure is increased. By means of varying the flow rate, the average 

microbubbles size decreased from 160 µm to 100 µm when the flow rate increased 

from 400 to 700 µl/min.  

On the other hand, the size of microbubbles increased from 180 µm to 280 µm when 

the bubbling pressure was increased between 75 kPa to 125 kPa. The latter correlations 

prove the impact of the bubbling pressure and the flow rate of the liquid on the length 

of the bubble slug that forms the bubble, especially as the liquid properties remained 

unchanged during those investigations. Such ability to produce monodisperse 

microbubbles with various sizes in a controlled manner opened the door to study and 

control the process of bubble bursting heavily influenced by the bubble size. The 

microbubble size also was shown to have an impact on the lifetime of microbubbles, 

as larger microbubbles were characterized by extended life time. However, at a low 

surfactant concentration (0.025 wt.%), the size of microbubbles did not have any 

impact on promoting an efficient bubble bursting process, in contrast to when higher 

surfactant concentrations were used. This said, the size had a crucial impact on 
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promoting efficient bursting especially at higher alginate concentrations. It was found 

that a size range is needed to induce disintegration of the bubble shell, which increased 

with increases the polymer concentration and the viscosity of the solution.  

Alginate nanoparticle was produced from the burst of different groups of alginate 

bubbles of diameters ranging between 50 - 150 µm, and viscosities ranging from 1.5 - 

7 mPa s, which is the result of the disintegration of the bubble shell. Smaller 

microbubbles (ranging from 20 to 40 μm) prepared from the same polymeric solutions 

did not go through efficient bursting due to their size, however. The liquid 

viscosity/polymer concentration also was shown to have a significant impact on 

promoting or suppressing the bursting process, as bubbles from liquids with higher 

viscosity (19 mPa s) did not go through an efficient bursting process, despite the 

relatively large size of the parent microbubbles (sizes ranging from 70-80 µm). This 

demonstrates the significant impact of the viscosity of the film of the microbubble on 

the thinning mechanism that might or might not lead to efficient bursting, depending 

on the thickness of the bubble film before bursting. 

This research also highlighted the factors that control the size of droplets produced 

from efficient bubble bursting. The particle size increased from 80 nm to 200 nm when 

the alginate concentration increased from 0.1 wt.% to 0.4 wt.%. This shows the impact 

of the increase in the bubble shell viscosity - driven by the increase in concentration – 

on the thickness of the bubble shell that determines the size of droplets obtained from 

an efficient bursting process. On the other hand, the surfactant concentration was 

found to be inversely proportional to the size of particles obtained from efficient 

bursting. Liquids containing surfactant concentrations of 0.1 wt.%, 0.3 wt.% and 0.5 

wt.% - at constant alginate concentration - produced particles with sizes of 140 nm, 

98.5 nm and 49.5 nm, respectively. This reflects the impact of increasing the 
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surfactant, which reduces the surface tension and extends the microbubble stability 

duration, that reduce the microbubble shell thickness at the moment of bursting and 

leads to obtaining particles with smaller size.  

Despite its significant impact on promoting the process of efficient bursting, the 

impact of the size of the parent microbubbles on the particles obtained from efficient 

bursting showed to be statistically insignificant, despite the variation in duration of 

bubble stability. This shows that the liquid properties and the material constituents 

have more impact on the features of droplets obtained from microbubbles – compared 

to the size of bubbles, given that efficient bursting is known to occur at certain average 

of shell thicknesses. 

7.1.3 Soft preparation of uniform trypsin-loaded porous films 

The third key contribution of this thesis is to demonstrate a soft (i.e. at mild conditions) 

mechanism for producing polymeric films with controlled porosity, based on 

combining the ability of the T-junction microfluidic method to control the preparation 

of microbubbles and the ability to control the thinning process of microbubbles and 

their bursting behaviour. The polymer and surfactant concentrations had a notable 

impact on the features of the pores of the films obtained from monodisperse 

microbubbles, which showed remarkable ability to align themselves in highly-ordered 

patterns, in contrast to polydisperse microbubbles that did not share the same attribute. 

The most suitable polymer/surfactant ratio for the purpose of producing uniform 

porous films was found to be 2:1, which promoted a gradual thinning process for 

microbubbles and resulted in a regular accumulation of the material within the bubble 

shell around the void left after burst, forming the porous films. In contrast, larger 
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alginate/surfactant ratios resulted in suppressing the bursting of the microbubbles and 

produced capsule-like structures. 

Furthermore, the strut thickness of films was controlled through increasing the 

polymer concentration, while keeping the same polymer/surfactant ratio. Films with 

pore sizes ranging from 70 μm to 122 μm were successfully produced from 

microbubbles with sizes ranging from 120 to 140 μm using this approach with 

different strut thicknesses depending on the concentration of the polymer. Including 

lipids in the alginate/surfactant solution, in combination with increasing the surfactant 

concentration, showed a notable ability to overcome the inefficient bursting problem 

observed at high polymer concentration (1 wt %). This is based on the improvement 

in bubble shell elasticity due to the inclusion of lipids. More importantly, using lipids 

helped produce well-defined porous structures with a nano-patterned surface, by 

means of trapping the nanodroplets obtained from the efficient bursting process. 

The T-junction based film preparation method demonstrated a relatively high yield, 

which reached up to 89.2% for films with the smallest pore sizes (9 µm). The yield 

dropped at larger pore sizes (165 µm) to 77.3 %, which is due to the difficulty in 

collecting the films with such high porosity leading to losing a portion of the material. 

