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Abstract 

The aim of this work is to investigate the application of microbubbles for 

targeted drug delivery and anticancer drug sensitivity investigations. 

Microbubbles were prepared using a microfluidic device to act as a carrier for 

drug delivery or building scaffolds for three-dimensional (3D) cell culture. The 

lifetime and bursting process of alginate microbubbles and the role of 

microbubbles for delivering drugs through oral administration were 

investigated. It was shown that the collection of microbubbles in calcium 

chloride solution or glycerol, along with the incorporation of gold 

nanoparticles into the shell of the microbubbles increased the lifetime of the 

microbubbles. To mimic the physiological condition, the stability of the 

generated microbubbles was examined under acidic pH and body 

temperature. Simulation of the oesophageal condition using porcine tissue 

showed the enhanced absorption of the drug using alginate microbubbles. 

This result supports the application of microbubbles for oral drug delivery to 

oesophageal mucosa. 

The other application of microbubbles in regard to anticancer drugs in this 

work was to measure the sensitivity of myeloid leukaemia cells to various 

types of antileukaemia agents in a 3D culture. A porous calcium alginate 

foam-based scaffold was developed using microfluidic technology. The foam-

based 3D culture supported the growth and proliferation of both normal 

haematopoietic and leukaemia cells. The myeloid differentiation in both 

leukaemia and normal haematopoietic cells was enhanced in the foam-based 

3D culture, compared to the 2D culture. The sensitivity of the leukaemia cell 
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line models; K562 and HL60 and primary acute myeloid leukaemia (AML) 

cells to antileukemia agents; Imatinib and doxorubicin were reduced in the 

3D compared to the 2D culture, which is similar to as was reported in vitro 

investigations. The result of this study proposes the application of calcium 

alginate foams as scaffold in 3D culture for antileukaemia sensitivity screens 

in drug discovery investigations.  
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Chapter 1  

Introduction and background 

1.1 Introduction 

Microbubbles have in recent years played an important role in a wide range 

of biomedical applications such as therapeutics and medical imaging. For 

therapeutic purposes the microbubbles are employed in pharmaceutical 

applications as vehicles for various drugs and gene delivery. In medical 

imaging, microbubbles are used for diagnostic purposes to enhance the 

acoustic contrast and improve the quality of ultrasonic images (Farook, 

Stride, & Edirisinghe, 2009).  

Microbubbles have the potential to be used in a wide variety of industries. 

They are currently applied in aquaculture and hydroponic cultivation, food 

preservation and quality control, as well as water and wastewater treatment. 

Depending on for which applications the microbubbles are needed, various 

properties of the microbubbles such as stability, size, monodispersity or 

surface properties are taken into consideration (Owen et al., 2017). 

Targeted drug delivery via microbubble methodology is widely used for 

therapeutic applications. For example, for intravascular ultrasound 

therapeutic approaches the application of microbubbles can improve drug 

penetration into the targeted tissue. Bubbles which are used for medical 

imaging and other therapeutic applications are tiny and can safely pass 

through the blood vessels without any risk of blockage (Parhizkar, Stride, & 
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Edirisinghe, 2014).  

The development of bubbles as drug delivery vehicles is achieved by 

incorporating small amounts of drug in the shell of the bubbles. Drug that is 

dissolved in the bubbles can be targeted to a specific organ, using ligands or 

antibodies which are concentrated on the bubble’s shell. Alternatively, they 

can be guided to the tumour by applying ultrasound, and then the ultrasound 

waves can break the bubbles and release the drug. This approach localises 

the release of drug to the region of interest and minimises any harmful side 

effect which might happen as a result of drug concentration in non-target 

areas (Carugo et al., 2015). In cancer treatment the exact location of 

microbubbles (loaded with the magnetic nanoparticles) can be detected by 

measuring the intensity of ultrasound pressure waves and analysing the 

pattern. Microbubbles can concentrate in the tumour area by having 

antibodies on their surface which are specific for the tumour tissue. In fact, 

the microbubbles reflect pressure waves with different intensities compared 

to the body tissues, thus allowing the bubbles to burst on demand and release 

the drug content at the correct treatment site (Owen et al., 2014). The delivery 

of drug to specific cancer sites allows for enhanced treatment of cancerous 

cells while minimising some of the negative side effects related to nonspecific 

targeting. In the current study, the potential use of microbubbles to improve 

oesophagus drug delivery and stability, as well as analysing the bubbles 

under gastric system, have been investigated.  

In the second part of this study, microfluidic microbubbles were used to 

produce a three-dimensional (3D) foam scaffold. Leukaemia is a group 
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of cancers that usually begin in the bone marrow and result in abnormally 

high numbers of white blood cells (Wang and Dick, 2005). 

One of the main methods for the treatment of AML is to kill as many leukaemia 

cells in the body as possible and reduce the risk of relapsing. The bone 

marrow (BM) niche is a specialised microenvironment where stem cells 

reside. The niche is believed to regulate stem cell quiescence, self-renewal 

and differentiation (Schofield, 1978). There are several components that 

regulate the function of the niches (Fraser et al., 1990; Haylock et al., 1992; 

Plaks, Kong, & Werb, 2015). These factors include cellular components such 

as osteoblasts, osteoclasts, endothelial cells, mesenchymal progenitors, and 

molecules such as stromal derived factor1 (SDF-1), stem cell factor, 

osteopontin, thrombopoietin (TPO) and N-cadherin (Di Maggio et al., 2011).  

Traditionally monolayer cell culture has been used for studying 

haematopoietic stem cells (HSC), but it is not capable of producing a niche-

like structure and therefore they have not been suitable models for this 

purpose (Tan et al., 2010). Considering the deficiencies of current two-

dimensional (2D) cultures (Fang & Eglen, 2017), recent efforts have focused 

on developing 3D cultures which can mimic the BM microenvironment by 

accommodating the essential components of the BM. The cultures with only 

cellular and cytokine components, without having the 3D structure, have been 

able to support the expansion of the more differentiated haematopoietic 

precursor CD34+ cells without establishing a support for long-term HSC self-

renewal (Haylock et al., 1992). Lack of 3D structure and molecular matrix 

components are potential causes of their unsustainability for long-term HSC 

culture (Braccini et al., 2005). Molecules present in the 3D structure, including 
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segment-1(CS-1) and Arg-Gly-Asp (RGD) motifs which mimic the fibronectin 

domains of the extracellular matrix (ECM), have a significant impact on 

making the culture more similar to BM niches and contributing to the 

expansion of CD34+ cells (Jiang et al., 2006). The development of an ex vivo 

3D culture mimicking the BM microenvironment in providing niche-like 

structures for the HSC to reside and proliferate, provides an opportunity to 

study haematological malignancies. The acute myeloid leukaemia (AML) 

cells have a subpopulation called leukaemia stem cells (LSC). LSCs have the 

capacity to initiate the disease, continue producing leukaemia cells and 

perform self-renewal. The main challenge to studying AML cells for 

therapeutic target discovery screens has been the difficulty in the growth and 

maintenance of these cells in an in vitro culture (Griessinger et al., 2014). The 

majority of AML cells usually undergo spontaneous apoptosis and only a 

subpopulation of the cells proliferate during in vitro culture (Bendall et al., 

1994). The proliferation and survival of the AML cells increase in the presence 

of haematopoietic growth factors, being cultured with stromal cells and 

residing in a 3D environment (Bendall et al., 1994; Stolze et al., 1995; 

Griessinger et al., 2014). It has also been shown that AML cells have reduced 

sensitivity to chemotherapeutic agents in 3D cultures (Aljitawi et al., 2014). 

Insufficient information on molecular interaction between the AML LSCs and 

their microenvironment is one of the main reasons for the failure of current 

therapeutic approaches (Tabe & Konopleva, 2015). The new approaches 

should be focused on selectively inhibiting LSCs by disrupting the interaction 

between them and their niche environment, but at the same time preserving 

the normal haematopoiesis. Long-term detection of the low-level BCR-ABL1 

oncogene by sensitive polymerase chain reaction (PCR) techniques, in 
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chronic myeloid leukaemia (CML) patients who achieve major molecular 

response to tyrosine kinase inhibitors (TKI), is believed to be due to the 

survival of LSC in the BM niches, in spite of inhibiting BCR-ABL1 kinase 

activity (Bhatia et al., 2003). A 3D culture mimicking a BM microenvironment 

is expected to provide a model through which the mechanism of LSC 

maintenance is explored. This would facilitate the investigations towards 

developing drugs which can target the survival pathways activated by such 

interactions. Various 3D cultures have been developed so far for studying 

leukaemia cells. The auteur of this thesis has already reported the 

development of a PMMA-HA fibre-based scaffold to investigate the influence 

of 3D culture on reduced sensitivity of leukaemia cells to the tested 

antileukaemia agents (Karimpoor et al., 2017). The PMMA-HA scaffold 

provided a 3D structure which simulates some characteristics of the bone by 

having hydroxyapatite (HA) in its structure. However, it lacked the spongy 

structure of the BM. In this work to develop a scaffold with pores similar to 

bone lacuna, a foam-based scaffold with spongy structure was developed 

using alginate biomaterial. Microbubble technology was applied to produce 

the foam with the expected size of the pores (Parhizkar et al., 2014). This 

foam-based 3D culture supported the growth of normal haematopoietic and 

also leukaemia cells, and similar to in vivo condition, it promoted cell 

differentiation. This system reduced the sensitivity of the leukaemia cells to 

antileukaemia agents. Due to simulating the physiological condition, the 3D 

cell culture with the foam-based scaffold can be used for drug sensitivity 

investigation of the leukaemia cells. 
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Aim of the study 

The aim of this study was to investigate the feasibility of alginate 

microbubbles for drug delivery and drug discovery investigations. 

Microbubbles obtained from this project were used as materials for the design 

of an oral drug delivery system. It began with the fabrication of bubbles using 

a microfluidic device, followed by measuring the stability of alginate bubbles 

in the various gastric conditions. Once microbubbles were obtained, 

characterisation studies were performed. It was found in this study that 

adding solid particles to the bubble coating and using the right collection 

media improved the structure of the microbubbles for effective drug delivery. 

In the second part of this work, calcium alginate microbubbles were used to 

develop a foam scaffold for antileukaemia drug sensitivity investigations. To 

accurately predict the sensitivity of the leukaemia cells in an in vitro assay, a 

culturing system containing the essential components of the BM was 

required. In this work a porous calcium alginate foam-based scaffold was 

developed in combination with human bone marrow-derived stromal cells to 

provide a BM-like microenvironment for drug screening purposes. This 

culturing system simulates in vivo condition in regard to haematopoietic cell 

differentiation. It also enhances resistance to antileukaemia drugs.  
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1.2 Objectives of the research  

An overview of the thesis is presented in figure 1. This includes preparation 

of microbubbles for drug delivery to the oesophagus and development of 

scaffolds for drug sensitivity investigation. 

 

 

 

Figure 1: Thesis structure. 

The flowchart sets out the key objectives of this study. The detail of each 

objective is discussed below.  

 Preparation of microbubbles via v-junction 

The first objective of the study was to produce bubbles in a simple capillary 

embedded V-junction device. This section of the work demonstrated that a 



 

 
32 

microfluidic device could successfully produce microbubbles with control over 

size and size distribution under ambient conditions. 

1.2.1.1 Characterising the microbubbles and improving their stability 

Following microbubble production for drug delivery, the size of the 

microbubbles was characterised. It was shown that the size and size 

distribution of the microbubbles could be controlled through the range of 

operating parameters such as solution and gas flow rates, channel diameter, 

and the different properties of the solution such as surface tension and the 

viscosity during the process of production. The optimisation of the 

microbubbles is explained in detail in this work. The optimisation process 

included improving the stability of the microbubbles through coating their shell 

with gold nanoparticles and modifying the collection media to increase their 

lifetime. The stability of the microbubbles was examined under gastric 

condition. It was intended in this work to produce a model to predict the 

influence of various conditions such as acidity and body temperature on the 

lifetime of the bubbles. 

1.2.1.2 Mucoadhesive study  

To complete the first part of the study, a mucoadhesive test was designed 

using porcine tissue and fluorescent dye. The purpose was to validate the 

benefit of using alginate microbubbles for improving drug delivery in the 

oesophageal area.  
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 Production of calcium alginate foam scaffold using microfluidic 

method 

This section explains how calcium alginate was used for the preparation of 

the scaffold foam using microfluidic setup. The impact of calcium alginate 

foam-based 3D culture on the differentiation of normal haematopoietic 

stem/progenitor cells and AML cells was investigated, followed by drug 

sensitivity screening of the leukaemia cells in this 3D culture. 

1.2.2.1 Calcium alginate foam scaffold generation 

This section indicates how alginate microbubbles were prepared via 

microfluidic method and cross-linked to produce foam scaffold for drug 

sensitivity study purposes.  

1.2.2.2 Drug sensitivity test 

This part of the project is focused on the role of microenvironment in 

increasing the resistance of leukaemia cells to antileukaemia agents. We 

applied microfluidic microbubble technology to develop a 3D culture 

mimicking BM structure, in order to investigate the leukaemia cells’ response 

to various antileukaemia agents. 

1.3 The thesis structures 

The thesis dissertation describes the way in which the research proceeded 
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by surveying literature, assembling the experimental setup, selecting 

materials and methods, and conducting experiments. This thesis describes 

how these experiments exploited the potentially available V-junction 

microfluidic device as being a viable technique to prepare microbubbles 

primarily for medical and drug discovery applications. The organisation of this 

thesis is given in this section. 

Chapter 1 provides background information about the research project, 

including an overview about the basics of microbubble formation in V-junction 

microfluidics and the stability of bubbles, followed by information regarding 

3D cell culture for drug sensitivity testing. An overview of the thesis is 

summarised in this chapter, providing a brief background to various themes 

explored in this work, and an outline of the aim, objectives, organisation and 

scope of this thesis. 

Chapter 2 describes the literature review of theories, concepts and other 

researches relevant to themes explored in this work. Since the goal of the 

research is to produce microbubbles through V-junction microfluidics and 

optimisation of the microbubbles with nanoparticles, and also the 

methodology for production of foam scaffolds from microbubbles, an 

extensive collection of literature has been searched to understand the 

principles of microfluidics and 3D cell culture, the procedures and their uses, 

as well as the materials and the methods used for the preparation of 

microbubbles and scaffolds. This part covers the literature review of theories, 

concepts and other studies relevant to themes explored in the thesis. 
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Chapter 3 presents the applied materials, the experimental setups, the 

experiments and details of the procedures which were carried out and the 

protocols which were followed throughout the study.  

Chapter 4 is split into two sections; section 4.1 explains how the bubbles’ 

stability was evaluated and the alginate bubbles were chosen for assessing 

the impact of gastric condition on microbubble stability. In section 4.2; the 

bioadhesive property of microbubbles for drug delivery was investigated.  

Chapter 5 represents the role of microbubbles in the production of foam-

based scaffolds. This chapter has two sections. Section 5.1 focuses on the 

production of calcium alginate foams for building scaffolds from the 

microbubbles. Section 5.2 has a detailed description of the main techniques 

for culturing cell line models and leukaemia cells from patients. This section 

describes the application of porous scaffolds for the development of 3D 

culture and how this 3D culture was used for studying myeloid differentiation 

of the normal and leukaemia cells as well as antileukaemia drug sensitivity. 

Chapter 6 is divided into two main sections. Section 6.1 includes the 

conclusions of all the results from this work. Section 6.2 has 

recommendations for future work, including the approaches for further 

developing microbubbles to generate 3D cultures which are capable of 

mimicking BM microenvironment more closely, and exploring the 

mechanisms through which 3D cultures increase drug resistance.
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Chapter 2  

Literature review 

 

2.1 Introduction 

This chapter is a review of the literature in the field of microfluidic microbubble 

technology, and its application in biomedical engineering and biological 

investigation of drug resistance in leukaemia. It focuses on reviewing the 

techniques used for the production of microbubbles and how these 

microbubbles have been used for healthcare applications. Other applications 

of microbubbles in cosmetics, wastewater treatment and the food industry are 

briefly discussed. As one of the aims of this thesis is to use microbubbles for 

drug discoveries in leukaemia, this work also reviews the biological 

methodologies for measuring drug sensitivities in primary leukaemia cells and 

leukaemia cell line models. This starts with the development of 3D cultures 

where leukaemia cells are grown and treated with antileukaemia drugs. In 

this thesis various types of 3D culture and different types of the scaffold which 

have been used for development of these 3D cultures are reviewed. It is 

followed by reviewing the methods for cell separation, cell proliferation assays 

and the flowcytometry method for assessing differentiation of the cells. 

Developing a structure mimicking BM for drug investigation is one of the aims 

of this study. As an introduction to this aim, the structure of the BM and its 

essential components which might be required for development of a 3D 

culture are reviewed. 
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2.2 The applications of microbubbles  

As mentioned earlier, microbubbles are used in many industries. In the 

following section, further details are presented for some of the common 

biomedical applications of microbubbles. Figure 2 shows the basic structure 

of various types of microbubbles which are commonly used in healthcare. 

 

Figure 2: Microbubbles in healthcare. 

Different types of microbubble agent used for ultrasound imaging and 

therapy. a) Coated microbubble. b) Phase shift emulsion. c) Echogenic 

liposome. d) Multilayered microbubble. This figure is adopted from the work 

by Stride & Edirisinghe (Stride & Edirisinghe, 2009). 

 Ultrasound contrast agent 

Ultrasound imaging is a popular medical diagnostic technique. This popularity 

is attributed to a superior safety record, as ultrasound imaging does not use 
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any ionizing radiation, which makes it safer compared to other methods. 

Ultrasound imaging is also attractive due to its low cost and easy accessibility 

compared to other imaging techniques, such as computed tomography (CT) 

scan, positron emission tomography (PET) and magnetic resonance imaging 

(MRI) (Kang & Yeh, 2012). Microbubbles can be used as contrast agents, for 

improving the power of the imaging techniques to enhance the image 

qualities, and the detection of more accurate details (Cui et al., 2005). Figure 

3 explains the principle for the microbubble application as a contrast agent in 

ultrasonography. The applied ultrasound acoustic wave causes bubble 

oscillation, leading to bubble collapse. This produces pressure waves that 

travel through the body and are finally detected by sensors. Microbubble 

contrast agents have the following properties (Ahmad, Stride, & Edirisinghe, 

2012): they are micron-sized bubbles filled with a non-toxic low-soluble gas 

such as Perfluorobutane (C4F10) and coated with a surfactant polymer or lipid 

shell to increase their lifetime (as an example in chapter 4, alginate 

microbubbles prepared with nitrogen gas in the core and PEG as a surfactant 

in the shell). The stability of these bubbles is determined by the material used 

to generate them and the surfactant used in the solution. These parameters 

directly affect the lifetime of the generated bubbles. 

 Microbubbles in targeted drug delivery 

A drug delivery system refers to the methods which are used to transport a 

pharmaceutical product to the targeted organ using a carrier. An 

effective drug delivery system will deliver a drug to the target tissue in the 

body at the right time.  
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There are various forms of drug delivery system and different methods to 

improve the delivery system, such as oral delivery which can be improved by 

controlled-release systems. The most common methods of drug delivery 

system include the oral (through the mouth), topical (skin), transmucosal 

(through nasal, buccal, sublingual, vaginal, ocular rectal), parental (injection 

into system circulation) and inhalation routes.  

 

 

Figure 3: Contrast agent Microbubble. 

Extraction of microbubbles through acoustic waves to reconstruct and 

enhance the image. 

Microbubbles have been used as contrast agents in the field of diagnostic 

imaging. The application of microbubbles has led to the enhanced quality of 

images. The recent studies have concentrated on the application of 

microbubbles in the targeted delivery of drugs to various tissues in the body 
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(Owen et al., 2014). A popular approach for targeted delivery is the use of 

ligands and antibodies attached to the outer layer of the gas-filled bubbles 

(Figure 4). This allows the contrast agents to reach the region of interest. 

 

 

 

 

 

 

 

 

Figure 4: A bubble with antibodies attached to its surface. 

Ligands include molecules such as antibodies or nanoparticles that can be 

attached to the surface of the bubbles and used for target delivery. This figure 

was adopted from Lentacker et al. 2009 (Lentacker, De Smedt and Sanders, 

2009). 

For targeted drug delivery, microbubbles are used as a vehicle filled with 

therapeutic agents. They are then drawn to the delivery site using low-

intensity ultrasound and are subsequently destroyed via a high-intensity wave 

in order to release their content locally (Figure 5). This approach prevents the 

side effects associated with systemic administration, such as toxic 

chemotherapy. Using this method the applied drug is localised to the target 

region, and as a result the harmful side effects are substantially reduced 

(Carugo et al., 2015).  
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Figure 5: Microbubbles in targeted drug delivery. 

Diagram shows a microbubble with the ligands on its surface. High intensity 

ultrasound waves, shown as grey curvy lines, are applied to bubbles in the 

blood vessels, leading to the release of the payload drugs from the surface of 

the microbubbles (https://thefutureofthings.com/3805-ultrasound-activated-

microbubbles-fight-cancer/, 01 August 2018, 11.05am). 

2.2.2.1 Oesophageal structure and its diseases 

A summary of the oesophagus structure and its diseases is described here 

because the main focus of chapter 4 is on the development of microbubbles 

for drug delivery to the oesophagus. 

The oesophagus is located behind the trachea and heart and in front of the 

spinal column; it passes through the muscular chest diaphragm before 

https://thefutureofthings.com/3805-ultrasound-activated-microbubbles-fight-cancer/
https://thefutureofthings.com/3805-ultrasound-activated-microbubbles-fight-cancer/
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entering the stomach. Both ends of the oesophagus are closed off by 

muscular constrictions known as sphincters. At the upper end is the upper 

oesophageal sphincter, and at the lower end is the oesophageal sphincter, 

as shown in figure 6. 

The control and action of different components within the oesophageal tube 

enable the passage of food, which is the main function of the oesophagus. 

The lower oesophageal sphincter is a 3–5 cm long muscle which remains 

closed, except during swallowing, vomiting and belching. This part is 

influenced by three factors: smooth muscle sphincter, autonomic and enteric 

innervation, and the presence of gastrointestinal hormones and peptides. The 

relative difference in pressure prevents reflux of the stomach contents into 

the oesophagus (Mittal & Goyal, 2006).  

Oesophageal blockage leads to an inability of the organ to transport food from 

the mouth to the stomach. One of the most common disorders is gastro-

oesophageal reflux. Gastro-oesophageal reflux disease (GORD) is a 

common condition, where acid from the stomach leaks up into the 

oesophagus. It usually occurs as a result of the ring of muscle at the bottom 

of the oesophagus becoming weak. Gastro-oesophageal reflux can cause 

oesophageal damage because of the effect of acidic contents of the stomach 

on the oesophageal mucosa (Kikendall et al., 1983).  

There are various techniques for the treatment of GORD or its complications. 

The medications which increase the motility of the oesophagus, such as 

cisapride, or the ones which reduce the acidity of the stomach, such as 

omeprazole, are applied for the treatment of GORD (Toussaint et al., 1991; 
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Welage & Berardi, 2000). The other significant disease affecting the 

oesophagus is cancer, which is the uncontrolled proliferation of the 

oesophagus epithelial cells. The most common symptom of oesophageal 

cancer is difficulty in swallowing. There are two types of oesophageal cancer 

based on the type of malignancy: squamous cell carcinoma and 

adenocarcinoma. GORD and Barrett oesophagus may increase the risk 

of oesophageal adenocarcinoma. Heavy alcohol drinking and smoking 

increases the risk of oesophageal squamous cell carcinoma (Mohamed 

Abdulkadir Hassan Kadle, 2015). 