Furthermore, trypsin-containing films prepared using this novel method demonstrated 

high encapsulation efficiency especially at smaller pore sizes. The efficiency reached 

up to 87.5% for films with an average pore size of 9 µm. The efficiency declined, 

however, with the increase in pore size due to a difficulty in handling films with larger 

pores and characterized by weaker mechanical properties can lead to a loss in the 

material (containing trypsin) along the process. 
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Studying the release kinetics of trypsin from films with different pore sizes showed 

that films with larger pores were associated with a stronger burst release when put in 

PBS. The increase in trypsin release from films with larger pores and porosity (such 

as 165 µm and 62.5%) is due to the larger surface area of the film that became in 

contact with PBS at the first instance. In all cases, the studied films where 

characterized by a relatively short period of release time, less than 30 minutes, which 

shows their suitability for time-limited delivery applications.  

Finally, the T-junction microfluidic processing method showed a remarkable ability 

to retain the bioactivity of trypsin to a good extent especially when low flow ratios 

were used and larger capillaries (inner diameter = 200 microns). The retained 

bioactivity reached almost 80% at flow ratio of 0.38. This reflects the good potential 

of the new technique for soft processing and its suitability for sensitive 

materials/molecules. This study sheds light on the impact of microfluidic processing 

on sensitive entities, which has been overlooked in some of previous studies, given 

that a decline in trypsin’s bioactivity was recorded - reaching to almost 50% decline - 

when narrower capillaries of inner diameter of 100 µm and higher flow ratios (0.48) 

were used. 
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7.2 Future work 

7.2.1 Further utilization of simultaneous variation in EHDA spraying modes 

The phenomenon demonstrated in chapter four, where alginate particles were obtained 

through up to three spraying modes simultaneously, by means of varying the electrical 

conductivity and spraying voltage, could be further developed through modelling this 

phenomenon. Studying the factors that could induce such interesting spraying 

behaviour, and at the same time control it, would help use this sparing mode in new 

(i.e. industrial) applications that can benefit from such variation in particle size but in 

a controllable and predictable manner. By changing the way such complex spraying 

mode is perceived, through developing a model to explain the variance in the size of 

the produced particles, this spraying behaviour might act as a cost-effective technique 

to produce particles with different sizes at the same time. 

7.2.2 Producing alginate composite particles using EHDA 

Based on the demonstrated ability of the EHDA method to produce nano-sized 

alginate particles, especially at higher voltages (more than 10 kV), the next step would 

be to incorporate a water-soluble drug, in order to study the release profile of the 

particles and to evaluate their potential as drug carriers. Further, other types of 

polymers can be added to the alginate system to alter its properties, and its release 

kinetics, and to provide the system with new properties that can make it more suitable 

for a specific application. Drug release from nano-sized alginate particles can be 

compared to the release of the same model drug but from larger particles (i.e. 

microparticles), which can also be prepared using EHDA. Such investigation could 

demonstrate the difference in the release profile based on the size of the particles. 
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7.2.3 Further investigations of EHDA processing on other sensitive materials  

The impact of EHDA processing, particularly the spraying voltage, on the bioactivity 

of a model enzyme can be used as a starting point for further studies that target other 

sensitive materials and entities, such as other types of proteins and biological entities, 

including cells. The proposed studies can shed more light not only on the potential of 

the EHDA technique for processing different sorts of materials but also demonstrate 

the limitations with regards to the processing of the different categories of sensitive 

entities, which would also enhance the knowledge regarding those entities. 

7.2.4 Further investigation of microbubble bursting phenomenon 

Due to the relatively limited focus of this research, only alginate alginate/PEG systems 

were investigated for the obtaining of droplets from the process of bubble bursting. A 

large-scale use of the bubble bursting phenomenon for different types of applications 

would require investigating the bubble film thing process in the case of other 

hydrophilic polymers, such as chitosan. Further, other types of surfactants can be used, 

and their impact on the bursting behaviour and the production of nanoparticles from 

the bursting process could be investigated. 

Such studies would help shed light on the impact of the properties of the materials 

forming the shell on the process of bubble bursting, and particularly on the size of the 

microbubbles required to promote efficient bursting for the different materials tested. 

Further studying for the impact of the surfactant type on the mechanism of bursting 

can lead to potentially promoting bubble shell disintegration even at smaller bubble 

sizes compared to those achieved when using PEG-40S, which would help in 

developing new applications for microbubbles, particularly in the biomedical area. 
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7.2.5 Further use of microbubble bursting to obtain films from other materials 

Following the demonstration of the strong potential of the microfluidic T-junction 

device and the process of bubble thinning/bursting for the purpose of preparing porous 

films in this research, it would be useful to test the potential of this technique for 

preparing films from other polymers/materials. The choice of the materials can be 

based on a more specific application, such as wound-healing, as it can prove promising 

to incorporate antibacterial agents (such as silver nanoparticles) in those thin films, 

characterized by a relatively short release time. In addition, based on the ability to 

control the pore shape, films produced using this novel method can be useful in 

investigating cellular attachment for different structures, which would help broaden 

the knowledge related to scaffold engineering and tissue engineering applications. 

Further, physical and/or chemical hardening processes, such as cross-linking, can be 

used to change/enhance the mechanical properties of the films and alter the release 

profile of the incorporated entities. 

7.2.6 Investigating the impact of processing using flow-focusing devices on the 

bioactivity of trypsin 

As the mixing channel in flow-focusing microfluidic devices is in the middle of the 

flow, and therefore can - in theory – better protect the flowing liquid from shear forces 

that would result from their contact with the capillary walls, investigating the impact 

of processing in this case on the bioactivity of trypsin and comparing it to that observed 

in cross-flow devices (i.e. T-junction) can be of great interest to researchers/engineers 

interested in this area of science. 
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