 

Figure 6: Oesophagus structure and position in the body.  

This figure is taken from the human body sections of defenderauto 

(http://defenderauto.info/pyloric-sphincter/, 03 August 2018, 10.24am). 

2.2.2.2 Oral drug delivery 

There are several methods of drug administration such as oral, injections, 

sublingual, buccal, rectal, vaginal, ocular, otic and nasal routes. Oral drug 

delivery is the preferred administration route due to its perceived ease of 
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administration. The oral routes provide maximum active surface area for the 

administration of different drugs. 

There are some issues associated with oral drug delivery method such as 

incomplete release, the requirement for repetitive dosing, as well as 

unpredictable absorption, which have led to the concept of the oral control 

release system. A control drug release system works using many different 

mechanisms to control drug release.  

One of the factors influencing oral drug delivery methods is the gastric 

retention time (GRT). This is important for drug delivery to the 

gastroesophageal region, as following taking drugs orally, increased gastric 

retention time will increase the chance of the drug’s contact with the 

gastroesophageal region and improved efficacy of the drug. In contrast, short 

GRT results in reduced release of the drug. A gastro retentive dosage form 

(GRDF) can overcome the problems associated with short GRT (Nayak, Maji, 

& Das, 2010). A GRDF system is defined as a system which is retained in the 

stomach for a long enough time interval against all the physiological barriers, 

releasing the active component in a controlled manner (Pawar et al., 2011). 

This method improves bioavailability, therapeutic efficacy and may allow a 

reduction in the dose, due to the steady therapeutic levels of the drug 

(Baumgartner et al., 2000). An example of such a system is the floating 

dosage form, as shown in figure 7. 
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Figure 7: Floating dosage form. 

This figure shows the difference between the status of the floating drug and 

sunk drug in the stomach. The lower-density drugs remain in the stomach for 

a longer period and this provides a longer time for the release of the drug, 

while the drugs with higher density have a higher possibility of leaving the 

stomach due to sinking in the stomach and being closer to the exit. 

One aim of this study, as discussed in chapter 4, is the development of a 

method for the oral delivering of drugs to the oesophageal regions. The 

connected section of the oesophagus to the stomach (gastroesophageal 

region) (Figure 8) has the highest significance in regard to drug delivery. The 

special geometry and angle position of this region has made drug delivery to 

this region a challenge, especially in patients with oesophageal dysplasia 

(Kappelle & Vleggaar, 2016). In this study the application of microbubbles for 

delivering drugs to the oesophagus was investigated.  
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Figure 8: Gastroesophageal junction. 

This figure illustrates the oesophageal region (sphincter) in green. The lower 

oesophageal sphincter is located partly in the abdomen and partly in the hiatal 

canal. The lower oesophageal sphincter is a 3-5 cm long muscle section that 

is continuous with the circular muscle of the inner oesophageal tube 

(Mahadevan, 2017). Except during swallowing, vomiting and belching, this 

part remains closed. As this region is involved in a variety of oesophageal 

disorders, such as gastroesophageal reflux and malignant transformations, 

delivery of drugs to this region of the oesophagus is of significant importance. 

This figure is a modification from the Houston Sleeve Surgeon website 

(https://houstonsleevesurgeon.com/the-gastric-fundus-and-lap-band-

removal/, 05 August 2018, 11.21am). 

2.2.2.3 Approaches to gastro retentive drug delivery system  

Several techniques can be used in order to achieve a successful gastro 

retentive drug delivery system (GRDDS). The following are the main currently 
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used techniques (Pooja Mathur, Kamal Saroha, Navneet Syan, 2010). 

2.2.2.3.1 Bioadhesive or mucoadhesive systems 

These methods are used to increase drug absorption in the lumen area of the 

body covered by mucosal layer, such as gastrointestinal system. This method 

applies bioadhesive polymers, which stick to the epithelial surface of the 

gastro intestinal tract (GIT). The mechanism through which bioadhesion-

mediated drug delivery is achieved is the formation of hydrogen and 

electrostatic bonding at the mucus-polymer boundary (Pooja Mathur, Kamal 

Saroha, Navneet Syan, 2010). 

The definition of mucoadhesion is the interaction between two surfaces, while 

one of the surfaces is made of biological materials such as mucosa 

membrane. The interaction between the two surfaces is usually as a result of 

interfacial forces which hold this contact for a long time (Smart, 2005). 

Mucoadhesion has been increasingly used in recent years for more effective 

drug delivery as it improves the therapeutic efficacy of the drugs, and in 

particular, it has improved tumour targeting in cancer therapy by facilitating 

the delivery of various biological agents, such as peptides or antibodies, 

through a variety of administration routes (Andrews, Laverty, & Jones, 2009; 

Mansuri et al., 2016). 

2.2.2.3.2 Nanoparticles and mucoadhesion for drug delivery 

Encapsulation of active drug into microbubbles has been possible through 

nanotechnology. Improvement of drug delivery can be achieved by the 
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addition of nanoparticles and choosing appropriate nanoparticle material 

which can help to improve targeting and increase bioavailability of the 

administrated drug, to introduce further modification which gives the drug 

more suitable mucoadhesive properties. Microbubbles have been introduced 

to drug delivery application due to their large surface area, and low weight. 

These qualities can improve the adhesiveness of the system. Their ability in 

loading drug and providing high adsorption efficiency makes them suitable 

carriers for trans-mucosal drug delivery (Malik et al., 2015). 

2.2.2.4 Floating drug delivery system 

Floating systems, as initially described by Davis in 1968, are defined by their 

lower bulk density than that of the gastric fluid, thus remaining buoyant in the 

stomach for an extended period. 

Different floating systems have been created to improve the retention of the 

oral dosage within the gastric system. These are low-density systems with 

sufficient buoyancy to float on top of the gastric content and persist in the 

stomach for longer, allowing the drug to be released slowly and at the desired 

rate (Talukder & Fassihi, 2004).  

 Scaffolds from microbubbles for tissue engineering  

Cell culture in three dimensions has recently become the popular approach 

in regenerative medicine and for investigation of cell–cell interactions, 

mechanisms of stem cell differentiation and drug sensitivity studies. Various 

materials are available to develop scaffolds for 3D culture. 
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In clinical medicine, in addition to the role of microbubble technology in drug 

delivery, microbubbles have the potential to be used for drug discoveries. It 

was shown before (Ahmad, Stride, & Edirisinghe, 2012) that microbubble 

technology could be used for building tissue-like structures suitable for 

various biological applications. However, the microbubble scaffold has not 

been used so far for drug investigations. Microbubble scaffolds mimic the 

spongy structure, having the potential to be used for drug discoveries for 

leukaemia.  

Currently, microbubbles have been used as pore generators in the biomedical 

field (Wang et al., 2009). It has been shown that a sponge-type, multiple-layer 

alginate scaffold could be made by collecting bubbles over a period of time 

(Haynesworth, Reuben, & Caplan, 1998; Cutroneo, 2003; Dhandayuthapani 

et al., 2011). 

The scaffolds produced by biomaterial processing act as extracellular 

matrices (ECM) and can be produced from natural or synthetic polymers, or 

a combination of both (Carletti et al., 2011; Pereira et al., 2013). To mimic the 

function of the natural ECM available in the human body, scaffolds must 

balance mechanical function with the transport of bioactive agents (Hollister, 

2005; Chan & Leong, 2008). While a denser scaffold offers a better function 

and mechanical strength, a more porous scaffold provides greater diffusion 

of gas/liquid components and provides cell growth (Carletti et al., 2011). 

Porous and spongy structures with interconnections and large pores are ideal 

templates for the development of scaffolds for cell culture. To satisfy these 

requirements they must have high porosity, high surface area and uniform 3D 

shape (Vats et al., 2003). Different methods are still under investigation for 
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constructing artificial organs. Recently, alginate-based 3D cell culture 

systems like foam scaffold structure have been developed. Foam alginate 

scaffold has the advantage of having the ability to change the physical 

characteristics of the hydrogel by changing the amount or type of gelling ions 

or alginate and can evolve into an ideal environment in which cells can 

proliferate or differentiate.  

The modification of alginate can be achieved by the attachment of peptides 

that mimic extracellular matrix proteins (such as calcium chloride), thereby 

allowing immobilised cells to seemingly interact with the alginate hydrogel (3D 

Cell Culture in Alginate Hydrogels).  

In addition to the application of the microbubbles in ultrasound-guided 

delivery of contrast agents in medical imaging, and also in targeted drug 

delivery, there are other applications for microbubbles in food engineering, 

and the water and waste treatment industries. 

 The role of microbubbles in food engineering  

Bubbles can be used in the manufacturing of many food products such as 

cakes, ice creams and soft drinks. The application of microbubbles in the food 

industry has many advantages such as lowering the cost and forming novel 

structures (Campbell & Mougeot, 1999). Microbubbles can be used to modify 

the texture, appearance and shelf life of food. Furthermore, microbubbles 

have the ability to be coated with nutritional ingredients or drugs that could 

help to improve the nutrition or act as a medicinal aid in food (Shen, Longo, 

& Powell, 2008). 
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 Microbubbles application in water and wastewater treatment  

Bubbles are used in the treatment and filtering of water and wastewaters for 

the removal of volatile contaminants or particulate materials from the aqueous 

phase (Ahmed & Jameson, 1985; Ketkar, Mallikarjunan, & Venkatachalam, 

1991; Chu et al., 2007). Because of the large surface area and relatively slow 

rise velocities, microbubbles are used in microflotation for wastewater 

treatment (Cassell, Kaufman, & Matuevic, 1975; Rodrigues & Rubio, 2007). 

When microbubbles rise in wastewater, they make contact with organic 

contaminants and other low-density particles in the water, and then carry 

them to the surface. This forms a collective layer for separation in the 

purification processes. In electroflotation, which is a similar method applied 

in the mineral industry, fine particles are separated from solutions using 

microbubbles (Jiménez et al., 2010). The generated hydrogen and oxygen 

gases from water electrolysis is usually used to float particles to the surface 

of water in a simple process like electroflotation (Chen, 2004). 

2.3 Methods for microbubbles fabrication 

The generation of microbubbles in biomedical applications is generally 

carried out using three different methods: sonication, coaxial 

electrohydrodynamic, and T-junction. These methods are explained briefly 

here.  
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 Sonication  

Through sonication, high intensity ultrasound waves are applied to suspend 

microbubbles in a liquid containing either a surfactant or a polymer solution, 

suitable for forming a stabilising coating layer around the surface of the 

microbubbles (Suslick et al., 1999). 

To start the suspension process, gas is distributed in liquid containing 

surfactant or appropriate material to cover the bubble’s surface. In most 

cases this task is accomplished via a high-shear mixer or a sonicator. 

There are multiple ways to achieve sonication. For example, gas and a 

surfactant solution held within a vial are sonicated through a very thin 

membrane while applying a focused ultrasound beam or an ultrasound probe. 

Alternatively, the same process can be achieved within the confines of a 

syringe with the addition of a low-power ultrasound pulsed assembly, 

attached to the body of the syringe (Prajapati & Agrawal, 2012).  

Although sonification is one of the most commonly used methods of 

producing microbubbles, there are clear disadvantages to this method. Given 

the broad range of microbubbles produced, there is a need for further filtration 

of bubbles with sizes greater than 10 μm (Klibanov, 1999). This is to allow for 

intravenous uses and the removal of excess surfactant. Despite this process, 

the resulting size distribution of the bubbles is still relatively wide, indicating 

the presence of a spectrum of resonance frequencies (Stride & Edirisinghe, 

2009). Production of microbubbles with different sizes can be one of the 

disadvantages of the sonication method in the field of drug delivery. The 
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variable size distribution is dependent on the frequency, pulse and power of 

the ultrasound waves used. Additionally, a varying range of properties are 

observed from individual microbubble coatings, resulting in a noticeable 

change to their dynamic and acoustic response (Wang, Moser, & Wheatley, 

1996). 

 Coaxial electrohydrodynamic atomisation (CEHDA)  

Another method of microbubble production is electrohydrodynamic 

atomisation. During this process, liquid is pushed through a capillary tract at 

a maintained flow rate. The liquid is sustained at several kilovolts in relation 

to a ground electrode placed a few centimetres away. This process allows for 

the liquid at the outlet of the capillary to form various shapes under the 

influence of the surrounding electric field (Tang & Gomez, 1994). 

One such method is coaxial electrohydrodynamic atomisation (CEHDA) 

(Farook, Stride, & Edirisinghe, 2009; Stride & Edirisinghe, 2009). During this 

process, a concurrent coaxial flow of liquid medium, lipid agent and gas (i.e. 

air) are placed under the effects of a nearby electric field (Ahmad et al., 2009), 

which allows for the lipid to form an outer layer around air, forming the desired 

microbubbles. Figure 9 illustrates a CEHDA setup, where two needles are 

concentrically placed and supplied with fluids from separate syringe pumps 

(Loscertales et al., 2002).  

Bubble size and consistency correlates with both the supplied voltage and 

the flow rate through the needles (Farook, Stride, & Edirisinghe, 2007). Even 

though the above process produces the desired microbubbles with a diameter 
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range of 1–10 μm (suitable for medical applications), maintaining uniformity 

of the bubbles continues to be a challenge. 

 

Figure 9: Coaxial electrohydrodynamic atomisation setup. 

In order to form the required microbubbles, the inner needle is filled with gas 

and the outer needle is supplied with a medium of a liquid solution. A voltage 

variance of several kilovolts is produced between the needles and an earthed 

electrode, which is positioned directly below and in close proximity to the end 

of the needles (Stride & Edirisinghe, 2009). 

 Microfluidics setup 

Microfluidic devices have recently been used to produce microbubble 

suspension in monodisperse liquid droplets, through the process of control 

and manipulation of liquids with the length scale in the order of a micrometre 

(Zhao & Middelberg, 2011). Microbubbles are formed through an orifice 

where a column of gas is mixed with a fluid flow. Consequently, at a specific 

distance from the orifice, the gas-liquid mixture becomes unstable and 

bubbles are formed via a “pinch off” process (Stride & Edirisinghe, 2009). 

Bubble size and regularity depend on the physical properties of the liquid, gas 
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and flow rates, as well as the dimensions and profile of the orifice and 

channels. Microfluidic devices enable the formation of monodisperse 

microbubbles since they can be fabricated with internal dimensions at the 

micrometre scale. New methods have been used to build microfluidic 

structures to produce monodisperse microbubbles using gas, fluid streams 

and microdroplets with two immiscible fluid streams (Zhang & Wang, 2009). 

 

Figure 10: Microfluidic bubbles generating geometries. 

Illustrations of the three main microfluidic geometries used for bubble 

formation. (a) co-flowing, (b) flow focusing geometry, and (c) cross flowing 

streams in a T-shaped junction. This figure has been modified from Zhang 

and Wang (Zhang and Wang, 2009). 

2.3.3.1 Co-flowing devices 

One of the techniques to generate monodisperse bubbles is the co-flowing 

microfluidic system (Figure 10a). The formation of the microbubbles in this 

device happens when the dispersed phase (gas for microbubbles and liquid 

for droplets) is given into the co-flowing continuous phase using a capillary 

(Zhang and Wang, 2009). A gas column enters the mixing channel, which 
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causes a bubble to start forming and move downstream. The velocity of the 

liquid flow pushes the bubble surface against the channel wall, and this leads 

to microbubble formation (Martinez, 2009). 

2.3.3.2 Flow focusing devices 

Flow focusing (Figure 10b) is another method for generating spherical 

monodisperse microbubbles (H.A. Stone, A.D. Stroock, 2004; Yobas et al., 

2006). In this device the continuous phase flows through two side channels 

and the dispersed phase is given through a middle channel. The squeeze of 

the dispersed phase leads to it breaking up into microbubbles at a mixing 

channel where the two phases meet. The dispersed phase is detained in the 

central region of the main channel, which results in the production of the 

spherical bubbles in the flow-focusing device. There are two modes of flow in 

this system: dripping and jetting (Zhou, Yue and Feng, 2006). Jetting and 

dripping occur at high and low flow rates, respectively. The flow focusing 

generators have either axisymmetric or asymmetric geometry. Axisymmetric 

flow focusing devices are made by inserting capillaries inside square 

channels, forming a coaxial arrangement. This leads the liquid channel to 

surround the gas channel, and along with the gas channel merge into a single 

stream (Martinez, 2009). By etching channels on a rigid substrate, such as 

glass or PDMS rectangular blocks, asymmetric devices are manufactured 

(Garstecki, Gañán-Calvo and Whitesides, 2005). The geometry of 

asymmetric devices is composed of a central channel that merges with two 

side channels into an exit opening in which the bubble breakup takes place.  
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2.3.3.3 Cross flowing (T-junction) devices 

The most commonly used method for generation of microbubbles is the T-

junction geometry. Using this device, the two phases are injected vertically 

into the main flow channel (Figure 10c) (Garstecki et al., 2006; Van Der Graaf 

et al., 2006). The formation of the bubbles using T-junction geometry is 

remarkably different from that in the flow-focusing devices. In the T-junction 

method the dispersed phase (either gas or liquid) moves into the main fluid 

channel. This leads to the formation and expansion of a bubble until it 

obstructs the channel. Following the obstruction, the fluid pressure gradient 

distorts the bubble. Following the touching between the bubbles in the 

upstream and downstream side of the inlet channel, the bubble breakup 

occurs. The flows in T-junction geometries are in either cross-flowing or 

perpendicular channel mode. Low-cost maintenance and generating 

monodispersed microbubbles can be the advantages of this system.  

2.4 Microbubble size and stability 

Microbubble size has a significant role in drug delivery, depending on the 

application. An appropriate size is vital in order to achieve accurate diagnosis 

or dosage release. Factors such as liquid and gas flow rates, as well as 

viscosity and capillary size, are influential parameters in determining the size 

of microbubbles (Zhang et al., 2012).  

Another important factor in the microbubble drug delivery field is the stability 

of the bubbles. Microbubbles in biomedical applications are air-filled 
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microspheres and as a result can easily burst under the effects of pressure. 

Increasing microbubble stability leads to improved efficiency of drug dosage. 

Therefore, in using microbubbles in the healthcare field, attempts are made 

at enhancing the stability of microbubbles via different techniques (Owen et 

al., 2014). Gold nanoparticles have been used in the current study to stabilize 

microbubbles. It was shown previously through theoretical modelling as well 

as experimental investigations that incorporating solid nanoparticles into the 

solution results in increased stability and life span of the microbubbles 

(Mohamedi et al., 2012). Previous work shown that using gold nanoparticle 

suspension to coat the microbubbles was successful (Mahalingam, Meinders 

and Edirisinghe, 2014). 

2.5 Biomaterials  

Biomaterials refer to specific groups of materials with medical/therapeutic 

applications. Biomaterials are natural or synthetic materials used in medical 

fields to improve quality of life by either replacing tissue/organ or assisting 

their function (Patel and Gohil, 2012).  

A designed biomaterial product should function in the physiological 

environment without having a harmful effect on the organs. To fulfil this 

purpose, a biomaterial product should be non-toxic. In general, a non-toxic 

material has no carcinogenic, pyrogenic, allergenic or inflammatory effect in 

the body. A biomaterial product should not give off anything from its mass 

unless it is specifically engineered to do so. Some biomaterial products are 

designed to release a necessary amount of mass that is considered toxic, 

such as designed products for cancer therapy. Natural biomaterials are 
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derived from animals, microbials, or plants. One advantage of 

natural biomaterials is their similarity to the physiological structures. Natural 

materials, glass, metals or polymers have been used to make tissues which 

have been damaged by disease or injury. Recently, with the advent of 

molecular biology, it has been possible to design materials that have a 

specific biological function. 

Novel biomaterials, which might be bioderived, bioinspired or biomimetic, or 

biocompatible self-healing materials, are used in a wide range of 

physiologically compatible structures such as coatings, membranes, gels, 

drug delivery carriers or cell culture scaffolds. The innovations 

in biomaterials include the development of products such as novelty metals, 

lightweight alloys, biodegradable metals, ceramic or polymeric materials, 

which have improved performance in regard to tissue integration or reduced 

device-related complications (Hendriks, 2011). 

 Biocompatible polymers 

Developments in the synthesis of new types of polymer have been very 

important for innovations leading to the introduction of advanced methods for 

drug delivery. The new polymers which are used for drug delivery have made 

the longer release of drugs possible. This has been achieved through a better 

control of the rate at which the pharmacological agents should be released 

(Liechty et al., 2010). Because of these developments, biocompatible 

polymers have started to be used extensively, as they have been shown to 

improve patients’ tolerance by reducing the side effects. Compared to 

intravenous or intramuscular injections, when the drug dose suddenly rises 
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and also drops in the systemic circulation, the long and continuous release of 

the drug prevents such sudden fluctuations. Drug delivery using polymers 

also makes it possible to deliver a pharmaceutical agent to a particular site in 

the body or to a particular cell type (James et al., 2014). One of the factors 

influencing the pharmacokinetics of the drugs inside the body is the 

degradation of drugs by various factors, such as digestive enzyme of acidic 

condition of the stomach. Biocompatible polymers improve their efficacy by 

protecting drugs (Gombotz & Pettit, 1995). A particular polymer (such as a 

surface polymer) is chosen for its drug delivery properties and its physical 

and chemical structure, which are important in regard to its binding to the 

drug. Protection in a particular environmental condition should also be 

considered, such as stability against acidic condition of the stomach (Huang 

et al., 2003; Hu et al., 2014). Molecular weight, solubility and also adhesion 

of the polymers influence the controlled drug delivery system and determine 

the site of action (Pillai & Panchagnula, 2001). Amongst the widely used 

biocompatible polymers which have been approved by Food and Drug 

Administration (FDA), polyvinylpyrrolidones, Eudragit L100-55, Eudragit 

S100, poly(ε-caprolactone) and ethyl cellulose can be mentioned. 

 Natural polymers  

Natural polymers are known as the oldest class of polymers, as they are 

produced in nature by various living organisms (Mano et al., 2007). Their 

abundance in nature makes these polymers a relatively inexpensive class of 

biomaterials, used in numerous applications, particularly in the biomedical 

field.  
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Natural polymers are believed to have great prospects in the area of drug 

delivery, with an extensive range of properties and chemical structures, while 

retaining biodegradability, low toxicity and good structural stability (Sharma, 

Limaye, & Kale, 2012). Because of their biological similarity to the 

environment, these polymers have superior capabilities in activating specific 

cellular interaction with their neighbouring tissue (Gomes & Reis, 2004). Their 

breakup in vivo takes place through hydrolysis and enzymatic degradation 

(Gomes & Reis, 2004). 

Natural polymers are also characterised by having reactive sites in their 

chemical structure, giving them extra importance in the pharmaceutical field. 

This property allows for cross-linking, ligand conjugation and other important 

modifications (Dang & Leong, 2006). Even without these modifications, 

natural polymers still provide numerous useful biological functions, such as 

polysaccharides, which have a major role in intercellular communications 

(Malafaya, Silva, & Reis, 2007). 

However, despite their significant features, natural polymers suffer from 

limitations, such as their rapid degradation and inferior mechanical stability. 

To overcome these limitations, various techniques have been established to 

enhance the mechanical properties of these polymers. Their rapid 

degradation can also be improved through the active packaging of the 

polymer or natural fibre reinforcement (Jana et al., 2011). Due to extensive 

research and focus on enhancing their properties, the adoption of natural 

polymers has improved considerably, and they are used extensively in 

numerous biomedical applications, functioning as emulsifying agents, drug 

stabilisers, gene delivery vehicles and 3D culture scaffolds.  
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Natural polymers have been shown to be usually non-toxic, even when used 

in high concentrations and on a regular basis (Dang & Leong, 2006). This 

permits their extensive and long-term use without additional toxicity, in 

contrast to synthetic polymers. This feature is considered particularly 

beneficial for the development of treatments in cancer cases, which tend to 

incorporate higher dosages and longer durations of use. In this respect, one 

of the most popular natural polymers is alginate, widely used in drug delivery 

applications. It was selected as a model polymer for hydrophilic nanoparticle 

development and will be discussed further in the next section. 

Alginate is a useful and thus popular polymer in the field of drug delivery; it is 

used as a suspending agent, tablet binder, or as stabiliser for emulsions 

(Kulkarni, Butte, & Rathod, 2012). Alginate drug delivery systems are 

recognised for their ability to improve the transport of drugs through extremely 

organised biological barriers, such as the ocular, intestinal and nasal routes 

(Goycoolea et al., 2009). For cancer treatments (Park et al., 2012) alginate 

has been suggested as an effective encapsulating material for efficient local 

delivery of drugs to target specific cancerous tissue.  

The relatively easy gelation process of the alginate allows the use of this 

polymer in the encapsulation of different biological materials such as protein, 

DNA and even cells, without affecting their function. This is largely due to the 

inert and aqueous setting provided within alginate systems (Gombotz & Wee, 

1998). 

Alginate systems biodegrade under typical physiological conditions, which is 

a key feature of these drug delivery systems (Gombotz & Wee, 1998). 
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Alginate nanoparticles were found to significantly improve the bioavailability 

of encapsulated drugs, compared to those in the free form. This is in spite of 

the challenges faced in the fabrication of nanoscales (Kulkarni, Butte, & 

Rathod, 2012). Alginate belongs to the polysaccharides family of polymers. 

These are a class of natural polymers, comprising of simple sugar monomers, 

which are characterised by noteworthy properties, such as biocompatibility, 

biodegradability and non-toxicity (Malafaya, Silva, & Reis, 2007). These 

properties have enabled alginate to obtain substantial attention, within the 

category of polysaccharides. Alginate is commonly found in the shape of 

structural components of brown algae and certain soil bacteria, as a block of 

co-polymers made up of guluronic and mannuronic acids. These can be 

found in various block lengths and sequential arrangements where the ratio 

between the aforementioned acids and their sequential arrangement varies 

with the source of the alginate (see Figure 11) (Nair & Laurencin, 2007).  

The molecular weight and the ratio between the guluronic acid and the 

mannuronic acid determine the gelling properties of alginate particles 

(Østberg, Vesterhus, & Graffner, 1993). The process of extracting alginate 

from algae, in the form of alginic acid, is usually accomplished through the 

reaction of a base solution with an acid (Nair & Laurencin, 2007).  

It is possible to prepare alginates with a range of molecular weights, allowing 

for the development of alginate systems with a wide range of properties. In a 

purified state, alginates can be produced in different salt forms, such as 

sodium, potassium and calcium (Rinaudo, 2008). The key properties of an 

alginate which drive its biomedical suitability, such as biocompatibility, 

biodegradability and bioadhesiveness, are frequently attributed to the 
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hydrophilic nature of the polymer (El-Sherbiny and Yacoub, 2013). Alginate 

is known for its mucoadhesive properties due to its anionic nature, which 

allows alginate to selectively adhere to mucosal membranes. This is 

considered a beneficial feature in developing drug delivery systems for 

transmucosal applications. Additionally, alginate-based materials are known 

to be pH-sensitive, meaning that this property can be used to control the 

release of the encapsulated biomolecules from the delivery vehicle, subject 

to the pH of the targeted tissue (Malafaya, Silva, & Reis, 2007). Furthermore, 

alginate properties can be modified for specific uses within different 

applications. One of the main characteristics of the alginate gels is their high 

gel porosity and this is controlled via coating techniques, in order to provide 

a faster diffusion process of the encapsulated materials.  

 

Figure 11: Alginate acid. 

The structure of alginate acid (Nair & Laurencin, 2007). 

 Scaffold fabrication methods  

Various fabrication techniques are used in scaffold production for healthcare 
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applications. Particle leaching (Mikos et al., 1994), polymer casting and 

phase separation (Liu et al., 2011), solvent casting, emulsion freeze-drying, 

electrospraying (Sullivan & Jayasinghe, 2007), electrospinning (Li et al., 

2005) and foaming (Ekemen et al., 2011) are amongst the widely used 

techniques which are described here. Scaffolds generated by these methods 

have pores with a wide size and shape distribution, leading to a sufficient 

transport of nutrition, migration and attachment of cells (Lee, Silva, & Mooney, 

2011). 

2.5.3.1 Particle leaching technique 

Generally, in this method, particles such as salt, sugar-leaching incorporates 

or specifically prepared spheres, are dissolved in a polymer sample and 

additionally washed out, after processing the polymer sample into the final 

form, creating additional porosity in the scaffold structure (Mikos et al., 1994). 

The benefit of this method is the generation of large pores with high control 

over the pore morphology. However, this method is not recommended for 

soluble protein scaffolds because of the risk posed by remaining material 

deposit that is harmful to the tissue after processing.  

2.5.3.2 Emulsion freeze drying technique 

An emulsion is formed by the homogenisation of water and a polymer-solvent 

system. The emulsion is then cooled down, resulting in solidification of the 

polymer and the formation of a polymeric porous structure. Further solvent 

and water content are removed through freeze-drying (Ma & Zhang, 1999). 
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Enabling the incorporation of proteins during the fabrication and production 

of relatively thick scaffolds with large pores are the hallmarks of this method. 

One of the limitations for this method is that the permeability of the pores in 

the obtained morphology is very poor, which leads to a limitation of cell growth 

and the transport of nutrients through the scaffold. 

2.5.3.3 Foaming via pressure quenching  

In the foaming process, a soluble inert gas such as N2 or CO2 is used as a 

blowing agent, to obtain porosity in polymers by using the pressure quenching 

method. The superiority of this method over the others is due to the lack of 

solvents, removing the risk of there being remaining residue. One of the 

weaknesses of this method is that the pores are not infiltrated. Additional 

post-processing steps such as plasma treatment or pulsated ultrasound can 

help to obtain porous morphologies.  

2.6 Acute myeloid leukaemia 

AML is a haematopoietic malignancy. It is characterised by the accumulation 

of cells which have stopped differentiation to more mature blood cells. An 

arrest in normal differentiation of the stem cells results in an accumulation of 

the cells which are immature, called blasts. An increased number of blast 

cells is associated with a decreased number of mature blood cells such as 

red blood cells (erythrocytes), white blood cells or platelets; this condition is 

called multilineage cytopenia. The reduction in the number of the normal 

blood cells will lead to infection, anaemia or bleeding disorders, which are 
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responsible for the morbidity and mortality in AML patients (Figure 12). 

Chemotherapeutic agents which are commonly used for treating the majority 

of AML patients, such as anthracycline and cytarabine, have not been able to 

prolong the survival of the patients within the last three decades. For the AML 

patients younger than 60 years, the five-year overall survival rates have 

ranged from 30% to 40% (Longo, 2015). The median overall survival for this 

category of patients has been nearly one year. The main reason for relapse 

in AML patients following an early response to treatment is believed to be due 

to the role of LSCs. LSCs in AML patients form a minor fraction of the 

leukaemia cell population and have the ability to reproduce themselves and 

the more differentiated leukaemia cells. The characterisation of the LSCs is 

based on the ability of the cells to settle in the BM of immunodeficient mice 

and to produce leukaemia cells when grafted into mice. When LSCs are 

transplanted into mice, they are capable of self-renewing, and also partially 

differentiating into non-LSC bulk blasts, that resemble the original disease but 

are unable to self-renew in serial transplantation (Dick, 2005). Because of the 

role of LSCs in the maintenance of leukaemia, even under current treatments, 

in order to eradicate the disease and achieve long-term remissions, a 

therapeutic approach should aim at eliminating the LSC population (Figure 

13). The majority of AML samples (∼75%) are positive for the expression of 

CD34 marker on their surface, and nearly all studies of AML LSCs have 

focused on this subgroup. CD34 is a cellular surface marker for identification 

of the normal haematopoietic stem and progenitor cells. This means that 

during the proliferation and differentiation of the normal stem cells to 

progenitor cells, this marker is present on the surface of the cells. CD34 

disappears when the cells exit the progenitor stage following further 
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maturation. As AML results from maturation arrest of the stem or progenitor 

cells, the consequently developed AML cells are positive for CD34 marker.  

 

Figure 12: Schematic illustration of the normal and leukaemic human 

haematopoietic hierarchies. 

Human haematopoietic cells are organised in a hierarchy. The HSCs are a 

small fraction of the haematopoietic cells and maintain the blood cell 

population by self-renewing. In addition to self-production, HSCs give rise to 

more lineage-restricted, differentiated progenitors which have less self-

renewal capacity (long-term culture-initiating cells (LTC-ICs); colony-forming 

units (CFUs)). These more committed cells produce mature blood cells with 

various functions. Aberrations in self-renewal and differentiation (caused by 

acquired mutations) generate LSCs, which are the source of sustained 

growth of the leukaemic cells. The altered pattern of growth and differentiation 

in LSCs is demonstrated by aberrant expression of some cell surface markers 

(indicated in blue) (Wang & Dick, 2005). 
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Figure 13: Targeting LSC is essential for preventing relapse following 

therapy. 

Chemotherapy results in killing the bulk of the AML cells, which is presented 

as an improvement in clinical condition of the patients and the return of the 

blood cell counts to normal level. For the majority of the AML patients this 

does not last long as the leukaemia returns, and patients present with 

relapse. The relapse is believed to be due to the activity of the LSCs, which 

are not eradicated by conventional chemotherapeutic agents. Eradication of 

the LSCs is currently believed to be the approach which can lead to a cure in 

AML patients (Ishikawa et al., 2007).  

2.7 Chronic myeloid leukaemia 

Chronic myeloid leukaemia (CML) is a pluripotent haematopoietic stem cell 

malignancy, characterised by a balanced reciprocal translocation that 

involves chromosomes 9 and 22. This is termed a Philadelphia chromosome 

(Ph), and carries a BCR-ABL1 fusion gene which is a constitutively active 

tyrosine kinase. The protein produced from this fusion gene encourages 

leukaemia cells to divide in an uncontrolled manner. This fusion is the 
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fundamental cause of the chronic phase of CML (Goldman & Melo, 2003). 

CML is mainly prevalent in adults, with incidence rates increasing with age, 

as almost half of the cases (48%) are diagnosed in those over 65 in the UK. 

As soon as it was known that BCR-ABL1 function is responsible for the 

biological alterations and clinical presentations in CML, the BCR-ABL1 kinase 

activity became the most attractive target for treatment (Figure 14). Due to 

the introduction of imatinib, a tyrosine kinase inhibitor (TKI), as the standard 

treatment for CML in 2001, the survival rate has greatly improved (Kantarjian 

et al., 2012). Despite the impressive outcomes of imatinib therapy, this 

treatment cannot be used in all cases. Resistance to imatinib can be split into 

BCR-ABL1-dependent and BCR-ABL1-independent mechanisms. The BCR-

ABL1-dependent mechanism of resistance is mainly due to BCR-ABL1 

tyrosine kinase domain mutations. The most frequently known BCR-ABL1-

independent mechanism of resistance includes overexpression of efflux 

transporters, leading to low intracellular levels of imatinib, and downregulation 

of influx transporters which inhibits effective shuttling of imatinib in the cell or 

activation of compensatory pathways (Balabanov, Braig, & Brümmendorf, 

2014) (Figure 15). The activation of a compensatory mechanism can be due 

to external stimulating signals from the BM microenvironment. Currently the 

main challenge in clinical management of CML patients is the continuous 

detection of low-level leukaemia cells using sensitive molecular techniques 

such as quantitative polymerase chain reaction following TKI therapy. The 

majority of CML patients who are treated with TKIs achieve a good response. 

However, they need continuous therapy, as the disease returns in up to 60% 

of the patients who stop treatment in the absence of detectable disease, 

leading to a re-starting of the treatment. This is of clinical and economical 
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significance. TKIs therapy is associated with various clinical side effects and 

therefore the concept of taking such medications for the rest of one’s life 

makes the TKIs therapy compliance very difficult. Also, this has a heavy 

economic burden on the healthcare system. To identify the mechanisms 

through which the microenvironment causes resistance in CML cells against 

eradication is an important line of research.  

 

Figure 14: Mode of action of tyrosine kinases inhibitors imatinib. 

This figure shows the ATP binding to the active site of the tyrosine kinase of 

BCR-ABL, causing phosphorylation of selected tyrosine residues on its 

substrates, leading to activation of the downstream pathways that cause CML 

(Left). Tyrosine kinase inhibitors such as imatinib were designed to compete 

with ATP for incorporation to the kinase domain. By doing so, the substrate 

remains unphosphorylated and the pathways that promote CML are not 

activated. This figure has been adopted from (Levitzki and Gazit, 1995).  
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Figure 15: Mechanism of multiple drug resistance. 

The mechanism of resistance to anticancer drugs can be grouped into at least 

seven major categories: decreased drug influx, increased drug efflux via ATP 

driven extrusion pumps, altered drug metabolism and detoxification, 

secondary mutations in drug targets, activation of downstream or parallel 

signal transduction pathways, activation of DNA repair, and apoptosis 

inhibition. The image was modified and adapted from Yin et al. (2013). 

2.8 Principles of cell culture 

Cells isolated from animal tissues can be grown in culture for research 

purposes. “Cell culture” refers to maintaining the disaggregated cells in vitro, 

while “organ culture” refers to a culture condition when cells are in the form 

of a non-disaggregated tissue. The term “tissue culture” is applied for both 
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forms of culture. Cell culture is an important method for biomedical 

investigations and is widely used for academic, clinical diagnostic and 

industrial aims. It has many applications, ranging from the discovery of new 

molecules and their function to high-throughput testing of anticancer drugs. 

The culture of cancerous cells from human tumours is routine. The 

cancerous cells are separated from the tumours through various methods, 

depending on the type of tumour. However, most experiments involving 

human research are based on using cell lines. Cell lines are cancer models 

which have originated from tumours, and are often cultured many times in 

media containing serum and other additives to promote their growth 

(Glaysher & Cree, 2011). 

Animal cells go through extensive proliferation and differentiation in the early 

stages of development, while gradually differentiating into various tissues and 

organs. In an adult, the vast majority of cells are in a non-dividing state; 

although they are metabolically active and have their physiological functions, 

most are not actively proliferating.  

Most normal adult cells only divide in response to stress and when there is a 

need to replace old or damaged cells. Only cells of specific tissues such as 

skin or epithelial cells in the gastrointestinal system have the capacity of 

dividing regularly. More than 200 different types of cells exist in the body and 

many of them cannot grow in culture following their removal from the original 

organ (Le et al., 2016).  

A complex mixture of substances, such as minerals, amino acids, sugars, 

vitamins, and growth factors such as insulin or various cytokines, is required 
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for a suitable environment in which to support the growth and maintenance of 

cells. 

Except for blood cells, nearly all the cells in the body do not grow as separate 

or free-floating. Because of the inability of most of the cells to grow in an 

anchorage-independent condition following removal from the tissue 

environment, the cells need a surface to which they can bind. If the released 

cells cannot find such a surface for attaching, they will not be able to divide 

and will shortly die (Le et al., 2016). 

Following attachment of the released cells to the new surface, they start 

growing onto empty surfaces. This continues until a layer of cells covers the 

surface of the culture environment and forms a monolayer of cells. When a 

layer of cells covers the whole surface area, they do not divide any longer 

because the contact from the neighbouring cells releases inhibitory signals. 

This state is referred to as contact inhibition. If further expansion of these cells 

is required, they have to be removed and placed on a new surface where 

there is space to grow.  

An enzyme such as trypsin is usually used for digestion of the proteins that 

mediate attachment of the cells to the surface, resulting in the release of the 

cells into solution. This cycle of cell attachment to surface, proliferation and 

detachment can be done several times. For normal cells the number of the 

cell-doubling is controlled by an internal cellular clock, which sends the final 

stop message when the number of cell divisions reaches a certain limit, called 

Hayflick (Hayflick, 1965; Shay & Wright, 2000). Most of the fresh cells from 

tissue are capable of doubling up to 40–60 times before they stop proliferation 

(becoming senescent). The contact inhibition is a hallmark of cells taken from 
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normal tissues. The cancerous cells taken from tumours have the capacity to 

overcome contact inhibition and to continue proliferation (Todaro & Green, 

1963; Stride & Edirisinghe, 2008; Wells, 2005).  

Cell lines are the immortal cells that proliferate and avoid the Hayflick limit. 

The cell lines are immortal in culture and can be cultured forever. This 

phenotype is different from the cells isolated from non-malignant tissues that 

usually die in cell culture (Schofield, 1978). 

In many tissues of the human body there are a small number of cells called 

stem cells that can differentiate and form mature cells. The stem cells are the 

source of providing the new cells required for repair, maintenance, or tissue 

regeneration. In adults the stem cells have more limitation for forming various 

types of cells, as they can typically differentiate only to cells of their own 

lineage (Schofield, 1978). 

As was mentioned earlier, the majority of the separated cells from tissues 

need a surface for attachment; however, some such as blood cells are 

capable of growing in suspension (Figure 16). Although culturing cells is 

straightforward in the lab using Petri dishes or flat flasks, it can be a challenge 

when a large scale of cell production is required. When large-scale production 

of certain proteins for therapeutic purposes is required, the cells that produce 

such proteins are engineered using molecular genetics techniques to enable 

them to grow in suspension. 
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Figure 16: Adherent and suspension cells in culture. 

Most cells isolated from tissues are anchorage-dependent and require a 

surface for adhesion. Cells that are used to manufacture therapeutic proteins 

are modified to eliminate their need for surface attachment. This figure was 

taken from the paper by Le et al. (Le et al., 2016). 

Because the cells in suspension can grow without the limitations that 

adherent cells have, conversion of the cell lines to the cells which can grow 

in suspension is very valuable in the pharmaceutical industry. This conversion 

is through removing the cells from the surface and forcing them to grow in 

suspension. One method of growing the cells which are anchorage-

dependent in a suspension culture is to employ small beads called 

microcarriers. These microcarriers provide a surface for cell adherence and 
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proliferation, while they provide the opportunity for the bead-and-cell 

complexes to be suspended (Figure 17).  

 

Figure 17: Human embryonic cells. 

Human embryonic stem cells can be grown on beads, called microcarriers. 

Microbeads provide a surface, for the attachment of the cells and their growth. 

In this figure, the microcarriers are completely covered by the stem cells. The 

image was modified and taken from the published paper by Le et al. (Le et 

al., 2016). 

 Commonly applied cell cultures for studying haematopoietic 

stem cells 

A suitable cell culturing system is required to characterise the various 

behaviours of HSCs or LSCs, such as proliferation, differentiation, self-

renewal capacity and drug sensitivities. 2D cultures have been used for many 

years as the standard method for studying various cell types. Despite being 

widely used, 2D cultures have had deficiencies which has led to the 
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development of 3D cultures. These deficiencies have been mainly due to 

significant structural differences between the 2D culture and the in vivo BM 

microenvironment. The other deficiencies of 2D culture relate to its limited 

application in drug discovery studies, and the low value of the data gathered 

from 2D cultures in estimating the sensitivity of leukaemia or HSC to new 

discovered agents. This seems to be due to the absence of other components 

of the BM in the commonly used 2D cultures (Frantz, Stewart, & Weaver, 

2010). The lack of the third dimension in 2D cultures results in a fraction of 

the cell membranes of the neighbouring cells being in touch with others, but 

a large part of each membrane is exposed to the culture medium (Ryan et al., 

2016). To understand the proliferative behaviour of the LSC or HSC, or their 

response to treatment, it is important to investigate the whole process while 

cells are interacting with other cells and macromolecules, such as in the in 

vivo environment. In addition to the lack of the third dimension, the other 

missing factor in 2D cultures compared to the in vivo BM microenvironment 

is the ECM, which has an essential role for normal and aberrated cellular 

homeostasis (Frantz, Stewart, & Weaver, 2010; Gilkes, Semenza, & Wirtz, 

2014). Regarding the deficiencies of the 2D cultures, various types of 3D 

cultures have been recently developed as an alternative method of culturing 

HSCs or LSCs. In addition to the influence of 3D cultures on proliferation, 

they have been shown to have an impact on the differentiation of the HSC, 

as it has been shown that HSCs keep their differentiation ability in 3D cultures 

but lose it in 2D cultures (Baker & Chen, 2012; Venugopalan et al., 2014). 

The 3D system has provided an opportunity to investigate how cells sense 

mechanical forces and their response to these forces (Meng et al., 2014). 

They have been shown to have advantages for the growth of HSC and cells 
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like chondrocytes, preserving the characteristics of these cells during the 

culture and also determining the phenotype of the cells they support. For 

example, chondrocytes when grown in 2D culture lose their morphology and 

become similar to fibroblasts, and even the matrix protein they synthesise 

changes. However, when these fibroblast-like cells are put in 3D culture they 

change their morphology and return to rounded chondrocytes (Lawrence & 

Madihally, 2008).  

 Different types of 3D culture for studying various phenotypes of 

HSC/LSC 

3D cultures can be categorised in various ways, depending on which aspect 

of their structure is used for classification. The general classification of the 3D 

cultures categorises them into 1) plate or culture dish, 2) spinner flask, 3) 

rotation wall vessel (RWV), and 4) perfusion bioreactor system. 1) The most 

commonly used system for culturing cells is plates or dishes, because of their 

low cost and ease of use. The main challenge for using them is for the culture 

of HSC or LSC as the growth of these types of cells in the plate or dish is 

reduced compared to the in vivo setting. 2 & 3) Spinner flasks and RWVs 

were developed to promote the culturing condition of the HSC or LSC, by 

improving the convection of the medium in the system and consequently 

increasing the quality and efficiency of the culture. RWVs are further 

developed, compared to spinner flasks, as they have two horizontal 

concentric cylinders with gas exchange happening through semipermeable 

membrane (Figure 18). In a perfusion bioreactor system, there is continuous 

perfusion of the medium to keep the balance of the environment (Figure 19). 
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Figure 18: Rotating wall vessel bioreactor. 

Rotating wall vessel bioreactor schematic with any of the three 3D culture 

types rotating around the horizontal axis is shown. This figure was taken from 

the published paper by Kumar and Starly (Kumar & Starly, 2015). 

 

 

Figure 19: Packed bed bioreactor setup. 

Packed bed bioreactor setup. The co-controller station regulates oxygen and 

carbon dioxide through sensor probes. This figure was taken from the 

published paper by Kumar and Starly (Kumar & Starly, 2015). 
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 Scaffolds from microbubbles for tissue engineering  

Scaffolds play an important role in tissue engineering, for example, by acting 

as porous biodegradable structures containing various bio-products (cells, 

genes, drugs and proteins) (Haynesworth, Reuben, & Caplan, 1998; 

Cutroneo, 2003; Dhandayuthapani et al., 2011). They can serve as a 

replacement for ECM and can be produced from natural or synthetic material, 

or a combination of both (Carletti et al., 2011; Pereira et al., 2013). In order 

for scaffolds to mimic the function of the natural human ECMs, they must 

balance mechanical function with transport of bioactive agents (Hollister, 

2005; Chan & Leong, 2008). While a denser scaffold offers a better function 

and mechanical strength, a more porous scaffold provides greater diffusion 

of gas/liquid components and provides cell growth (Carletti et al., 2011). 

Scaffolds are developed for tissue engineering to promote the growth of cells 

migrating from the surrounding tissue into the porous structure of the scaffold. 

As the primary function of the scaffolds is to support the growing tissue, they 

are required to allow cell migration, attachment and proliferation (Hollister, 

2005; (Vats et al., 2003). There have been many studies into the 

morphological design of scaffolds to stimulate cellular growth. Factors such 

as pore shape and size, as well as interconnectivity and spatial distribution 

through the scaffold, are important in the design of the scaffolds for optimised 

cellular growth (Wang et al., 2009). Foam and honeycomb-like structures with 

interconnecting and large pores are ideal templates for tissue engineering 

scaffolds. Recently, microbubbles have been used as pore generators in the 

biomedical field (Wang et al., 2009). It has been shown that a uniform pore 

size in scaffolds promotes more cell migration and distribution in the scaffold. 
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Same size scaffold pores leads to an increased cell proliferation, especially 

when the pore size is the same as the cell diameter, as the cells can sit in the 

holes and grow (Vats et al., 2003; Di Maggio et al., 2011). Scaffold prepared 

by Nair et al. using protein microbubbles was shown to be an excellent 

candidate for use as tissue engineering scaffolds, as well as drug/growth 

factor delivery vehicles.  

 Scaffold-based 3D cultures as an in vitro model for BM  

The HSC is enriched in a specialised microenvironment in the BM, called 

niche. Stem cell niches are microenvironments in BM that maintain HSC and 

regulate the function of the HSC. BM niches produce cytokines, and these 

cytokines affect HSC and influence their activity (Morrison & Spradling, 2008). 

HSCs are rare populations in BM which have self-renewal and multipotent 

progenitor activity. HSCs give rise to a group of progenitors. Progenitors will 

proliferate and gradually differentiate to mature cells. Niches are believed to 

regulate various characters of the HSC, such as quiescence, self-renewal 

and differentiation. The function of the niches is regulated by their various 

components. These components are either cellular or molecular (Figure 20). 

The cellular components are mainly osteoblasts, osteoclasts, endothelial 

cells, mesenchymal cells and progenitors. The main molecular factors are 

stem cell factors, osteopontin, TPO, stromal derived factor-1 (SDF-1) and N-

cadherin (Di Maggio et al., 2011). The commonly used methods of cell culture 

do not have the required components to form a niche-like structure and 

therefore are not a suitable model for studying HSC or LSC. It is important to 

keep the HSC in culture for a long term as various phenotype of these cells 
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develop within weeks. Various cytokines such as stem cell factor (SCF), FLT3 

ligand, TPO and IL-11 are required for growth and survival of the HSC, and 

this indicates the necessity for the presence of various cytokines in the ex 

vivo culture of these cells (Fraser et al., 1990). In addition to cytokines, stroma 

cells are required for expansion of CD34+ cells (HSC/progenitors). To include 

the cytokines and stromal structure, 2D cultures supplemented with stromal 

cells and cocktails of cytokines have been used in HSC studies. In spite of 

these improvements, this kind of culturing supports only the expansion of 

more differentiated cells and does not support the long-term culture of HSC 

(Haylock et al., 1992). To overcome the deficiency of 2D cultures in having a 

niche-like structure, 3D cultures have been introduced to mimic the BM 

microenvironment by having 3D structure, scaffolds, molecular matrix and 

cellular components (Braccini et al., 2005). An example would be ceramic-

based 3D cultures, where BM nucleated cells are added to the ceramic 

scaffold to form a 3D cell network within the scaffold pores, followed by 

seeding of HSC (Di Maggio et al., 2011). Molecules such as segment-1 (CS-

1) and RGD motifs, which mimic the fibronectin domains of the ECM if added 

to the scaffold, will help the expansion of CD34+ cells (HSC/progenitors) (Di 

Maggio et al., 2011). The structure of the scaffold will determine how the 

stromal cells form the network in the 3D culture (Di Maggio et al., 2011). A 

3D culture with various stromal cell types has a better chance of having a 

self-maintaining system with little dependence on external supply of essential 

cytokines. A 3D culture supporting the growth and maintenance of HSC would 

also be a good system for studying haematological malignancies, such as 

AML which has a hierarchical organisation similar to that of normal 

haematopoiesis. 
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Figure 20: The BM haematopoietic niche. 

The BM haematopoietic niche and its molecular interactions are shown here. 

The signals from the sympathetic neurons (SN) control the movement of 

HSCs into and out of the niche. CXCL12 is a chemokine secreted by some of 

the stromal cells (Nes+). It binds to the endothelial cells (EC) through E-

selectin. Reduced expression of CXCL12 and other chemokine, and an 

increased expression of granulocyte colony-stimulating factor (G-CSF), are 

considered the stimulations for mobilisation of the HSC and progenitors. 

Interaction of the HSCs with CXCL12 and ECM components, such as 

vascular cell adhesion molecule-1 (VCAM-1), fibronectin (Fn), collagen-1 

(Col-1), and HA, is the known mechanism for keeping the HSCs in the niche. 

Transforming growth factor beta (TGFβ), angiopoietin (Angp), SCF, and TPO 

protect the long-term HSCs in a quiescent state in the BM. TGFβ is secreted 

in an inactive form into the blood circulation and is converted by Schwann 

cells (SC) to an active form. EC, Nes+ mesenchymal stromal cells (MSC), 

and leptin receptor-expressing (LEPR+) MSCs secrete stem cell factor 

(SCF). Osteoblasts (OB) produce TPO. Various signalling pathways such as 

Wnt signalling, Notch ligands, Jagged-1 (Jag-1), Jagged-2 (Jag-2), and the 

cytokine, pleiotropin (pltrp), control the proliferation of HSCs and the various 

blood cell populations in BM. The image was modified and adapted from 

Dhami et al. (Dhami et al., 2016). 
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 The significance of a BM-like culture for studying AML 

LSCs initiate the leukaemia and are capable of having unlimited self-renewal 

activity in AML (Krivtsov et al., 2006; Rossi, Jamieson, & Weissman, 2008; 

Essers & Trumpp, 2010). Among various types of leukaemia, AML is of 

special interest for in vitro investigations because of the little progress in its 

management and treatment (less than 50% successful treatment), despite 

recent progress in understanding its molecular genetic abnormalities. One of 

the main reasons for the low response rate of therapy for AML patients is 

believed to be due to our poor understanding of the molecular interactions 

between LSCs and their microenvironment (BM niche). The identification of 

the interactions between the AML cells and their microenvironment provides 

a therapeutic opportunity.  

These interactions can be targeted by various drugs, resulting in AML cells 

suppression. It is important to identify the interactions between normal HSCs 

and their microenvironment, to direct treatment specifically towards LSC and 

save normal haematopoiesis. A 3D culture mimicking BM microenvironment 

would provide the opportunity to dissect the mechanisms related to LSC 

maintenance and would represent a useful platform for drug screening 

(Dhami et al., 2016). 
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2.9 Flowcytometry 

Flowcytometry is a sophisticated method that measures multiple physical 

characteristics of a single cell. The size and granularity are measured 

simultaneously as the cell flows through a measuring device. The principle of 

flowcytometry is based on the light-scattering features of the flowing cells. 

The light scattering comes from the dyes added to the cells, or the fluorescent 

dyes attached to the monoclonal antibodies located on the surface of the 

cells, or to intracellular molecules inside the cells (Adan et al., 2017). 

Flowcytometry is the method of choice for analysing differentiation of normal 

and leukaemia cells. Flowcytometry, by using two light-scattering (size and 

granularity) and colour immunofluorescence signals from the added 

antibodies, can characterise the developmental stage of the cells in either 

normal or leukaemia condition.  

At each stage of differentiation, maturating cells have a specific pattern of 

molecules (antigen) on their surface, and this antigenic pattern on the 

surface, along with molecular alteration in their morphology, establishes a 

unique pattern for each stage of differentiation and maturation. This unique 

pattern for each stage of differentiation under normal conditions provides a 

basis for making a distinction between normal and leukaemia cells. These 

normal patterns are disrupted in leukaemia such as AML. Flowcytometry 

helps to ascertain which population of cells is dominant and at which stage of 

differentiation the arrest has happened; this information provides a guide for 

the classification of leukaemia. Accurate classification will provide guidance 

towards a better treatment and management of the disease. 
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Figure 21: Schematic diagram of the working principle of flowcytometry. 

This figure shows how flowcytometry characterises the various qualities, such 

as size and density, of the investigated particles. The investigated particles 

(which are mainly cells in this thesis) pass individually through a capillary 

system, where they are exposed to a laser beam. The laser beam is scattered 

and is recorded by a detector.  

The recorded information provides information about the size and complexity 

of the cell (https://www.ptb.de/cms/en/ptb/fachabteilungen/abt8/fb-84/ag-

841/flowzytometrie-841.html, 01 August 2018, 9.24am). 
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Chapter 3  

Experimental details 

Methods and Materials 

3.1 Introduction  

This chapter covers materials, product details and suppliers, as well as an 

introduction to the details of the experiments and the applied procedures 

during the investigative process. To ensure reproducibility, all the 

experiments were repeated at least three times. All equipment was calibrated, 

and measurements checked against known values as instructed by the 

supplier. All the biomaterial processing work has been done in the Edirisinghe 

lab (UCL Mechanical Engineering).  

3.2 Materials for evaluation of bubble formation  

The main materials in the experiments were aqueous sodium alginate 

solutions combined with surfactants, such as polyoxymethylene glycol 40 

stearate (PEG 40S). The production process was done using the capillary-

embedded V-junction. For the experiments conducted to produce foam 

scaffolds, sodium alginate bubbles were cross-linked with calcium chloride. 

 Sodium alginate  

Sodium alginate is purchased in powder form from Sigma-Aldrich. The colour 
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of the sodium alginate powder is between white and pale yellow. The source 

of sodium alginate is seaweed. The extracted alginic acid from seaweed is 

neutralised to make the alginate biocompatible. The biocompatible alginate 

has been used extensively in biomedical and pharmaceutical systems. It has 

been used for encapsulation of delicate macromolecules such as proteins, 

cells and nucleotides.  

The encapsulation with sodium alginate protects the structure and 

consequently the function of the particles it covers. The encapsulating 

character of the alginate seems to be due to its cross-linking capacity 

(Gombotz & Wee, 2012; Lee & Mooney, 2012). 

The selection of alginate for drug delivery purposes in the gastrointestinal 

tract is due to its tendency for interaction with mucosal surfaces. The 

interaction between the sodium alginate and the mucosa is thought to be due 

to the charge distribution around the sodium alginate molecule, which gives 

it a mucoadhesive property and makes it a good choice for drug delivery 

through mucosa.  

There are reports from other investigations, showing that alginates are 

comparable to other known mucoadhesive polymers such as carboxymethyl 

cellulose, polystyrenes and chitosan (Chickering & Mathiowitz, 1995). From 

these findings, it is expected that nanofibers which have alginates in their 

structure have superior performance for drug delivery aims, as this increases 

their attachment to mucosa. 
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Figure 22: Molecular structure of sodium alginate. 

The structure of alginate acid is shown in this figure. This polymer confers 

substantial mucoadhesion capabilities to captopril microcapsules for 

prolonged release in the stomach. The relatively mild cross-linking structure 

makes alginate a preferred biopolymer for encapsulation of delicate 

macromolecules, including proteins, cells and nucleotides, as the structure 

and function of these biologics remain intact to a significant extent within the 

alginic systems (Nair and Laurencin, 2007; Gombotz and Wee, 2012). 

 Surfactants  

To facilitate microbubble formation, surfactants were used to reduce the 

surface tension. The following surfactants were used for this study:  

Tween 40: This product was purchased from Sigma-Aldrich. It is a non-ionic 

detergent with a wide range of applications in the food industry and in drug 

developments. It is usually used for solubilising oils in water-based products. 

Tweens are categorised as being biodegradable materials.  

PEG 40: Polyoxyethylene glycol 40 stearate density; 1300 kg/m (which is also 

called PEG 40S) was purchased from Sigma-Aldrich. Since it is non-toxic, it 

has been used in the production of drugs, foods and cosmetic products, and 

has been approved by FDA. 
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 Phospholipid  

L-α-Phosphatidylcholine was purchased as lyophilised powder from Sigma-

Aldrich (Sigma-Aldrich, UK). The average molecular weight is approximately 

768 g/mol. Phosphatidylcholine is the major structural component of cellular 

membranes. It also serves as a reservoir for several lipid messengers and is 

used for the preparation of vesicle suspensions, known as liposomes, or as 

monolayers.  

 Phosphate buffered saline (PBS)  

Dulbecco’s phosphate buffered saline (DPBS) was purchased from Sigma-

Aldrich, UK. It is an iso-osmotic buffer and is used for washing cells, 

dissolving drugs, during the staining cells with various chemical agents or 

fluorescent antibodies, or as a drug delivery release medium. Phosphate 

buffering maintains the pH in the physiological ranges and can be used to 

wash and rinse suspended cells. 

  Glycerol  

Glycerol (C3H8O3, density 1,261 kg/m
-3

, molecular weight 92.09, viscosity 1.4 

Pa s, Sigma-Aldrich, UK), with 99% purity, was diluted with distilled water. 

Aqueous glycerol solutions are widely used in experimental studies of flow 

experiences. Experiments conducted with glycerol solutions facilitate the 

investigation of flows in a different range of Reynolds numbers. 
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 Ethanol  

Ethanol (C2H5OH) was purchased from Sigma-Aldrich. Ethanol was used for 

various applications in this study, such as for the cleaning of capillary needles 

(which were essential components of the experimental setup) and for 

sterilising foam scaffold for cell culture.  

 Calcium chloride 

Calcium chloride (CaCl2) was purchased from Sigma-Aldrich in powder form 

(anhydrous, beads, −10 mesh, ≥ 99.9% trace metals basis). 

 Gold nanoparticle and gold coating 

Additionally, gold nanoparticles were added to alginate microbubbles in the 

experiment in order to increase the stability of microbubbles. An aqueous gold 

suspension was used as the base for the microbubble coating. Gold 

nanoparticles (average diameter ∼ 10 nm) in phosphate-buffered saline 

(PBS) solution were obtained from Sigma-Aldrich, U.K. Gold nanoparticles 

(with average diameter ∼ 10 nm and spherical shape) can cover the surface 

and act as a chain around the bubble shell. 

In order to coat the shell of the alginate bubbles, microfluidic V-junction was 

used. Gold suspension was provided via one of the liquid inlets and from the 

other inlet solution, and the surfactant was made to flow in, in order to form 

the bubble in the intersection zone of the polymer junction. 
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3.3 Material and solution preparation for microbubble 

production 

Three series of alginate solutions with concentration of 1, 0.5, 0.25 wt.% were 

prepared from sodium alginate powder (Sigma-Aldrich Poole, UK) dissolved 

in deionised water. Polyethylene glycol-40-stearate (PEG-40S, Sigma-

Aldrich, Poole, UK, density; 1,300 kg/m3) was added as a surfactant to all 

solutions. The concentration of surfactant (PEG) for all solutions was 0.5 

wt.%. All solutions were prepared at room temperature (20 °C). Microbubbles 

were collected through four different mediums: in deionised water, calcium 

chloride (20 vol%), glycerol (80 vol%) and hydrochloric acid (2 vol%) 

(Chemicals supplied by Sigma-Aldrich Ltd). 

3.4 Characterisation of the solutions  

 Surface tension   

The surface tension for each solution was measured using a Drop Shape 

Analysis System (Figure 23), Model DSA100 (Kruss GmbH, Hamburg, 

Germany). In order to ensure accuracy of measurement, a secondary reading 

was taken using a Kruss Tensiometer K9 (Standard Wilhelm’s plate method). 

The plate was completely submerged in the solution. The plate was gradually 

lifted, and the surface tension noted precisely as the plate was separated 

from the liquid surface. In order to reduce measurement errors, the plate was 

cleaned thoroughly with ethanol and completely dried before each 
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measurement. The mean value of three readings was taken to represent the 

surface tension of each sample.  

 

Figure 23: Schematic illustration of a) tensiometer, and b) 3D of the 

plate’s interaction with liquid sample.  

This image was taken from the published paper by Butt et al. (2006). 

 Viscosity  

Solutions with viscosities higher than 15 mPas were measured using a 

Brookfield DV-111 Ultra programmable Rheometer (Brookfield Engineering 

Laboratory Inc., USA). The apparatus operates on the principle of 

proportionality between the shear rate and torque applied to a quiescent 

liquid. In this technique, a cylindrical spindle is spun at a specific speed within 

the solution in which viscosity is to be quantified. To guarantee accurate 

measurement of the kinematic viscosity of each solution, U-tube viscometers 

(BS/U type) were used. This value was subsequently multiplied by the density 

(in gcm-3) of the solution to calculate its dynamic viscosity. The process was 

repeated three times and the mean value of all readings was reported. For 

solutions of lower viscosity, the U-tube technique was found to be more 
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accurate. 

 Electrical conductivity and pH  

A Jenway 3540 pH/conductivity meter (Bibby Scientific Limited, Staffordshire, 

UK) was used to measure the electrical conductivity, and pH of the solutions 

were determined. The electrodes were kept immersed in the solution for ten 

minutes and then the reading shown on the meter was recorded. The mean 

value of three readings was taken as the electrical conductivity and pH of the 

sample.  

3.5 Characterisation methods  

 Optical microscopy 

All images were taken using a JVC KY-F55B digital camera, attached to a 

Nikon Eclipse ME 600 optical microscope. Image processing was carried out 

using a computer running the Image Pro v3.0 software. The microscope was 

calibrated using a standard microscope ruler slide and all samples were 

collected on micro slides at 5X, 10X and 20X magnifications. All micrographs 

were captured, and all sizes were measured via the Image Pro v3.0 software 

with the above-mentioned processing parameters. Each experiment was 

repeated three times and based on the expected bubble lifetime. Pictures 

were captured at different time intervals, as documented in chapter 4. 
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  Confocal laser scanning microscopy  

Zeiss LSM 710 was used as a confocal microscopy imaging system and is 

equipped with a 405 nm/488 nm/561 nm Krypton-Argon ion laser. It was used 

to record confocal laser scanning microscopy images. Micrographs were 

obtained using a laser power of 2.0 mW with a box size of 2048x2048 pixels 

at 8-bit resolution. Zen software was used for image processing. The single 

channel images and the merged images were obtained.  

 Fluorescence microscopy  

Fluorescence microscopy is an optical microscope-based technique. It is 

used for examining the objects that emit fluorescent light, either in their 

natural form (autofluorescence) or in the form prepared to fluoresce as a 

result of combining with chemicals that can fluoresce (secondary 

fluorescence). The application of this type of microscopy is one of the fastest-

growing areas. The mechanism of action for the fluorescent microscope is 

the emission of light with specific wavelength when the light of sufficient 

energy strikes an object. Fluorochromes are certain types of chemicals with 

delocalised electrons and are often used to stain materials for production of 

secondary fluorescence. The fluorochromes may be used for dyeing specific 

constituents of materials in polymeric or biological samples. This is termed 

fluorescent labelling and is used for various biomedical applications 

(https://www.microscopyu.com). A fluorescence microscope (Life Evos XL, 

ThermoFisher Scientific) was used for characterization of bubbles and their 

structure.  
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  Scanning electron microscopy (SEM)  

The surface morphology and diameter of the bubbles and scaffolds were 

analysed by using scanning electron microscopy (Hitachi S-3400N and JEOL 

JSM-6301F field emission scanning electron microscopes, SEM). A JEOL 

JSM- 6301F field emission scanning electron microscope was equipped with 

an emitter that can achieve a resolution of ~1.5 nm. The accelerating voltage 

was set at 6 kV and the working distance between the emitter and the sample 

was 20 mm. The bubbles or the bubble/particle structures were collected and 

studied by optical microscopy immediately, and after 15 and 30 minutes of 

production, to detect any changes in their size and morphology. Then they 

were left to dry for 24 hours, and then scanned using electron microscopy at 

an acceleration voltage of 3–5 kV. All the samples were vacuum-coated with 

gold for 120s beforehand, using a sputtering machine (Edwards sputter 

coater S 1 50B) to obtain SEM images. This process enables conduction of 

the sample surface and avoids charging, which can cause damage when gold 

is used to make the surface conductive. The samples were then placed on 

an aluminium stub with a carbon sticker and were placed in the SEM 

chamber. Analysis of the products was carried out using the Image-Pro 

Insight software (Media Cybernetics Ltd., Marlow, UK) and the image-

processing program UTHSCSA Image Tool (Image Tool Version 2, University 

of Texas, USA).  
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  Hot-stage microscopy  

Hot-stage microscopy studies were conducted using a Leica DM 2700 M 

microscope (Leica Microsystems, Wetzlar, Germany). This microscope was 

equipped with an Infinity2 digital camera (Lumenera Corporation, Ottawa, 

Canada). This system was used to observe the microbubble bursting 

process. A heating stage unit was controlled by a FP90 central processor 

unit, both from Mettler-Toledo Ltd, Leicester, UK. Microbubbles were 

examined under two different temperatures, 20 °C and 37 °C.  

3.6 Microfluidic experimental setup  

A diagram of the microfluidic setup is shown in figure 24 and the junction 

geometry is shown in figure 25. This device consists of four Teflon fluorinated 

ethylene polypropylene (FEP) capillaries with fixed internal diameters of 200 

μm (for experiments conducted to investigate the effect of variations in gas 

pressure and flow ratio), inserted in a polymer block (Figure 24). 

The top capillary was connected to a gas regulator, fitted to a pressurised air 

tank via a 6 mm diameter pipe, where the gas was supplied to the junction at 

a constant pressure. A digital manometer was connected to the pipe to 

measure the in-line air pressure. A gas regulator was used to vary the gas 

pressure supplied to the V-junction. The side capillaries inserted into the 

junction supplying liquid was connected to a 20 ml stainless steel syringe (KD 

Scientific, Holliston, MA, USA). Two Harvard syringe PHD-4400 pumps 

(Harvard Apparatus Ltd., Edenbridge, UK) were used to force liquid through 
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the capillaries at a constant flow rate. 

In order to produce microbubbles, the nitrogen gas from the top inlet and 

liquids from the side ducts of the junction meet at the intersection zone and 

bubbles are formed. Bubble formation was monitored at the junction in the 

200 μm gap between the main capillaries, where the liquid and air phases 

meet to start bubble formation. Each capillary is secured mechanically to the 

block via a standard high-performance liquid chromatography (HPLC) 

connector to prevent any slippage at the junction during operation at high 

pressure. All connections were checked for leakages and blockages prior to 

executing the experiments. Bubbles were collected from the bottom of the 

polymer junction on a glass slide coated with deionised water. 

 

Figure 24: Microfluidic setup. 

Microfluidic V-junction device for the production of microbubbles. 

 V-junction device  

The polymer V-junction microfluidic device (Figure 25) was used to fabricate 

the microbubbles. This device is fabricated using polymethylmethacrylate 
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(PDMS) block manufactured at UCL mechanical engineering workshop. The 

polymer V-junction consisted of two Teflon capillaries in the side ducts, with 

a 30° angle to the top (gas) inlet. The two vertical capillaries have a constant 

inner diameter of 200 μm. The top inlet provides the gas and the produced 

microbubbles are collected from the bottom inlet. 

 

 

 

 

 

 

 

 

Figure 25: Microfluidic V-junction device.  

High-speed camera was used to capture an image of the V-junction 

microfluidic device. 

3.7   Apparatus design 

Figure 26 illustrates the apparatus used to determine the retention of an 

alginate dose on oesophageal tissue. A Perspex
® 

mounting block was 

manufactured at UCL School of Pharmacy workshop, with dimensions of 100 

mm length by 60 mm width and 15 mm deep. A groove was cut into this block 

in a central position; the dimensions of the groove were 100 mm long by 12 

mm wide and 5 mm deep.  
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The mounting block was permanently attached to a clamp that was able to 

rotate through approximately 120°. The clamp was attached to a stand and 

placed to fix and hold the tissue sample. This apparatus mimics the angle and 

position of the oesophagus. 

 

Figure 26: Apparatus for bioadhesive studies. 

3.8   Membranes for mucoadhesive study  

Cellulose acetate of pore size 0.2 μm, used as an artificial membrane in 

mucoadhesive studies, was obtained from Sartorius, Gottingen, Germany. 

Fresh mucosa for mucoadhesive study was from porcine oesophageal tissue, 

arranged and delivered from a local abattoir in London, UK.  
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3.9  Requirements of the cell cultures  

The requirements for cell culture have not changed since the first cell culture 

a century ago. Nutrients should be provided, as well as oxygen and a means 

for the removal of carbon dioxide. 

   Medium 

The common media have a basal saline medium to which various 

components are added. Cells require various components for growth and 

survival, such as amino acids, vitamins, metal ions, trace elements, and in 

particular glucose as the source of energy. A buffer is also required to control 

the pH of the medium (HEPES is particularly common). To indicate the 

acidity of the culture, phenol red is usually added to the medium. A basic 

medium was developed by Moore et al. (Moore & Glick, 1967; Moore & 

Pickren, 1967) at Roswell Park Research Institute and is called RPMI1640. 

It is the most widely used cell culture medium.  

Eagle’s basal medium (BME) is another widely used synthetic basal 

medium for supporting the growth of many different mammalian 

cells. BME was originally developed by Harry Eagle for HeLa cells and 

mouse fibroblasts. However, this medium does not have HEPES buffer and 

glutamine. BME was modified by adjusting the amino acid concentration, 

which led to the production of a new medium called Eagle’s minimum 

essential medium (MEM). MEM was further modified by Dulbecco through 

increasing the concentration of the amino acid and vitamin to produce a new 
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medium called Dulbecco’s minimum essential medium (DMEM). To support 

haematopoietic cells and produce a medium with even more amino acids 

and vitamins, as well as selenium, pyruvate and HEPES buffer, Iscove’s 

modification of DMEM was developed (IMDM).  

   Serum-containing media 

To replace the missing requirements in the medium for culturing mammalian 

cells, serum is often added to the media. Serum provides proteins, lipids and 

carbohydrates, as well as growth factors and attachment factors. The 

concentration of components present is often variable. Serum obtained from 

newborn or foetal bovine is usually used for cell culture purposes. Serum is 

added at 5–20% of the total medium volume, depending on the cell type. 

Sera are usually prepared in aliquots and frozen at -20 °C.  

   Serum-free media 

There is a large variety in the composition of different sera. This can lead to 

different experimental outcomes, depending on which serum is being used 

for the experiment. The uncertainty that various serum supplementation 

might be introduced to cell culture has led to the exploration of serum-free 

media by many researchers. Two different approaches have been taken – 

one (Bottenstein & Sato, 1979; Sato et al., 1988) is to add specific 

supplement to the medium, while the other (Ham, 1963; Bettger & Ham, 

1982) is to increase the concentration of various components of existing 

basal media. Insulin, transferrin, selenite, hydrocortisone and cytokines have 
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been the common components which are added to media as a serum 

replacement, while albumin has been used as the source for improving the 

protein content of the media and its addition has been shown to be useful. 

Components such as fibronectin have been useful when added to the media 

as they were shown to promote adhesion signalling (Prasad & Kumar, 1975; 

Allegra & Lippman, 1978; Barnes & Sato, 1979; Murakami & Masui, 1980).  

3.9.3.1 Source of media 

Media are available as commercial products. A specific type of medium 

should be selected, depending on the experiment and the cell line that is 

used in the experiment. The shelf life of the media is usually between 9–12 

months. 

   Cell culture plates 

There are many different sizes and forms of cell culture plates. Many of them 

are made from polystyrene. This type of plate allows the cells to adhere to 

the surface of the plate. For some experiments, it is better to prevent the 

cells from attaching to the plastic. For this application plates made from 

polypropylene is preferred. Plastics designed to promote adherence have a 

charged surface, resulting from chemical treatment or irradiation. For cell 

culture experiments in chapter 5, polystyrene 12 and 24 well culture plates 

have been used. 
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   Environment for cell culture 

37 °C is the suitable and optimal temperature for the incubators where cells 

are kept for growth and maintenance. Temperature can change 1 degree 

around 37 °C, but the cells will die rapidly if the temperature rises to 40 °C. 

Culture media usually have buffering capacity because buffer is added to 

them as one of their essential components; however, this is insufficient and 

additional buffer is needed during the culture. This additional buffer is 

provided by 5% CO2 to ensure optimal performance and to ensure the pH is 

kept between 7.2 and 7.4. The phenol red, which is a component of the 

medium, detects acidification through the changes in its colour. At pH 6.5, 

7.0, 7.4 and 7.8, the colour of the phenol red converts to yellow, orange, red 

and purple respectively. The other critical factors for the cell culture 

environment are humidity and sterility. 

3.10   Basic Laboratory Design and Equipment 

Cell culture requires a clean and well-designed laboratory with sufficient 

equipment to allow safe and sterile working.  

 Laminar flow cabinets 

Laminar flow cabinets are essential for safe and reliable culture of the cells. 

The Class II safety cabinet is ideal, as this provides operator and sample 

protection. 
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 Centrifuges 

Most cell culture laboratories have benchtop centrifuges as they are required 

for cell pelleting. Centrifuges are essential for the cell work. To suspend a 

certain number of cells in a certain volume of culture medium, the volume 

which has that specific number of cells is removed and transferred into a 

tube, followed by spinning. The cells form a pellet at the bottom of the tube. 

The supernatant is removed with the cell pellet sitting at the bottom of the 

tube. The desired volume of medium is added to the cell pellet. 

 Incubators 

Incubators provide the carefully regulated environment for growing cells. In 

the incubators CO2 and temperatures are carefully regulated. 

 Counting cells 

Cell counting is important for the cell works. Most of the cell culture 

experiments are based on observation of a specific condition on the viability 

or proliferation of a particular cell type, and the requirement for this aim is 

cell counting. This is usually performed using a haemocytometer and 

microscope, but recently a number of simple instruments have been used in 

the laboratories for cell counting and they provide greater accuracy. These 

new systems have a CCD camera system, and a disposable or reusable 

slide chamber or cassette which can be filled with cell suspensions in the 

laminar flow hood.  
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Flowcytometry can be used for cell counting, although it becomes an 

expensive method if it just uses for cell counting. In this work, for counting 

the cells, both the cell counter and the haemocytometer methods have been 

used. 

   Storage and other facilities 

The cells can be stored as frozen at -80 °C for a few weeks or in liquid 

nitrogen tanks for longer periods. The cells are usually suspended in freezing 

medium. 

   Solution preparation for scaffold production 

All the polymers in this study were purchased from Sigma-Aldrich (Poole UK) 

unless stated otherwise. To prepare the aqueous alginate solution, 1% wt. 

sodium alginate powder was dissolved in deionised water followed by the 

addition of 0.5% wt. polyetheyleneglycol-40 (PEG- 40S, Sigma-Aldrich, 

Poole, UK, density; 1,300 kg/m3) as a surfactant. The mixture was stirred 

using a magnetic stirrer (KIKA, Labor-Technology RCT basic stirrer) for two 

hours to allow for even dispersion of the compounds. 0.5% wt. phospholipid 

(hydrogenated powder) was weighed and added to the solution, followed by 

further stirring for approximately another two hours until a homogenous 

solution was obtained. 
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   Scaffold preparation 

A V-junction microfluidic setup was used to obtain alginate bubbles (Figure 

27). Previous work has been carried out on scaffold preparation by Ahmed et 

al. (Ahmad, Stride and Edirisinghe, 2012). In the current study, the 

microfluidic method was used to obtain porous scaffolds, where the bubbles 

were deposited into arrays to produce the foam. The temperature and relative 

humidity during processing was 21 °C, and 40%, respectively. The foam 

scaffold was dried (as observed by optical microscopy) after 10 days of 

incubation in a desiccator.  

The average microbubble diameter was determined by measuring their 

diameters at ~100–200 μm points in the SEM images using the ImageJ 

software (Version 3.00). To allow the cell growth and support the 

biocompatibility features, the scaffolds have high porosity, and HA 

nanoparticles are incorporated into them.  

In this study to support cell compatibility, HA nanoparticles (diameter < 200 

nm, 5% wt.) were added to the scaffold structure (Phipps et al., 2011). This 

was achieved by adding the HA to the alginate solution prior to forming 

bubbles using the V-junction. Figure 27 indicates the scaffold preparation 

method. In the experiment, from inlet 1 alginate solution was applied, and 

from inlet 2, HA suspension was applied to coat the bubbles in the shell. 
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Figure 27: Alginate bubbles sample produced via V-junction. 

3.11   The method for drying foam-based scaffold 

A desiccator was used in order to dry the produced foam to obtain the 

scaffold. Desiccators are sealable enclosures, used for preserving moisture-

sensitive items such as cobalt chloride paper. A common use 

for desiccators is to protect chemicals which are hygroscopic, or which react 

with water from humidity. In order to dry foam scaffold, the microbubbles 

samples have been kept for 10 days in a desiccator. 

   Preparation of normal haematopoietic and AML cells 

Informed signed consent was obtained from the patients for using their 

samples for research. Mononuclear cells (MNCs) were separated by density 

centrifugation in a Ficoll-Hypaque (Nycomed, Zürich, Switzerland) from 

peripheral blood of newly diagnosed AML and CML patients, and then 

cryopreserved. To separate MNC from the whole blood (as MNC is the 
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template for CD34+ cells), 15 ml blood was diluted with equal volume of PBS. 

The 30 ml diluted blood was transferred drop by drop into a 50 ml Falcon tube 

containing 20 ml Ficoll-HyPaqueTM Plus (GE Healthcare, Uppsala) and 

centrifuged for 30 minutes at 1,800 rpm in a bench centrifuge (Heraeus 

Megafuge) at room temperature. The spinning finished with a non-brake 

status to avoid disturbance of the different layers of the cells.  

As can be seen in figure 28, five layers can be distinguished at the end of the 

Ficoll separation. From the top to bottom, these layers are: plasma, a cloudy 

layer of MNC, Ficoll, and a white layer of granulocytes sitting directly on red 

cells. MNCs were transferred from the inter-phase of Ficoll and Plasma to a 

new tube and counted by a haemocytometer. 

CD34+ cells were separated from MNC using a CD34+ collection kit 

(StemCell Technologies) as recommended by the manufacturer (https://www. 

miltenyibiotec.com/, 02 August 2018, 9.24am). For the AML samples, the 

information about the percentage of the leukaemia cells was provided by the 

diagnostic lab. CD34 marker is measured routinely, along with other major 

myeloid markers for the AML MNC samples. As the majority of the MNC from 

AML patients were leukaemic, no further purification was performed after 

separation of MNC. 
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Figure 28: Cell separation by Ficoll. 

This figure shows the five different layers formed following fractionation of 

whole blood cells using Ficoll. Plasma stands on the top of other components. 

Then the MNCs stand as a cloudy layer between the plasma and Ficoll. 

Polymorphonuclear cells appear as a whitish layer under Ficoll, and finally 

red blood cells sit as the last layer. 

   Cell lines 

A cell culture developed from a single cell, and therefore consisting of cells 

with a uniform genetic make-up, is commonly used for studying various 

aspects of cell behaviours. As mentioned earlier, due to the short life of many 

cells when cultured outside the body physiological condition, cell lines have 

been used as they can survive long enough for various investigations. In 

particular, cell lines have been investigated extensively for leukaemia 

research and the exploration of the therapeutic targets.  

For this thesis, AML and CML were studied in regard to their response to the 

related antileukaemia agents. Three types of cell lines were used: K562, 

Plasma 

Mononuclear Cells 

Ficoll 

Polymorphonuclear Cells 

Red Blood Cells 
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HL60 and HS-5 (BM-derived mesenchymal cell line) (Figure 29). K562 and 

HL60 cell lines were kindly provided by Professor Nicholas Cross (University 

of Southampton).  

HS-5 cells were purchased from ATCC (United States). K562 is a cell line 

model for CML. HL60 is a cell line derived from a patient with AML and is 

used as a model for this type of leukaemia. To simulate a BM 

microenvironment HS-5 cells were used, which are bone marrow-derived 

mesenchymal stromal cells. 

 

  

 

 

Figure 29: Optical microscopic images of the K562, HL60 and HS-5 cell 

lines. 

K562 and HL60 cells are suspension cells which are round, as shown in the 

figures. HS-5 is a mesenchymal stromal cell derived from human BM. They 

are adherent cells which have spindle morphology when they are in culture 

and attached to the culture dish. The presented scale (yellow line) is 20 µM. 

   Sterilisation of the foam-based scaffold 

Inside the laminar flow cabinet, scaffold pieces with an average diameter of 

∼0.5 cm were cut into appropriate pieces using a sharp cutter, and were 

transferred to each well of a 24-well plate using a fine-point forceps. A UV 

lamp (UV-C 60W Tube Unit Aluminium) with 254nm peak output, used for 
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disinfection of air and surfaces, was put in the laminar flow cabinet. The UV 

light was kept on for two hours (60W) while the scaffold was exposed to it.  

After two hours of UV exposure the scaffolds were washed with PBS. 1 ml 

PBS was added to each well and then removed after one minute. This was 

repeated three times. Then 1 ml cell culture medium (please see the cell 

culture section) was added to the scaffold in each well and the plate was kept 

in the incubator overnight. The next day the medium was removed, and the 

scaffold was ready for adding the cells. 

   Cell culture  

All the cell culture work has been done in the Centre for Haematology, 

Department of Medicine, Imperial College, Hammersmith Hospital, Du Cane 

Road, London, W12 0NN, UK. The method for drug sensitivity and cell work 

study from the Imperial Lab, have been optimised by Khorashad group 

working in this Lab. For 2D culture, K562 and HL60 cell lines were cultured 

in RPMI medium, supplemented with 10% Foetal Bovine Serum (FBS), 2 mm 

L-glutamine and 100 U/mL penicillin/streptomycin (RF10). Primary AML cells 

were cultured in StemSpan (Thermofisher) supplemented with CC100 

(StemCell Technologies). The cells were cultured at a concentration of 

25x104/ml. For 3D culture, the prepared scaffolds were transferred to 24-well 

culture plates and sterilised by exposure to UV light inside a laminar flow 

cabinet for two hours, followed by three times PBS washing. After the third 

wash, 1 ml RF10 (or StemSpan for primary AML) was added to each well, 

followed by incubation of the plates at 37 °C in a cell culture incubator for 24 

hours. Subsequently, the medium was removed. Primary AML cells, K562 or 



 

 
114 

HL60 cell lines were suspended at 25x104/ml concentration and then 1 ml of 

the cell suspension was added to each well. For the drug sensitivity study, a 

final concentration of 0.5, 1 or 2 µM imatinib or 0.1, 0.2 or 0.4 µM doxorubicin 

was used. Doxorubicin should be handled very carefully. All the preparation 

for various dilutions of this drug was done in the air cabinet. Two layers of 

gloves were worn while handling doxorubicin. Imatinib and doxorubicin were 

purchased from Selleckchem (TX, USA). Two independent experiments with 

triplicate for each condition (control and various doses of drugs) were 

performed. T-test was used to measure the significance of the difference 

between the two conditions. 

   Measuring the lowest inhibitory dose of doxorubicin or imatinib 

on HL60 or K562 

In order to assess anticancer drug on the samples, various doses of imatinib 

were used to identify the lowest inhibitory dose of imatinib for K562. Without 

prior knowledge about the potential induced level of resistance by the foam-

based scaffold, the lowest inhibitory concentration of imatinib was used in the 

experiments. K562 cells were cultured at the concentration of 5,000 cells per 

100 µl with or without 0.1, 0.2, 0.5, 1, 1.5 and 2 µM imatinib in a 96-well plate. 

The inhibitory effect of imatinib was measured after 72 hours by 

methanethiosulfonte (MTS)-based viability assay (CellTiter 96 AQueous One; 

Promega). HL60 and HS-5 cell lines were treated with or without 0.1, 0.2, 0.5 

and 1 µM doxorubicin for 72 hours in triplicates, followed by 

viability/proliferation measurement using MTS assay (as will be described 

later in this chapter).  
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   Co-culture of HS-5 with HL60 or K562 cells 

Experiments to examine the effect of 3D culture have all been done in the 

centre for Haematology, Department of Medicine, Imperial College, 

Hammersmith Hospital, and the proposed method was designed by the 

auteur of this thesis and the help of the Khorashad research group.  

Foam-based 3D culture was further developed by adding HS-5 cells to 

calcium alginate foam scaffolds. 15 x 104 GFP+ HS-5 cells were suspended 

in 500 µl RF10 and transferred to each well of the 24-well plates containing 

the scaffold foam. 24 hours later 5x105 K562 or HL60 cells were suspended 

in 500 µl RF10 and added to each well. 24 hours was given to the K562 or 

HL60 cells to settle down and make contact with the scaffold and HS-5 

(Figure 30). After this 24 hours, the drug treated groups were given 0.5 or 1 

µM imatinib or 0.1 or 0.2 µM Doxorubicin. 72 hours later, the live K562 or 

HL60 cells were counted using Countess II FL (Life Technologies, USA). To 

do the counting, the supernatants from each well were transferred to the 

related tubes.  

The wells containing the scaffold were washed with 1ml PBS and the resulting 

supernatant was added to the related tubes containing the original 

supernatant. 100 µl Trypsin-EDTA solution was added to each well and 

incubated for five minutes at 37 °C. It was followed by adding 900 µl PBS and 

pulling it up and down a few times, before passing the solution through a cell 

strainer (Corning) into the related tube. Now each tube had all the cells from 

each associated well (Figure 31).  
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After shaking each tube well, 10 µl was removed and mixed with 10 µl trypan 

blue. 10 µl of the mixture was added to the Countess II FL slides, followed by 

insertion of the slide into the counter and recording the count readings. HS-

5, like any other BCR-ABL1 negative cells, is not sensitive to imatinib and its 

proliferation is not affected as a result of exposure to imatinib.  

Regarding the doxorubicin experiment, we showed that HS-5 was not 

affected by the dosage of doxorubicin applied in this study, and because of 

the equal number of HS-5 cells in all the wells, the differences in the counts 

were related to the leukaemia cells (primary or cell line). Each condition was 

performed in triplicate and the experiment was done twice. T-test was used 

to compare the differences. 
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Figure 30: The process for developing a 3D culture. 

This figure shows the process for developing a 3D culture. The calcium 

alginate foam scaffolds were sterilised by exposure to UV light for one hour 

inside an air cabinet. It was followed by washing the scaffolds three time with 

PBS. After washing with PBS, the scaffolds were washed with cell culture 

medium three times. After the third wash the HS-5 cells (shown in red) were 

added to the scaffolds. The HS-5 are adherent cells, which have spindle 

shape but lose their shape after they are detached from the surface of the 

culture dish. The HS-5 were left in the scaffolds for 24 hours. During this time, 

they attached to the scaffolds and also to the surface of the culture dish and 

secreted cytokine into the medium. At the end of the 24-hour culture of HS-5, 

the investigated leukaemia cells, such as K562, HL60 or primary AML cells 

(shown as round yellow circles), were added to the scaffold. If any drug 

experiment is planned, it will be done 24 hours after adding the leukaemia 

cells. This 24 hours gives an opportunity for the leukaemia cells to make 

contact with the HS-5 cells and the scaffold, and also to being influenced by 

the secreted cytokines in the medium. For this experiment the HS5 cells were 

labelled with GFP (green fluorescent protein). GFP marker helped in 

distinguishing the HS-5 from the leukaemia cells under fluorescent 

microscope. 
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Figure 31: Removing the cells from the 3D culture. 

This figure demonstrates the process for removing the cells from the 3D 

culture before counting. The scaffold is shown as blue curvy lines. HS-5 

stromal cells in 3D culture are shown as long red cells. The white blood cells 

(normal CD34, primary leukaemia cells or cell line) are shown as yellow round 

cells. HS-5 in culture looks like long and stretched cells because they are 

attached to the surface of the scaffold plate. Following the addition of trypsin, 

the HS-5 cells lose their contact to the microenvironment and become round 

in shape. Adding trypsin also degrades the calcium alginate scaffold because 

EDTA in the trypsin solution chelates the calcium, resulting in degradation of 

the scaffold. To remove the degraded scaffold from the cells before counting, 

the trypsin-treated cells are passed through the cell strainer. The colour of 

the medium, PBS and trypsin have been shown to be orange, grey and pink 

respectively. 

  Differentiation of the cells using flowcytometry 

CD34 is the marker found usually on the surface of the haematopoietic stem 

cells and progenitor cells. CD34 gradually disappears during differentiation of 
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the haematopoietic cells. The loss of this marker is one of the indications for 

differentiation. In addition to CD34 marker, a wide range of cell surface 

markers are investigated to characterise differentiation of the blood cells. As 

for this study, the differentiation of AML was investigated, and the cell surface 

markers related to myeloid lineage were measured. The appearance or 

increased expression of CD13, CD117, and HLA-DR indicate the enhanced 

differentiation of the myeloid lineage. Detection and measurement of the 

myeloid markers was done by flowcytometry. To distinguish each cell marker, 

specific antibodies for each cell marker were used. Each antibody has an 

attached unique fluorescent marker which can be recorded by the 

flowcytometry instrument (Terstappen & Loken, 1990).  

CD34+ cells from one normal and three AML patients were cultured in 

StemSpan (Thermofisher) supplemented with CC100 (StemCell 

Technologies) in foam-based 3D and 2D culture. Foam-based 3D cultures 

were prepared in 24-well plates by sterilising the scaffold using UV, washing 

with PBS and medium, followed by culturing the cells. Myeloid markers were 

measured at the time of culture to determine the baseline level of myeloid 

markers and then reassessed after three days to demonstrate the alterations 

in the expression of the myeloid markers under 2D and 3D conditions. To 

retrieve the cells, the supernatant was removed from the 3D culture to collect 

the suspending cells in the culture. To collect the leukaemia cells attached to 

the scaffold, the scaffold was washed with PBS and then treated with Trypsin-

EDTA (Sigma-Aldrich). During the incubation time trypsin disrupts the 

adhesion of cells to the scaffold, leading to their release into the medium. 

After five minutes of incubation at 37 °C, the supernatant contains the 
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remaining cells which could then be collected. Trypsin contains EDTA, which 

is a chelating agent that leads to degradation of the calcium alginate foam 

scaffold. This makes it difficult to retrieve the cells by centrifuging as the 

alginates precipitate with the cells following spinning. To collect the cells and 

remove the alginates, the supernatant was removed and passed through a 

filter. The filtered cells were then added to the cells collected from the 

medium. The collected cells were centrifuged, followed by washing with PBS. 

The cells were stained with the fluorescent-labelled antibodies and incubated 

for 15 minutes at room temperature for the formation of the antibody/antigen 

bond. After the incubation, the cells were washed to remove the unbound 

antibodies; then measurements were taken for the presence of various 

myeloid cell markers by flowcytometry. Immunophenotype was determined 

using 8-colour Euroflow AML/MDS antibody panel tube 1 (CD16 FITC, CD13 

PE, CD34 PerCP-Cy5.5, CD117 PE-Cy7, CD11b APC, CD10 APC-H7, HLA-

DR V450, CD45 V500). Data was acquired using a BD FACSCanto II 

flowcytometer (BD) and analysed with Infinity software (Cytognos). 

 MTS assay  

This is a colorimetric method for determining the number of viable cells in 

proliferation, cytotoxicity or chemosensitivity assays. The CellTiter 96® 

AQueous One Solution Reagent contains a tetrazolium compound [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, inner salt; MTS] and an electron coupling reagent (phenazine 

ethosulfate; PES). PES has enhanced chemical stability, which allows it to be 

combined with MTS to form a stable solution. Assays are performed by 
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adding a small amount of the CellTiter 96® AQueous One Solution Reagent 

directly to culture wells, incubating for one to four hours and then recording 

absorbance at 490 nm with a 96-well plate reader. The quantity of formazan 

product is measured from the amount of 490 nm absorbance, which is directly 

proportional to the number of living cells in culture. This is one of the most 

commonly applied assays for investigating the inhibitory effect of 

antileukaemia agents in in vitro studies (Figure 32). 

Cells (104) were suspended in 200 µL medium ± inhibitor and cultured in 

triplicate in a 48-well plate in the presence or absence of inhibitors (imatinib 

or doxorubicin) at indicated concentrations. After 72 hours, CellTiter 96 

AQueous One Solution MTS Reagent (Promega) was added according to the 

manufacturer’s instructions. After one hour, 100 µL of the medium was 

transferred from each well to a 96-well plate. The dye absorbance was then 

measured at 490 nm using a Multiskan GO Microplate Spectrophotometer 

(ThermoFisher Scientific). The reduction of MTS tetrazolium compound by 

viable cells generates coloured formazan product that is soluble in cell culture 

media. This conversion happens through NAD(P)H-dependent 

dehydrogenate enzymes in metabolically active cells. The dye produced in 

viable cells is quantified by measuring absorbance at 490/500 nm.  
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Figure 32: The principle of MTS assay. 

This figure outlines the setup and measurement principle of MTS assay. The 

principle of MTS assay is based on comparing the colour changes in the test 

condition compared to control, measured by spectrophotometry. For drug 

sensitivity studies in leukaemia, the cells are treated with various doses of the 

investigated drugs along with untreated control, followed by culturing for 

various periods. The number of tested cells depends on the type of the 

investigated cells. For cell line, usually between 2–5 x103 per 100 µl medium, 

and for primary cells, 20–30 x103 cells per 100 µl medium is used. After the 

desired time, the MTS assay dye is added to the cells, followed by keeping 

the cells in the incubators from 30 minutes to several hours. The incubation 

time for primary cells is usually longer than cell lines (adopted from Boehm 

and Bell (2014)). 

 Statistical analysis  

All the statistical analysis was done using Graphpad prism software version 

7. A 2-tailed Student t-test was used for assays with cell lines and primary 

cells. For 3-(4,5 dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS) assays, three independent experiments, 
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each with three replicates per concentration, were performed in unique plates 

with untreated controls. 

3.12   UV-Vis spectroscopy  

Ultraviolet-visible spectroscopy (UV-Vis) is a method for drug release 

investigations. The principle underlying this method is the absorption of light 

by the tested substance in the specific UV-Vis spectral range. The span for 

the UV-Vis spectral region is in the range 200–700 nm in the electromagnetic 

spectrum (Figure 33). Energetic excitement causes electronic transition in the 

atoms and molecules within the specific UV-Vis spectral region. This affects 

the electronic structure and the interrelated colour of the tested material. 

Energy from a light passing through a substance is absorbed by the 

molecules of the substance which is in the solution. This causes the electrons 

in the highest occupied molecular orbital (HOMO) to be excited to the lowest 

unoccupied molecular orbital (LUMO). The molecules with double bonds and 

conjugations usually have an easier electronic transition because there are 

more available delocalised electrons for excitation. Higher conjugation results 

in a shift towards the visible range from UV for the emission wavelength 

(Abou-Taleb, 2014). The transmitted light’s intensity through a substance in 

solution is measured by a UV-Vis spectrophotometer. 



 

 
124 

 

 

Figure 33: Different zones in the electromagnetic spectrum with a 

magnified visible range (Jeitziner, 2014). 

The medium performance Perkin Elmer Lambda 35 (Perkin Elmer, UK) UV-

Vis spectrophotometer is a double-beam spectrophotometer and was used 

throughout this work. The halogen lamp in this spectrophotometer generates 

visible wavelengths between 354–700 nm, and the deuterium lamp is 

responsible for 200–354 nm wavelengths. Quartz cuvettes were used for 

sample measurements. Scan rates of 300 nm/min, and a slit width of 1 nm 

were used throughout, while the wavelength range 200–700 nm was selected 

for dye substances.
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Chapter 4  

Creating microbubbles using microfluidic 
technology for potential and therapeutic 

use in healthcare 

4.1 Introduction 

Ultrasound imaging modality is commonly used for diagnostic purposes 

because of the excellent image quality combined with lack of ionizing 

radiation, cost effectiveness and being non-invasive. Therapeutic and 

diagnostic capacities of ultrasound can be further improved through the 

application of microbubbles. Microbubbles enhance the targeted delivery and 

localization of the drugs when used with ultrasound.  

The aim of this study was to characterise the microbubble formation process 

in microfluidic channels and to optimise the bubble stability using different 

methods, followed by analysing the stability of microbubbles under gastric 

condition. Geometry and angle position of the oesophagus makes oral drug 

access to this region difficult. Various methods of oral drug delivery have been 

investigated to improve the drug delivery to the gastroesophageal region. In 

this study alginate microbubbles as a vehicle for drug delivery to the 

oesophagus was investigated. The microbubbles were generated using V-

junction microfluidic techniques and were optimised by increasing their 

stability through modification of the collection medium and coating with solid 

nanoparticles. The data in this study confirmed that the collection of the 

alginate microbubbles using glycerol and incorporation of gold nanoparticles 
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into the microbubble shell increase their stability. To simulate the 

gastroesophageal condition, the stability of the microbubbles was 

investigated in the presence of acidic pH and body temperature. The 

generated microbubbles were able to deliver the model drug to the porcine 

oesophageal tissue and also to artificial membranes as demonstrated by 

mucoadhesive test, suggesting the microbubbles as a bioadhesive agent for 

drug delivery to oesophageal tissue. In order to facilitate bubble formation, 

microfluidic V-junction techniques were used in this work. There are different 

methods for microbubbles production such as lithography and wet etching 

(Garstecki, Gañán-Calvo, & Whitesides, 2005; Zhang & Wang, 2009). The 

regular blockage and clogging of the flow channels and the consequent need 

for expensive replacement and cleaning processes of the devices is one of 

the challenges that these devices face (Mustin & Stoeber, 2008). Compared 

with other methods, the microfluidic setup in the current study provides a low-

maintenance system for bubbles/droplets production. Any problem related to 

the blocked channel can be easily solved by replacing capillary tubes. The 

bubble/droplet size can be controlled using the microfluidic setup as 

described in this study, and it is very important as microbubble size plays a 

significant role in drug delivery. In order to investigate the alginate bubble 

formation process and optimise this system, a detailed investigation was 

performed to study the effect of solid nanoparticles on the microbubbles 

surface. It was done by adding gold nanoparticles to the bubble’s shell. In 

addition, the effect of collection medium on the bubble stability was studied. 

Glycerol and calcium chloride solutions were chosen for this purpose. In the 

present work alginate microbubbles were prepared using a V-junction 

microfluidic device and the microbubbles were collected under different 
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conditions. The variations for different conditions included medium, acidity 

and temperature were studied in this part. The stability of the microbubbles 

was studied under ambient conditions and at body temperature (37 ºC).  

 Characterisation of alginate solution  

The viscosity and surface tension of the alginate-PEG solutions, which are 

crucial factors for the production of microbubbles, were measured and 

documented in Table 1. It is important to measure and check the properties 

such as surface tension and viscosity because they affect bubble size and 

lifetime. These properties are explained in further detail later in this chapter. 

With the increase of the alginate concentration from 0.25 to 1%, the viscosity 

of the alginate-PEG-40S solution increased from 12 to 24 mPa s. The surface 

tension also increased from 43 to 47 mN/m. All experiments were carried out 

at room temperature (21 °C) and repeated on three separate occasions to 

achieve the accurate measurements. 

 

Table 1: Characterisation of alginate microbubbles solution. 

Three series of alginate solutions with concentration of 1, 0.5, 0.25 wt.% were 

prepared from sodium alginate powder dissolved in deionised water. 

Polyethyleneglycol 40 was added as a surfactant to all solutions. The 

concentration of surfactant (PEG) for all solutions was 0.5 wt.%.  
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 Microbubble preparation using microfluidic V-junction 

Experiments showed that by increasing alginate concentration from 0.25 to 1 

wt.%, the viscosity of alginate- PEG-40S solutions were increased from 12 to 

24 mPa s. The surface tension was varied between 43 and 47 mN/m. A 

microfluidic V-junction device was used for microbubble preparation.  

Sodium alginate is a natural, biocompatible and bioadhesive polymer, and 

was chosen in this study for microbubbles production (Stops et al., 2008). 

Alginate solution from the side inlet was applied to the V-junction and nitrogen 

gas was applied from the top inlet; liquid and gas met in the intersection of 

the junction and microbubbles were formed. Same size alginate bubbles were 

collected from the outlet of the polymeric junction. Alginate microbubbles 

were collected on a glass slide covered with deionised water. 

The bubble-bursting process is shown in Figure 34. As a function of time, the 

diameter and population of alginate microbubbles were reduced, and after 

almost 45 minutes all of microbubbles disappeared through the bursting 

process.  

It can be seen that after 45 minutes only the dried alginates and nanoparticles 

remained on the glass slides. An image by optical microscope shows the 

dried particles following the burst of the alginate bubbles (Figure 35). 
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Figure 34: Optical microscope image of alginate bubbles. 

The top left-hand group of the optical microscope images show the alginate 

microbubbles as a function of time (5, 30, 40, 45 and 60 minutes). The top 

right-hand image shows a V-junction. The bottom images show a decrease 

in bubble population and diameter over time. 
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Figure 35: SEM image of alginate particles from burst bubbles. 

This image is taken from bursting alginate bubbles kept on a glass slide. 

 Microbubble size 

Microbubble size is important to ensure the delivery of accurate drug dose in 

drug delivery studies as it influences the drug release process (Stride & 

Edirisinghe, 2008). The size of the microbubbles can be controlled by 

changing gas pressure and the liquid flow rate. The results indicated the 

impact of various factors on the size of the bubbles during the microfluidic 

process. The bubble size was increased as the gas pressure rose. The 

bubble size was reduced as the liquid flow rate increased.  

4.1.3.1 Effect of gas pressure on size of the microbubble  

This experiment was done to assess the effect of gas pressure on the bubble 

diameter. Alginate solution was tested with gas pressure in the range of 75 to 

125 kPa and liquid flow rate was constant in all cases. The result showed that 

monodisperse microbubbles were produced by controlling gas pressure and 
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liquid flow rate within a specific range. The bubbling gas pressure was set 

and adjusted using a monometer connected to a gas tank. This made 

obtaining the required size of bubbles a simple task. Increasing the bubbling 

gas pressure caused a corresponding rise in the size of the produced 

microbubbles, at a constant flow rate. As it can be seen in figure 36a, figure 

36b and figure 36c, monodisperse microbubbles of size 140 μm, 60 μm and 

35 μm were produced under the gas pressure of 125 kPa, 100 kPa and 75 

kPa respectively. 

 

Figure 36: Alginate bubbles with the different gas pressure. 

Increasing gas pressure will increase size of the microbubbles. a) Gas 

pressure at 125 kPa; b) Gas pressure at 100 kPa.; c) Gas pressure at 75 kPa. 

4.1.3.2 Effect of liquid flow rate on size of microbubble  

The other factor that was found to have an influence on the size of the 

produced bubbles was the flow rate of the solution, which was set and 

controlled using a controlled syringe pump. By testing different flow rates 

ranging from 150 to 500 μl/min, the size of the microbubbles was found to be 

inversely proportional to the flow rate, at a constant bubbling gas pressure. 

This conclusion is in agreement with the experiment, showing higher flow 

rates results in microbubbles with smaller diameters, ranging from 140 μm to 

60 μm (Figure 37). 
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Figure 37: Effect of liquid flow rate. 

The diagram indicates microbubble production using three different liquid flow 

rates (a:150 μl/min, b:300 μl/min, c:500 μl/min). The bubble size was reduced 

by increasing the flow rate. 

4.1.3.3 The impact of surfactant type on the size of the microbubble  

The size of microbubbles was found to be influenced by the concentration 

and type of the surfactant; it was directly proportional to the surface tension 

of the solution (Xu et al., 2009). The size of the microbubbles could change 

with the magnitude of the solution surface tension, even when the same 

combination of the flow rate and bubbling pressure was used. In order to 

investigate the effect of surfactant type on bubble stability, two different 

surfactants (PEG 40 and Tween 20) were used with the same amount of each 

in the alginate solution. It was found that bubbles produced with Tween and 

collected on glass slides lasted for 35 minutes, while the produced bubbles 

using PEG lasted for 45 minutes. The increased stability of the bubbles 

produced using PEG is shown in figure 38. This longer lifetime of the 

microbubble is due to steric stabilization by the non-ionic surfactant at the 

adjacent bubbles (Napper, 1977; Atta et al., 2004).  
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Figure 38: Time study graph. 

The graph indicates using surfactant PEG (orange) compared to same 

percentage of surfactant Tween (purple) in the alginate bubbles. 

4.1.3.4 The effect of the capillary size on the microbubble size 

Polymer V-junction consisted of two perpendicular Teflon FEP (Fluorinated 

Ethylene Polypropylene, Upchurch, USA) capillaries with a constant inner 

diameter (200 μm). The top vertical capillary is connected to a gas cylinder. 

The gas cylinder is connected to a digital manometer to control the pressure 

supplied to the junction. A schematic of the V-junction setup and the junction 

geometry is shown in figure 39. The impact of the capillary diameter on the 

bubble size was investigated using the two capillaries with tubing inner 

diameter sizes of 150 and 200 μm. Each set of the experiment was performed 

twice with constant gas pressure and liquid flow rate. It was observed that by 

increasing the capillary diameter, the bubble size increased, and bubble 

formation occurred within a larger range of flow ratio. The liquid flow rate was 

constant during the experiment while the capillary size increased, leading to 

Tween 

PEG 
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the formation of bubbles within a bigger diameter, as shown in figure 40. 

 

 

Figure 39: Microfluidic V-junction, bubble preparation process and 

collection. 

This figure shows the process of producing bubbles in microfluidic device 

(top) with the V-junction (bottom). 
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Figure 40: The effect of capillary size on the bubble size. 

Alginate microbubbles prepared by microfluidic. Figure (a) shows bubbles 

produced via capillaries with inner diameter of 200 μm, and figure (b) shows 

bubbles produced via capillaries with inner diameter of 150 μm. 

 Preparation of microbubbles for drug delivery  

Alginate microbubbles were collected on a glass slide which was covered by 

deionised water. Over time the populations of the bubbles and their diameters 

reduced. The gas inside the bubbles expanded overtime and resulted in the 

shell fragmentation and bubble disruption.  

Figure 41 shows the bubble-bursting process. Gradually the gas inside the 

bubbles evaporated, leading to microbubble shrinkage and eventually 

bubbles with smaller size compared to the initial ones. 
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Figure 41: Alginate microbubble bursting process. 

Optical microscope images taken from alginate microbubble sample (five 

minutes apart) from formation to burst. The top figures are microscopic 

images from the microbubbles over time. The graph at the bottom shows the 

alteration in the size of the bubbles as time passes. 
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 Monodispersity and polydispersity 

One of the main advantages of using the microfluidic devices is the ability to 

generate monodisperse bubbles. Monodisperse and polydisperse bubbles 

refer to the same size and various size bubbles respectively. To obtain 

monodisperse microbubbles (80 μm), as shown in figure 42 (left), the flow 

rate of the solution and the gas pressure were adjusted concurrently; 

otherwise polydisperse microbubbles with various sizes (10–80 μm) would 

have been formed, as shown in figure 42 (right). In addition to flow rate and 

gas pressure, the size of microbubbles can be influenced and controlled using 

other processing variables such as the properties of the solution, like surface 

tension (Yobas et al., 2006).  

 

Figure 42: Monodispersity versus polydispersity. 

Monodisperse microbubble and polydisperse microbubbles are shown on the 

left and right respectively. Monodisperse and polydisperse bubbles refer to 

the same size and various sizes of microbubbles respectively. 

 Microbubbles stability  

The stability of microbubbles in biomedical applications is very important. By 

increasing stability, efficient and accurate dosing as well as minimisation of 
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unwanted side effects can be achieved, allowing for more effective treatments 

(Mohamedi et al., 2012a). Two methods were tested to achieve microbubble 

stability in the current study. These were the modification of the alginate 

solution and the collection media. 

4.1.6.1 Modifying alginate suspension: the effect of gold nanoparticles 

on the stability of alginate microbubbles 

Previous work has been done using gold nanoparticle suspension to coat 

microbubbles (Mohamedi et al., 2012b; Mahalingam, Meinders and 

Edirisinghe, 2014). It was shown previously through theoretical modelling as 

well as experimental investigations that incorporating solid nanoparticles into 

the solution results in increased stability and life span of the microbubbles 

(Mohamedi et al., 2012b). The incorporated nanoparticles increased stability 

through preventing gas diffusion and coalescence in the microbubbles 

(Mohamedi et al., 2012). The experiments in this chapter confirmed that by 

adding gold nanoparticles to the alginate solution, the size reduction of the 

microbubbles decreased and therefore the microbubbles’ size remained 

unchanged for a longer period. Comparisons were conducted between 

bubbles coated with and without gold nanoparticles. Near-monodisperse 

microbubbles (∼100 μm diameter) were prepared using a 

microfluidic device, with and without adding a suspension of spherical gold 

nanoparticles (∼0.3 μm diameter). It was observed that the stability of the 

microbubbles was enhanced for 30 minutes by the presence of the gold 

nanoparticles (Figure 43). In accordance with the ripening process, a small 

amount of the second component with a very low solubility was incorporated 
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into the system which led to a heterogenous population of microbubbles and 

this resulted in a lower lifetime (Figure 44). This result demonstrates that the 

presence of gold particles leads to more homogeneous microbubbles, which 

is associated with more stable microbubbles.  

 

 

Figure 43: Microbubbles coated with nanoparticles. 

The presence of gold nanoparticles (GP) increased the bubbles’ lifetime, 

compared to alginate microbubbles without gold nanoparticles. The X and Y 

axis represent microbubble diameter and time respectively.  

 

Figure 44: Optical microscope images from alginate bubbles. 

Optical microscope images show the alginate microbubbles without (first row) 

and with GP (second row). GP on the surface of microbubbles led to 

increased microbubbles lifetime. 
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4.1.6.2 Modifying collection media 

In order to investigate the effect of collection media on the stability of 

microbubbles, they were collected in calcium chloride. Calcium chloride 

cross-links the shell of the bubbles. When sodium is put into a solution of 

calcium chloride, the calcium ions replace sodium ions in the polymer, as 

each calcium ion can attach to the two polymer strands. This process is called 

cross-linking, which makes the shell of the bubbles firmer and consequently 

makes them more stabilised (Ahmad, Stride, & Edirisinghe, 2012). From the 

experiments performed in this thesis it was found that alginate microbubbles 

collected in calcium chloride solution remained stable for nine hours, 

compared with alginate microbubbles which were collected in water. The 

collected microbubbles in water were stable for only 45 minutes. 

 

 

  

  

 

 

Figure 45: Cross-linking process. 

The figure shows the principle underlying molecular interaction during the 

cross-linking and how the bubbles’ shell cross-links in calcium chloride. 

Microscope images representing the stability of the microbubbles collected in 

calcium chloride over time are shown in figure 46. However, bubbles collected 

in calcium chloride showed promising results with regards to stability in 
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comparison to bubbles collected in deionised water, as the bubbles’ shell 

became harder after the cross-linking process by calcium chloride. 

 
Figure 46: Cross-linking shell of the bubbles. 

The graph shows that alginate microbubbles collected in calcium chloride by 

cross-linking process survived up to nine hours over time. The microbubble 

images were prepared by optical microscopy. 

4.1.6.3 Collection of alginate microbubbles in glycerol  

To make the bubbles stable, in different experiments alginate microbubbles 

were collected in glycerol. The collected microbubbles in glycerol could 

survive up to 48 hours. Glycerol reduces surface tension in the bubbles and 

by minimising interfacial tension it can prevent gas diffusion, which is the 

cause of bubble shell collapse and burst (Borden & Longo, 2002). Figure 47 

shows the optical microscope images from alginate microbubbles collected 

in glycerol over time. This figure demonstrates that the collection of 

microbubbles in glycerol increased the lifetime of the alginate microbubbles. 
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The graph in figure 48 demonstrates that the bubbles were still detectable 

after 48 hours. This was a longer lifetime compared to the collection in 

calcium chloride bubbles, which was up to nine hours. 

 

                                      

Figure 47: Alginate microbubbles collected in glycerol. 

This figure demonstrates optical microscopy images taken over a three-day 

period. The alteration of the size and the number of the microbubbles 

collected in glycerol is observed in this experiment. The size and the number 

of the microbubbles was reduced as time progressed. In three days, nearly 

all the microbubbles lost their structure and only dried alginate particles were 

observed on the glass slide. Using glycerol to make the surface molecule 

chain more packed, led to making the surface stronger and prevented gas 

diffusion from the bubble core. 
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Figure 48: Microbubbles in glycerol. 

The alginate microbubbles collected in glycerol could be detectable for 48 

hours. The microbubbles’ lifetime was increased due to the reduced surface 

tension by the introduction of glycerol. 

 Collection of alginate bubbles in gastric condition 

It is important to examine alginate microbubbles in gastric conditions because 

the acidic condition of the stomach might accelerate the microbubbles’ 

bursting and disappearance. In fact, it is difficult for the microbubbles to resist 

the gastric conditions (Borden & Longo, 2002). Therefore, in order to achieve 

an accurate treatment (which improves therapeutic performance) it is 

important to produce stable microbubbles in the acidic condition of the 

stomach (Szíjjártó et al., 2012). To study alginate microbubbles in gastric 

condition, the microbubbles were collected in hydrochloric acid, which had a 

comparable pH to that of the stomach (around 2–3 pH) in this study. Figure 

49 shows the method of microbubbles collection in hydrochloric acid and 

figure 50 shows that these bubbles could be detected up to six hours later. 
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Figure 49: Collection of alginate microbubbles in hydrochloric acid. 

Alginate microbubbles, prepared by microfluidic V-junction, and collected in 

hydrochloride acid on glass slide. The glass slides were covered by HCl, 

followed by collection of microbubbles on the glass slides. The chemical 

reaction between the sodium alginate and the hydrochloric acid is shown 

here. 

 

Figure 50: The lifetime of the microbubbles collected in gastric 

condition. 

This graph represents the alteration in the diameter of the microbubbles 

collected in gastric acid condition over time. The Y-axis and X-axis represent 

the diameter of the microbubbles (micrometres) and the time from the 

collection (minutes) respectively. The bubbles could be detected up to six 

hours later. 
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4.1.7.1 Introduction to effect of temperature  

In the current section the effect of temperature on the stability of alginate 

microbubbles was investigated. Alginate microbubbles are air bubbles 

covered with alginate shell; this shell is comprised of alginate molecules that 

are non-covalently linked (Azmin et al., 2012).  

The results of these experiments showed that the number of microbubbles 

started to decrease and the average size of the diameter started to increase 

at higher temperature. The stability of microbubbles is considered to be highly 

associated with the shell structure, providing a barrier to gas exchange. For 

instance, Guiot et al. (Guiot et al., 2006) reported an increase in the mean 

bubble diameter with increasing temperature and a decrease in bubble 

concentration. They suggested that changes in the surface tension and shell 

elasticity with increasing temperature contribute to bubble expansion through 

the admission of gas molecules from the surrounding liquid. Rising 

temperature changes the physical properties of the bubble coating, causing 

reduced stability via mechanisms of gas diffusion and mostly leads to the 

collapse of the shell.  

The destabilization of microbubbles with increasing temperature was 

attributed to alterations in the microstructure of the shell, which resulted from 

conformational changes in the hydrophilic polymer chains, as well as 

weakened van der Waals interactions in the hydrophobic tails of the 

microbubbles. Mulvana et al. (Mulvana et al., 2010) investigated the effect of 

temperature on the nonlinear behaviour of Sonovue microbubbles and 

reported that the majority of bubbles at room temperature oscillated 
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approximately spherically, while the same-sized bubbles at body temperature 

oscillated more violently, leading to nonspherical expansion, shell 

fragmentation and gas expulsion, ending up with complete bubble 

destruction.  

4.1.7.2 Effect of temperature on microbubble stability  

In the present work, the aim was to elucidate the underlying phenomena 

taking place in the shell structure with increasing temperature so that the 

design of microbubbles with improved stability can be achieved. For this 

purpose, a parametric study was carried out on the alginate-based 

microbubble stability at temperatures ranging from 20 °C to 37 °C.  

A mixture of sodium alginate and PEG40 was dissolved in deionised water. 

The solution was kept in a sonicater water bath tank at room temperature 

overnight to obtain homogenies solution. Alginate bubbles were produced by 

microfluidic V-junction, collected on the glass slide and placed on the hot-

stage at constant temperature. One droplet of the bubble samples was taken 

intermittently from the tubes to estimate the size and concentration. Images 

of microbubbles were captured using a hot-stage microscopy using a Leica 

DM 2700 M microscope (Leica Microsystems, Wetzlar, Germany). This 

microscope was equipped with an Infinity2 digital camera (Lumenera 

Corporation, Ottawa, Canada). This system was used to observe the 

microbubble bursting process at higher temperature. A heating stage unit was 

controlled by a FP90 central processor unit, both from Mettler-Toledo Ltd, 

Leicester, UK. Microbubbles were examined under two different 
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temperatures: 20 °C and 37 °C. Time-lapse images were acquired using a 

high-resolution CCD camera and analysed by ImageJ software (Figure 51).  

 

 

Figure 51: Hot-stage microscopy. 

This figure shows a hot-stage microscope which is used to observe the 

samples under various temperatures. 

The optical images of the bubbles were acquired at intervals of 30 minutes 

over a period of six hours at 20 °C and 37 °C and it was shown that 

microbubbles at 37 °C have a tendency to exhibit increased rates of 

dissolution compared to those at 20 °C.  

The results showed that microbubble size and concentration changed by 

increasing the temperature. Figure 52 shows that at 37 °C the mean bubble 

diameter decreased after an initial and temporary size-increase (compare to 
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bubbles at 20 °C) indicating the adverse impact of temperature rise on bubble 

lifetime.  

 

Figure 52: Effect of temperature. 

The Y and X axes represent the bubble diameter (micrometers) and the time 

(minutes) respectively. The blue and the orange lines represent 37 and 20 °C 

respectively. The graph indicates that temperature rise was associated with 

the reduced lifetime of the alginate bubbles. 

In conclusion, this result showed that by increasing temperature the size and 

concentration of the microbubbles changed simultaneously, resulting in the 

decreased number of bubbles.  

The observed changes in the size and number of microbubbles were 

attributed to the dilation of the microbubble shell, not only resulting from 

weakened van der Waals forces between hydrocarbon tails but also 

conformational changes in the PEG chains at increasing temperatures. 

Transformation of the polymer chains from an extended phase to a collapsed 

form with increasing temperatures indicated diminished hydrophilicity of the 

PEG chain, and a suppressed amphiphilic character of the molecules to orient 

and self-assemble at the gas-liquid interface. 
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4.2 Mucoadhesive study 

 Introduction to mucoadhesive test 

This part of the study examines the feasibility of oesophageal adhesive drug 

delivery using the model which is based on alginate microbubbles delivering 

rhodamine B (Fluorescent dye).  

The oral route is one of the preferred methods of drug delivery for various 

pathological conditions. However, due to short gastric retention time, this 

approach faces challenges such as incomplete drug release. In order to 

overcome the aforementioned issue, the application of a bioadhesive drug 

delivery system using alginate microbubbles is proposed in the current study. 

This method has a potential application in the treatment of gastro-

oesophageal reflux disease and oesophageal cancer. Fluorescent dye 

(rhodamine B) was used as a model drug in alginate solution with the aim of 

detecting the structural features of the microbubbles and to track them during 

the drug delivery on oesophageal porcine tissue. 

In this part of the work, a novel approach to produce microbubbles from 

polymers with inherent mucoadhesive properties was applied. The generated 

microbubbles were characterised for determination of their morphology and 

size distribution. Furthermore, they were assessed for mucoadhesive 

performance and then the candidates with the best prospects were selected 

for drug loading. The drug-loaded bubbles were examined for drug release 

and mucoadhesive performance.  

In conclusion, this work has demonstrated the possibility of generating drug-
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loaded bubbles as potential constructs for developing oral dosage forms. 

Furthermore, a new approach to quantify mucoadhesion between bubbles 

and mucosa using confocal imaging method was developed, with an outcome 

correlating favourably with those from established methodologies. 

For oral drug delivery there are different controlled methods that have been 

designed to overcome the unpredictable difficulties caused by gastric 

emptying time. Indeed, gastric retention has received significant interest in 

the past few decades, as most of the conventional oral delivery systems have 

shown some limitations related to fast gastric emptying time and GRT. Fast 

GRT leads to a lower bioavailability and incomplete release of drug, which 

may in turn lead to a reduced efficacy of the administered dosage.  

The current study was performed in this context to investigate the potential 

use of alginate microbubbles as bioadhesive agents to support oral drug 

delivery. This study has a particular interest in evaluating the possibility of 

using a mucoadhesive coating agent to develop a method for assessing the 

absorption of coated dye particles into the oesophagus tissue sample. The 

main purpose of examining the bioadhesive system here is to offer the 

prospect of local drug delivery to the oesophageal area. 

The geometry and angle position of the oesophagus in the gastric system 

makes this area difficult to access for drug delivery. Therefore, the main focus 

here is to characterise the bubble formation process by microfluidic 

techniques to develop a novel drug delivery system with bioadhesive ability. 

Upon consumption, lightweight air-filled alginate microbubbles may attach to 

the oesophageal system. This forms the main idea for the proposed 
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approach, as this approach is expected to help the drug to be released and 

become effective within a specific area of the body within a particular time 

frame. In fact, the alginate microbubbles attach to mucosal surface and the 

bubble-bursting process results in drug releasing within the region of a 

specific target, leading to improved drug delivery. 

 Microbubble preparation for the mucoadhesive test  

A comparative study was performed, using suspensions of the alginate 

microbubbles within rhodamine B 0.005 %w/v, and also suspension of the 

same amount of alginate (without microbubbles) with the same concentration 

of rhodamine B.  

To obtain monodisperse alginate microbubbles within the fluorescent dye in 

the shell, a microfluidic V-junction setup was used (Figure 53) to generate 

alginate bubbles. To create bubbles with the dye in the shell structure, a 

suspension fluorescent dye was mixed within the bubble shell at the 

intersection zone of the V-junction. A coated microbubble sample was 

collected and stored in the glass vial for the bioadhesive test. 
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Figure 53: Fluorescent dye encapsulation. 

This figure demonstrates the preparation of alginate microbubbles loaded 

with the fluorescent dye (the pink colour in the glass container is rhodamine 

B). The green arrow points to the magnified picture of the V-junction. 

 Incorporation of rhodamine B 

Rhodamin B was added to the bubble-coating material to detect the structural 

feature of the alginate microbubbles and to track them in future drug delivery 

studies. Fluorescent microscopy imaging confirmed the presence of dye in 

the shell (Figure 54). Rhodamin B was dissolved in water and was added 

through one of the side inlets; the alginate was added through the other side 

inlet. The alginate and the rhodamine B suspension meet at the intersection 

zone of the junction, where the alginate and rhodamine B form the 

microbubbles with rhodamine B that is incorporated into the shell. 
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Figure 54: Fluorescent microscopy imaging study. 

The collection of the microbubbles with rhodamine B is shown on the top row. 

The figure on the top left shows the collection of the microbubbles on the 

glass slide for optical microscopy and the one on the top right presents the 

collection of the microbubbles in a glass container for applying to the porcine 

oesophageal tissue. The figures in the middle are optical microscopy of the 

microbubbles over time (from left to right). Fluorescent microscopy imaging 

indicates the presence of fluorescent dye in the shell of the bubbles (bottom 

figures). 

Fluorescent dye 
(rhodamine B)  
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 In situ studies 

Porcine oesophageal tissue was used as the tissue model for delivering the 

drugs. The fresh tissue was collected from an abattoir and kept frozen at −24 

°C in the freezer. The day before the experiment, the tissue was removed 

from the freezer and was allowed to thaw overnight in the fridge.  

The next day the tissue was removed from the fridge, cut to an appropriate 

size of 8 cm lengths and orientated onto section holders for positioning within 

the groove, as shown in figure 55.

 

Figure 55: Tissue preparation. 

This figure shows tissue preparation (Left) from porcine oesophagus and its 

fixation on the apparatus (Right). 

This comparative test was performed under two conditions. In the first 

condition, alginate bubble solution with the dye (rhodamine B) in the shell was 

applied to measure the absorption into the oesophagus tissue. In the second 

condition, the same concentration of the dye suspension mixed with alginates 

solution (no bubbles) were applied at a specified rate to oesophageal tissue 

under the same experimental conditions. The tissue sample was fixed to an 
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apparatus to mimic the angle and position of the oesophagus (Figure 56). 

The syringe containing the bubble solution was fixed to a pump (Harvard, 

PHD 4400) to control the flow rate of the microbubble solution and also the 

flow rate of the rhodamine B, at the rate of 500 μl/min. Applied materials were 

collected from the porcine tissue at the bottom of the apparatus in a glass 

container for dye measurement studies. Once the first applying material 

(alginate microbubbles with dye) was finished, the second experiment 

consisting of the same concentration of the dye suspension with alginate (no 

bubbles) was applied with the same method. Both tissue samples on the day 

of the experiment were analysed by confocal imaging system method. 

 

Figure 56: Bioadhesive test study. 

The vitro mucoadhesive test is shown in this figure. Alginate solution (with or 

without microbubbles) with the dye in the shell was applied to the animal 

tissue surface. The applied alginate solution which slipped over the tissue 

was collected in the glass container (pointed to by the green arrow). 
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 Confocal imaging studies 

The tissue samples from both experiments were compared using the confocal 

imaging microscopy to show the absorption of fluorescent dye into the porcine 

oesophageal tissue, as shown in figure 57. Confocal imaging analysis 

confirmed that alginate microbubbles with dye helped to increase the tissue 

absorption of the dye. Comparing the images from the two experiments 

showed a different colour intensity. The higher intensity of the colour means 

more absorption of the dye. This data showed that there was a higher 

absorption of the rhodamine B into the tissue when delivered using 

microbubbles. This confirms that adhesive alginate microbubble is able to 

support the dye particles’ delivery and its application can increase the 

absorption of the dye into the targeted tissue. 

 

Figure 57: Confocal imaging study.  

The image on the left (a) illustrates the confocal imaging microscopy from the 

oesophageal porcine tissue with the applied alginate microbubbles containing 

dye in their shell. The image on the right (b) illustrates the confocal imaging 

microscopy from the oesophageal porcine tissue treated with the applied dye 

suspension mixed with alginate (no bubbles).
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 Calibration curve and calculation for UV analysis 

The second approach for measurement of absorbed dye into the tissue was 

through measuring the non-absorbed dye and subtracting it from the starting 

solution. This was achieved by collecting the unabsorbed solutions from both 

experiments and measuring their dye content. The measurement of the dye 

in the collected solution was achieved using UV studies. The principle of dye 

measurement using UV is to correlate the UV absorption of the solution with 

the dye concentration. This correlation was achieved through a calibration 

curve. The calibration curve was established using known concentrations of 

the rhodamine B dye and measuring the associated UV absorption (Figure 

58). Following the establishment of the calibration curve, the UV absorption 

of the collected dye from tissue was applied to the formula from the calibration 

curve to calculate the concentration of the dye in the collected solution. 

 

Figure 58: Calibration curve of rhodamine B in SBF solution. 

Calibration curve and equation used to calculate the amount of rhodamine B 

in alginate solution.  
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4.2.6.1 UV analysis of dye content within the animal tissue sample 

The rhodamine B content within the bubbles was determined following the 

standard assay procedure of dissolution in water for detection by UV at 558 

nm (NCBI, 2004). 5 ml of bubble solution and suspension which have 0.02 g 

dye in the solution were applied on both the actual tissue and artificial 

membrane surface. Applied material was collected from each sample. All 

samples were dissolved in 25 ml water and analysed spectrophotometrically 

at 558 nm using a Jenway 6305 UV/Visible spectrophotometer (Bibby 

Scientific, Staffordshire, UK).  

The absorbance of the solutions with known concentration was taken at 558 

nm (λmax of dye) to obtain a calibration curve (Figure 58) from which the dye 

contents of the bubbles could be quantified. Using the equation of the 

calibration curve, 𝑦 = 218.32𝑥 + 0.0048, concentrations (𝑥) from absorbance 

readings (𝑦) were obtained by the equation:  

(𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 − 0.0048) ÷ 218.32 

Calculation example  

5 ml of sample was applied to the testing tissue. The collected material was 

diluted with water by bringing the volume to 25 ml; the absorbance was 

recorded as 0.374 when measured at 558 nm. Then using the calibration 

curve equation, which is [(𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 − 0.0048) ÷ 218.32], the dye 

concentration in the diluted collected solution was calculated. The calculated 
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concentration was multiplied by the dilution factor to obtain the real 

concentration of the dye in the collected solution. 

Therefore, the dye in the collected material was equal to (0.374 - 0.0048) ÷ 

218.32 = 0.001735 × 25 ml = 0.0434 mg. 

The same experiment was done using artificial tissue membrane with 

mucoadhesive properties, to support the experiment done using actual tissue 

sample. The results obtained from the in-situ studies show that the remaining 

solution collected from the first condition (Table 2) had lower absorption 

compared to the second condition of no-bubble sample. Table 3 shows the 

results from the same experiment but with the artificial tissue. This also 

indicates that more dye was absorbed into the surface of the oesophagus 

tissue using microbubbles due to the higher adhesive characteristic of the 

alginate bubbles. 

 

Table 2: Dye measurement in actual animal tissue. 

This table presents the calculation of the animal tissue dye absorption using 

alginate microbubble solution and alginate suspension using UV analysis. 
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Table 3: Dye measurement in artificial tissue membrane.  

The table presents the calculation of the artificial tissue dye absorption using 

alginate microbubble solution and alginate suspension using UV analysis. 

4.3 Discussion 

In this section, the application of microbubbles as a tool for oral drug delivery 

to oesophageal tissue was investigated. This shows the application of 

microbubbles for oral delivery of drugs. This investigation started with 

optimisation of the methodology for production of the microbubbles. A 

microfluidic V-junction device was used for production because of the 

previous successful experience of using this device for the microbubble 

generation, leading to the production of more homogeneous microbubbles 

(Parhizkar, Stride, & Edirisinghe, 2014). The materials which were used for 

production of microbubbles was alginate because it is a natural substance 

which is not toxic to human cells and is the preferred method for medical 

applications (Elsayed, Huang, & Edirisinghe, 2015). The size of the 

microbubbles is of pharmacokinetic significance because it influences the 
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efficient delivery of the drugs (Wang et al., 2013). Therefore, it is important to 

know the influencing factors on the size of the microbubbles during the 

production. These parameters affect the physical mechanism of bubble 

formation during the microfluidic process. The results of the bubble formation 

process indicate that the balance between the air and the liquid flow were key 

factors in the production of microbubbles. Properties such as viscosity, 

density and surface tension, along with geometry of the device, are important 

parameters that influence the bubble formation process (Parhizkar, Stride, & 

Edirisinghe, 2014). Geometric features of the device, such as the diameter of 

the capillary, were influential factors affecting the size of the bubbles. 

Microbubble diameter (Db) is a function of: Db=f (μg, μl, Qg, Ql, σl, ρl, Lgap, 

D), where μg and μl are the respective gas and liquid viscosities, Ql and Qg 

are the respective liquid and gas flow rates, while σl and ρl denote liquid 

surface tension and density respectively. Lgap is the gap and D is the interior 

diameter of the capillary. There is a linear relationship between the diameter 

of the produced bubbles and capillary diameter. However, as the gap (Lgap) 

increases, higher gas pressure is needed in order to generate microbubbles 

(Sirsi & Borden, 2009). The results from this work confirmed the significance 

of the gas pressure, liquid flow rate and capillary size on the size of the 

generated microbubbles and established how the size could be controlled 

during the production. The results from this work confirmed that higher gas 

pressure or larger capillary size increased the size of the microbubbles, while 

increased flow rate reduced the size of the microbubbles. The noticeable 

effect of the bubbling pressure can be attributed to the formation of a longer 
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bubble/slug at higher pressures, which eventually forms a larger bubble. The 

significance of control over the size of the bubbles is due to its role during the 

bursting process of the microbubbles (Parhizkar, Edirisinghe, & Stride, 2013).  

The other factor that impacts the dynamics of bubble formation is the applied 

surfactant. Surfactant influences factors such as the channel surface 

character (i.e. hydrophilicity of channel walls) and the liquid-solid and liquid-

gas interfaces in the microchannel (Parhizkar, Edirisinghe, & Stride, 2015). 

To choose the appropriate surfactant for the production of the microbubbles, 

two different types of detergents were investigated which are commonly used 

as surfactant for the microbubble studies. The comparison between the 

stability of the microbubbles produced by PEG and Tween showed better 

stability and duration of the microbubbles generated by PEG. This is due to 

the fact that this surfactant has a larger hydrophilic chain and therefore the 

wettability of the channel wall surface is affected in a different manner. The 

wettability of the channel wall surface consequently influences the dynamic 

interfacial tension and therefore the bubble formation leading to production of 

smaller bubbles. As smaller bubbles have been shown to stay for longer 

duration (Stride & Saffari, 2003), the microbubbles generated using PEG as 

a surfactant had a higher lifetime. This led to the application of the PEG as 

surfactant for microbubble generation in this study.  

The stability of microbubbles as a drug delivery agent is important from the 

pharmacokinetics aspect. Various factors have been indicated through 

various studies to influence the stability of microbubbles. In this work, the role 

of solid nanoparticle, the type of collection media, pH condition and 
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temperature on the stability of microbubbles were investigated. Gold 

nanoparticles were used in this study to stabilise the microbubbles. Gold 

nanoparticles was chosen because of its favourable outcome in other medical 

applications, such as in the treatment of rheumatology disorders (Lee et al., 

2011). The result showed that the presence of gold nanoparticles in the shell 

of the microbubbles increased the microbubbles’ lifetime and stability. The 

nanoparticles act as a chain around the shell and give stability to the 

microbubbles, providing stronger resistance against the external and internal 

pressures (Mohamedi et al., 2012a). This led to gold nanoparticles being 

chosen for the preparation of the microbubbles for drug delivery purposes in 

this work. 

The other factor that was investigated as being an influential factor on 

microbubble stability was the type of collection media. In this work calcium 

chloride and glycerol were investigated as collection media for the generation 

of the microbubbles. The reason for choosing these two materials was due to 

the unique quality of each regarding microbubble structure. Calcium chloride 

cross-links the alginate molecules on the surface of the bubbles (Ahmad, 

Stride, & Edirisinghe, 2012) and leads to their increased stability. Glycerol 

reduces the surface tension on the surface of microbubbles (Borden & Longo, 

2002), and as a result the lifetime of the microbubbles increases. The 

microbubble time study in this work showed that generated microbubbles in 

glycerol had a longer stability and therefore led to the application of this 

material for the collection of microbubbles. 
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The drug delivery by microbubbles can be aimed at various targeted tissues. 

Specific modifications might be required for optimisation of the delivery, 

depending on which delivery route is used, and on which organ or tissue is 

targeted. Additional conditions were tested here because the aim of this 

project is the delivery of the drugs to the oesophagus. These additional 

conditions were the pH and temperature. The pH condition was tested 

because one of the targeted regions in the oesophagus is at the junction with 

the stomach. To deliver drugs to this section, it is suggested to deliver the 

microbubbles to the stomach. However, because of the floating character of 

the bubbles, and also the gastric muscle contractions and movements, the 

bubbles have a higher chance of hitting the junction and as a result releasing 

the drug. To mimic a gastric condition, the microbubbles were collected in 

hydrochloric acid (pH: 2–3). The time analysis showed that the microbubbles 

in the acidic pH could last up to six hours. This is shorter than when the 

microbubbles are collected in glycerol (48 hours) and longer compared to 

when the microbubbles are collected in water (pH: 6.5–8). Acid chemical 

reaction makes strong bonding between alginate and hydrogen, which results 

in the formation of more stable bubbles (Vakarelski et al., 2010). This stability 

was good enough for oral drug delivery purposes as the emptying time for 

the stomach is two to six hours, which is within the time range for the 

generated microbubbles as described here. Temperature is known to have 

an important influence on the stability of the microbubbles (Sagdic, Bolukcu 

& Kilic, 2015). The result from this work, along with earlier publications 

(Ahmed & Jameson, 1985), showed higher stability of the microbubbles when 

tested over time at room temperature compared to 37 °C. The microbubbles’ 
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behaviour at different temperatures may be related to changes that 

temperature causes in the shell structure (Szekely et al., 2011). Stability 

variation in the microbubbles due to temperature changes was attributed to 

alteration in the microstructure of the microbubbles’ shell. The main 

microstructures in the shell which are affected by the temperature are the 

hydrophilic alginate and PEG chain (Stepniewski et al., 2011). Change in the 

surface tension and shell elasticity with increasing temperature contributes to 

the bubble expansion through the admission of gas from surrounding liquid 

(Kučerka, Nieh, & Katsaras, 2011). This causes a reduction in bubble stability 

via a mechanism of gas diffusion in the shell (Szíjjártó et al., 2012). The 

majority of the microbubbles oscillate at a higher level at body temperature 

compared to room temperature. More violent oscillation results in increased 

shell fragmentation and destruction (Shen, Longo and Powell, 2008; Garg, 

Thomas and Borden, 2013).  

However, the half-life of the collected microbubbles in the gastric condition 

and at physiological temperature (37 °C) was 180 minutes in this work, which 

still made it a suitable method for oral drug delivery. 

The aim of this part of the project was to develop an oral drug delivery method 

to the oesophagus using adhesive alginate microbubbles. Therefore, the 

absorption of the drug delivered by microbubbles was investigated in this 

study. Oesophagus tissue was obtained from porcine. A condition similar to 

the physiological condition regarding the angle and position of the 

oesophagus was developed using an apparatus which mimicked the slope of 

the oesophagus. The absorption of the drug rhodamine B in this experiment 
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was measured using two different approaches. One is a direct method by 

observation of the absorbed dye into the tissue using confocal microscopy. 

The other method (UV study) is an indirect approach which measures the dye 

concentration in the collected liquid following exposure to the tissue. The 

results from these experiments showed that alginate microbubbles, prepared 

by microfluidic V-junction with fluorescent dye in the shell, could adhere to 

oesophageal tissue. Microbubbles adhesion helps to increase the absorption 

of fluorescent dye in the targeted region. This study demonstrated that 

alginate microbubbles suspension can have an application as a bioadhesive 

agent for localisation within the oesophageal tissue to improve drug delivery. 

Microbubble drug delivery to oesophageal tissue for treatment of 

malignancies can be applied, based on the results from this study. 

The proposed drug delivery system using alginate bubbles will take 

advantage of both the mucoadhesive and floatable systems. Some of the 

alginate bubbles after administration will attach to the oesophageal surface, 

leading to increased drug absorption, and the remaining bubbles will enter 

the stomach where they remain floatable. Gastric waves make the floatable 

bubbles hit the gastroesophageal region, which in turn increases the contact 

of the delivering drugs to the mucosal surface of the gastroesophageal region 

(Figure 59). 
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Figure 59: Alginate microbubbles attached to mucosa. 

This figure shows the mucoadhesive and floating model of drug delivery to 

the gastroesophageal region using microbubbles.   
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Chapter 5  

Drug resistance investigations in 
leukaemia using microbubbles 

5.1 Introduction  

Drug discovery for cancer is amongst the most popular types of research in 

medicine. Some of these drug discovery investigations are done to identify 

potential therapeutic targets in relapse or drug resistance following primary 

response to chemotherapy. One type of leukaemia which has been studied 

extensively for relapse or drug resistance is CML.  

CML is a haematopoietic stem cell malignancy, driven by BCR-ABL1, an 

acquired fusion protein. BCR-ABL1 is a constitutively active tyrosine kinase 

that activates multiple signalling pathways, thereby promoting the expansion 

of myeloid cells. The recognition that BCR-ABL1 kinase activity is central to 

CML pathogenesis eventually led to the development of imatinib, a small-

molecule adenosine triphosphate (ATP)-competitive TKI (Hochhaus et al., 

2009; Fava & Saglio, 2010; Cortes et al., 2011).  

Most patients who start imatinib in early-stage disease achieve good 

responses (Druker et al., 2006). However, it is estimated that approximately 

20% to 40% of newly diagnosed patients will eventually require switching to 

newer second or third generation TKIs because of partial or complete relapse 

of therapy-resistant disease (Gorre et al., 2001; Baccarani et al., 2006; Lucas 

et al., 2008; Hochhaus et al., 2009; Fava & Saglio, 2010; Cortes et al., 2011). 
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Between 30% and 40% of patients who acquire imatinib resistance do so via 

the acquisition of missense mutations in the BCR-ABL1 kinase domain (KD) 

that sterically inhibit TKI binding (Shah et al., 2002; O’Hare et al., 2005; 

Redaelli et al., 2009). The aberrant signalling pathways responsible for 

resistance in the patients with no BCR-ABL1 KD mutations are unknown (de 

Lavallade et al., 2008; Khorashad et al., 2008).  

Similar situations can be observed in other myeloid malignancies such as 

AML, in which patients may develop resistance to agents targeting other 

molecular drivers, such as aberration of the FLT3 gene, via mechanisms that 

are equally poorly understood (Parmar et al., 2011; Smith et al., 2012).  

Many lines of evidence support the presence of persistent low levels of 

quiescent LSCs as the source of eventual disease relapse. Indeed, even 

optimally responding CML patients who achieve “molecular remission” 

continue to harbour a low level of leukaemia, detectable by ultra-sensitive 

methods or in vitro assays. These LSCs reside in the BM niche and survive 

independent of their tyrosine kinase activity, a feature that protects them 

against continued TKI therapy. Ongoing research is therefore focused on 

understanding the signalling pathways responsible for protection and self-

renewal of quiescent LSCs. One plausible explanation for the persistence of 

quiescent LSCs in the presence of targeted therapy is their interaction with 

the surrounding microenvironment.  

The BM microenvironment includes various types of cells and 

macromolecules which compose the scaffold of the BM niches, and which 

may confer a protective effect on LSCs. There is in vitro evidence that the 
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interaction of leukaemia cells with an artificial scaffold in 3D culture causes 

resistance to chemotherapeutic agents (Aljitawi et al., 2014). There is a 

hypothesis, that the influence of the bone marrow niches causes reduced 

sensitivity of the LSC cells to the anticancer agents (Aljitawi et al., 2014). 

However, a realistic culture matrix that accurately mimics the 3D structure of 

the BM is currently lacking. 

Two-dimensional (2D) cell-based assays have long been used for drug 

discovery in cancer. However, they have limited value in predicting long-term 

clinical response to anticancer drugs because they do not effectively mimic 

the 3D nature of the tissue (Johnson et al., 2001; Kunz-Schughart et al., 

2004). In particular, absence of the ECM, which plays a crucial role in normal 

and deregulated cellular homeostasis, is a major limitation of conventional 2D 

culture (Frantz, Stewart, & Weaver, 2010; Cox & Erler, 2011; Gilkes, 

Semenza, & Wirtz, 2014). Cells in 2D culture usually lose their ability to 

differentiate but this characteristic is recovered in 3D. Therefore, ECM-related 

cellular interactions have significant physiological relevance (Weaver et al., 

2002; Baker & Chen, 2012; Friedl et al., 2012; Venugopalan et al., 2014).  

To address this experimental limitation, attempts have recently been made to 

produce 3D culture systems, some of which have shown potential for better 

simulating the in vivo tumour microenvironment (Imamura et al., 2015). 

Studies on breast cancer cell lines have shown that 3D cultures provide 

superior in vivo simulation of important tumour characteristics, namely 

hypoxia, dormancy, anti-apoptotic features and their resulting drug resistance 
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(Kim, Ho, & Wu, 2011; Imamura et al., 2015). To date, however, a 

reproducible simulation of the BM microenvironment has not been published.  

The fact that resistant LSCs in CML have been observed in vivo but not in 

vitro 2D culture supports the notion that the 3D BM microenvironment might 

be responsible for the persistence of quiescent LSCs and subsequent 

emergence of overt TKI resistance. Considering the deficiencies of current 

2D cultures (Fang & Eglen, 2017), recent efforts have focused on developing 

3D cultures which can mimic the BM microenvironment by accommodating 

the essential components of the BM (Braccini et al., 2005). Lack of 3D 

structure and molecular matrix components are potential causes of their 

unsustainability for long-term HSC culture (Jiang et al., 2006). The 

development of an ex vivo 3D culture, mimicking the BM microenvironment 

in providing niche-like structures for the HSC to reside and proliferate, 

provides an opportunity to study haematological malignancies. The main 

challenge for studying AML cells for therapeutic target discovery purposes 

has been the difficulty in growing and maintaining these cells in an in vitro 

culture (Bendall et al., 1994). The majority of AML cells usually undergo 

spontaneous apoptosis and only a subpopulation of the cells proliferate 

during in vitro culture (Stolze et al., 1995). The proliferation and survival of 

the AML cells increases in the presence of haematopoietic growth factors, 

co-culture with stromal cells and a 3D environment (Bendall et al., 1994; 

Aljitawi et al., 2014; Tabe & Konopleva, 2015). It has also been shown that 

AML cells have reduced sensitivity to chemotherapeutic agents in 3D cultures 

(Bhatia et al., 2003).  
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Insufficient information on molecular interaction between the AML stem cells 

(SCs) and their microenvironment might be the main reason for the failure of 

the current therapeutic approaches (Karimpoor et al., 2017). The new 

approaches should be focused on selectively inhibiting LSCs by disrupting 

the interaction between them and their niche environment, but at the same 

time preserving the normal haematopoiesis. Long-term low-level BCR-ABL1 

oncogene detection by sensitive PCR techniques in CML patients who 

achieve major molecular response to tyrosine kinase inhibitors is believed to 

be due to the survival of LSCs in the BM niches, in spite of the inhibition of 

BCR-ABL1 kinase (Bhatia et al., 2003). 

A 3D culture mimicking the BM microenvironment provides a model through 

which the mechanism of LSC maintenance can be explored, and this 

facilitates the investigations in developing drugs targeting the survival 

pathways activated by such interactions. Various 3D cultures have been 

developed so far for studying leukaemia cells. I have already developed 

PMMA-HA fibre-based scaffold to show the influence of 3D culture on the 

reduced sensitivity of leukaemia cells to the tested antileukaemia agents 

(Karimpoor et al., 2017; Medyouf, 2017; Pollyea & Jordan, 2017). The PMMA-

HA scaffold provides a 3D structure by having HA to simulate some 

characteristics of the bone. However, it lacks the spongious structure of the 

BM. To develop a scaffold with pores similar to bone lacuna, a foam-based 

scaffold with spongious structure was developed using alginate biomaterial. 

Microbubble technology was applied to produce a foam with the expected 

size of the pores. This foam-based 3D culture supported the growth of both 

leukaemia and normal haematopoietic cells and promoted cell differentiation 
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similar to in vivo condition. This system reduced the sensitivity of the 

leukaemia cells to antileukaemia agents. Due to simulating the physiological 

condition, our foam-based scaffold can be used for drug sensitivity studies of 

the primary leukaemia cells. 

5.2 The aims of this chapter 

1) Development of a foam-based scaffold using microfluidic process. 

2) Investigating the impact of alginate foam-based scaffold on differentiation 

of normal haematopoietic cells and also AML stem/progenitor cells. 

3) Measuring the leukaemia cells’ response to antileukaemia agents in 

alginate foam-based 3D culture in comparison to 2D cultures. 

The aims of this section are summarised in the following diagram. 

 

Figure 60: Chapter 5 structure. 

The main aims of chapter 5 are summarised in this figure. As it is shown here, 

the final goal is to develop a 3D culture for investigating the drug sensitivity 

of leukaemia cells. To achieve this aim, foam-based scaffolds were 
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developed and their influence on the phenotype of the normal and leukaemia 

cells was investigated. 

5.3 Characterisation of materials and solutions 

In the process of microbubble production using a microfluidic technique, 

parameters such as gas pressure, liquid flow rate and viscosity have a 

significant influence on the diameter size of the bubbles and their formation 

in the V-junction device. Monodisperse microbubbles with average diameter 

150 µm were obtained at gas pressure of 95-120 kPa and a flow rate of 200-

250 µl/min. In this study, to improve the stability of alginate microbubbles, 

they were collected in 2% wt. calcium chloride solution to cross-link the 

bubbles’ shell. This made the shell stronger, and as a result the bubbles 

lasted longer and allowed time for the foam structure to evolve (Figure 61).  

Physical properties such as viscosity and surface tension have a significant 

impact on the bubble formation process. In the current study, the surface 

tension of alginate-PEG liquid was measured to be 49 mN/m, using a Kruss 

Tensiometer (Model-K9, Kruss GmbH, Germany). The viscosity was 

measured to be 20 mPa s, using a Brookfield DV-11 Ultra programmable 

Rheometer (Brookfield Engineering Laboratory Inc., Middleboro, MA, USA). 

To obtain accurate results different measurements were performed at 

ambient temperature (22 °C) and the average of seven readings was taken 

to ensure accuracy. 
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Figure 61: Optical micrograph of the alginate microbubbles generated 

by a microfluidic device. 

The image illustrates an optical micrograph of the alginate microbubbles 

generated by microfluidic, collected in calcium chloride to cross-link the shell 

of the bubbles and make them more stable. The image shows their changes 

during time-lapse, immediately after collection (zero time) and within the next 

72 hours. Alginate microbubbles dried to porous foam shape structure, as 

shown at 72 hours. 

5.4 Foam-based scaffold  

Foams are metastable inclusions of gas in a fluid phase and are frequently 

used in the food industry and biomedical applications. In this study, solid foam 

structures with high porosity were successfully prepared by cross-linking the 

alginate microbubbles (Figure 62). The foam scaffold was dried after ten days 

of incubation in a desiccator. Foam scaffolds typically show a spongy-porous 

like structure with pore size ranging between 20 and 200µm (Figure 63). 
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Figure 62: Scaffold production process. 

The photo on the top row shows the prepared foam from microbubbles, 

following cross-link, but before transferring to the desiccator. The right-hand 

image in the middle row is the optical microscopy from the alginate foams. 

The left-hand image shows dried foam bubble scaffold on the glass slide. The 

bottom image indicates a SEM image of a cross section of foam-based 

scaffold. 
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5.5 Bioactivity and biocompatibility of scaffold  

To allow the cell growth and support the biocompatibility features, it is critical 

that the scaffolds have high porosity and that bioactive nanoparticles are 

incorporated in them. HA is the main inorganic component of bone material 

and is widely used in various biomedical applications due to its excellent 

bioactivity and biocompatibility. In this study, to support cell compatibility, HA 

nanoparticles (diameter < 200 nm, 5% wt.) were added to the scaffold 

structure (Phipps et al., 2011).  

This was achieved by adding the HA to the alginate solution prior to forming 

bubbles using the V-junction. We observed settlement of K562 and primary 

AML cells in the microcavities of the scaffold, which is an evidence for the 

biocompatibility of the prepared foams (Figure 64). The cells were 

concentrated in the microcavities and around the scaffolds, indicating the 

attraction of this scaffold to the leukaemia cells.  

Bioactivity test has been done by adding the AML and K562 cells into in the 

well plates containing the foam scaffold and then putting the samples in the 

incubator for three days. A certain number of the cells were added to the 

wells, and in the first day of the experiment images were taken from the 

samples using an optical microscope After three days, images were taken 

from the samples again. The result from the images indicates that the 

microcavities have accommodated the K562-AML cells and provided a space 

and environment for both cells types to grow (Figure 64). 
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Interconnection between the pores allows the movement of the cells across 

the scaffold and distribution of the cells at different zones. These 

interconnections also provide a circulating system similar to sinusoids of the 

bone marrow.  

 

Figure 63: SEM image of the foam-based scaffold. 

(a) SEM image of the foam-based scaffold (yellow arrows indicate pores). (b) 

Cross section of the scaffold. Bright dots in the SEM image marked by yellow 

arrows are HA nanoparticles on the surface of the scaffold. (c) This figure 

shows the porous structure of the scaffold and their interconnection. The 

pores and interconnection between the pores make this structure similar to 

spongy feature of the bone (d) The relative size of the microcavities (pores) 

in the scaffold has been shown here. This provide a space for settling down 

of the cells during the culture. 
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Figure 64: Optical microscope images from cells growing in the foam 

scaffold. 

Optical microscopy imaging shows the microcavities in the scaffold, acting 

like niches and accommodating (a) K562 and (b) primary AML cells. Figure 

(a) is an optical microscopic image from alginate foam with images of the 

K562 cells within the pores in the foam body structure. The spongy nature of 

the foam makes it similar to bone structure. The microcavities have 

accommodated the K562 cells and provided a space and environment for the 

K562 to grow. Accumulation of the K562 inside and at the walls of the 

microcavities indicates the cell-friendly nature of this scaffold. The presence 

of cells in several microcavities also indicates the connection between these 

microcavities, which is similar to the case of sinusoidal network inside BM. 

Figure (b) is an alginate foam optical microscopic image and shows AML cell 

proliferation inside the alginate scaffold. This confirms that the alginate foam-

based scaffold is not only friendly to the cell line, but that it can also 

accommodate primary leukaemia cells and keep them alive. 

5.6 The lowest inhibitory dose of imatinib and doxorubicin 

Due to a lack of prior knowledge about the potential level of resistance which 

might be induced by the foam scaffold, we investigated various inhibitory 

concentrations of imatinib (Figure 65) or doxorubicin for K562 or HL60 and 

HS-5 cells (Figure 66). 0.5 µM was determined as the lowest inhibitory dose 
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of imatinib for K562 in 2D culture and was consequently used for the 

experiments. The lowest inhibitory dose of imatinib was chosen to observe 

the potential minor response differences induced by the scaffold. To 

determine the lowest inhibitory dose of doxorubicin for HL60 cells which is 

not toxic to HS-5 stromal cells, both cell lines were treated with various doses 

of doxorubicin followed by MTS assay. This experiment identified 0.1 µM as 

being the lowest inhibitory dose of doxorubicin for HL60 which had no 

inhibitory effect on HS-5 cell co-culture (for further details please see 

appendix). K562 cells were cultured at the concentration of 5,000 cells per 

100µl, with or without 0.1, 0.2, 0.5, 1, 1.5 and 2µM imatinib, in a 96-well plate. 

The inhibitory effect of imatinib was measured after 72 hours by 

methanethiosulfonte (MTS)-based viability assay (CellTiter 96 AQueous One; 

Promega). HL60 and HS-5 cell lines were treated with or without 0.1, 0.2, 0.5 

and 1 µM doxorubicin for 72 hours in triplicates, followed by 

viability/proliferation measurement using MTS assay (as will be described 

later in this chapter).  

 

Figure 65: MTS assay to measure lowest inhibitory dose of imatinib. 

The colour of the MTS assay following 0.5–1 hour of incubation shows the 

reduced brownish colour in 0.5 M imatinib, indicating reduced proliferation 

of the K562 cells. The yellow colour of K562 cells treated with imatinib with 1 
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and 2 M is due to the severe inhibitory impact of imatinib at these doses. 

The quantitative comparison was done by spectrophotometry. 

 

Figure 66: The inhibitory effect of doxorubicin at various doses on (a) 

HL60 and (b) HS-5 cells. 

The X-axis represents various doses of doxorubicin and the Y-axis represents 

the absorbance as measured by a Multiskan GO spectrophotometer. 

5.7 Differentiation of the primary haematopoietic cells and 

acute myeloid leukaemia cells  

Mononuclear cells from a newly diagnosed AML patient were cultured in the 

presence or absence of scaffold (in triplicate). The cell counts after five days 

of culture showed a larger number of AML cells in the scaffold compared to 
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no scaffold (Figure 67). This supported the cell-friendly nature of the alginate 

scaffold. 

 

Figure 67: The proliferation of primary AML cells in foam-based scaffold 

(3D) compared to 2D. 

The relative proliferation of primary AML cells in foam-based scaffold (3D) 

compared to 2D is shown. The experiment was done in triplicate and shows 

higher proliferation of the cells in 3D compared to 2D culture. 

To investigate whether the scaffolds influences the differentiation of the 

leukaemia and normal stem/progenitors, the myeloid differentiation of the 

CD34+ cells from one normal and two AML patients were investigated in the 

presence or absence of foam scaffolds for three days. The antigenic 

expression of primary normal haematopoietic cells (Figure 68) and two 

different acute myeloid leukaemia cells (Figure 69 and 70) from day 0 to 3 

was measured by flowcytometry. CD16, CD13, CD34, CD117, CD11b, CD10, 

HLA-DR and CD45 markers were used to characterise myeloid differentiation 

in the presence of 3D and 2D culture. Myeloid differentiation progresses 
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along with reduced expression of CD34 or increased expression of myeloid 

markers in the CD34+ stem/progenitor cells in normal or AML blast cells.  

 

Figure 68: Myeloid differentiation in 2D and 3D culture in normal donor 

cells. 

This figure shows the expression of various myeloid differentiation markers 

in CD34+ cells from a normal donor. CD13 and CD117 markers have 

increased in 3D compared to 2D and day 0. 
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Figure 69: Myeloid differentiation in 2D and 3D culture in AML cells 

(patient 1). 

This figure shows the expression of various myeloid differentiation markers 

in blast cells from an AML patient (patient 1). CD13 and CD117 markers have 

increased in 3D compared to 2D and day 0, suggesting the role of 3D culture 

in promoting myeloid differentiation of the myeloid leukaemia cells. 
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Figure 70: Myeloid differentiation in 2D and 3D culture in AML cells 

(patient 2).  

The expression of myeloid markers is shown for the blast cells from the AML 

patient 2 after three days of culture in the presence of 2D and 3D culture and 

also on day 0. Increased differentiation markers of CD11b, CD117, HLA-DR 
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and CD13 were observed after three days in AML cells cultured in 3D, 

compared to day 0 and also 2D culture. 

Normal CD34+ precursors showed stronger and more homogenous 

expression of the myeloid associated antigens CD117 and CD13 after three 

days of culture in the foam-based scaffold compared to non-scaffold (2D) 

culture, indicating enhanced differentiation. Similarly, in figure 69, 

myeloblasts have augmented intensity of HLA-DR and CD13. This is even 

more evident in figure 70, where the blasts showed a profound monocytic 

differentiation compared to 2D culture, having stronger expression of HLA-

DR and CD11b. The summary of the percentage of all the markers for the 

normal and the two AML patients have been presented in Table 5 along with 

their statistical analysis in figure 71, showing the significance of the altered 

expression of these markers in 3D culture compared to 2D. Although the 

small number of the sample in this work did not lead to significant p-value, 

the trend of the expression pattern indicated the impact of the 3D culture on 

induction of myeloid differentiation. 

Enhanced differentiation of CD34+ cells to more differentiated cells 

(represented as reduced CD34+ expression) was also observed in 

myeloblasts from the third AML patient, which was performed in an 

independent experiment (Figure 72).  

The findings from this observation suggest that foam-based 3D culture 

enhances myeloid differentiation in the normal CD34+ cells and also in 

myeloblasts from AML patients. 
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Marker Normal ± 0.1 AML1 ± 0.1 AML2 ± 0.1 

Day 0 2 3 0 2 3 0 2 3 

CD13 71.7 72.2 98.9 38.2 38.1 42.5 27.9 51.6 63.3 

CD117 3.1 40.3 49.1 0.2 2.4 4.7 0.5 0.2 0.7 

CD11b 0 0 0 0 4.9 21.4 33.8 19.5 65.3 

HLA-DR 96.7 94.8 99 3.4 15.6 9.2 21.3 64.3 86.7 

 

Table 4:The percentage of myeloid markers on normal and two AML 

samples in 2D and 3D cultures. 

 

Figure 71: The statistical differences for the myeloid markers between 

2D and 3D cultures.  

The p-value has been calculated using paired t-test analysis for the data from 

the normal and two AML samples cultured in 2D and 3D.  
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Figure 72: Reduced level of CD34 markers during differentiation in 3D 

compare to 2D in AML cells (patient 3). 

The myeloblasts were further depleted (down to 50%) in CD34+ marker (red 

dots) after three days of culture in 3D compared to 2D. 
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5.8 Resistance of the CML and AML cells to inhibitory effect 

of the drugs 

To investigate the potential drug resistance mediated by the foam-based 

scaffold, K562 and HL60 cells were treated with imatinib and doxorubicin, 

respectively. Treatment of K562 or HL60 cells in foam-based 3D culture 

reduced their sensitivity to imatinib or doxorubicin, respectively (Figure 73 a, 

b). As stroma is an important component of the BM microenvironment, to 

assess the sensitivity of leukaemia cells to antileukaemia agents in the 

context of stromal cells, BM-derived HS-5 stromal cells were seeded to the 

foam-based scaffold.  

Addition of HS-5 cells to the scaffold is expected to influence the leukaemia 

cells in culture through direct contact and also via secretion of cytokine. It was 

shown earlier that HL60 cells were sensitive to even 0.1 µM doxorubicin while 

HS5 cells were not affected to doxorubicin at this dose. This made it possible 

to investigate the impact of HS-5 on the viability of HL60 to doxorubicin at this 

dose. For HL60 cells, the addition of HS-5 cells further reduced the sensitivity 

of HL60 to 0.1 µM doxorubicin (Figure 73b).  

The addition of HS-5 cells to foam scaffolds increased the trend towards 

resistance. However, this trend did not become significant for K562 cells 

treated with 0.5 or 1 µM imatinib (Figure 73a).  

The lack of any trend towards resistance in the co-culture of HL60 and HS-5 

in foam-based scaffold, compared to no HS-5 condition, might be due to the 

inhibitory dose of doxorubicin on HS-5 at doses higher than 0.1 µM 
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doxorubicin (Figure 73b). To show whether primary leukaemia cells behave 

similarly, primary myeloblasts from an AML patient were cultured in the 

presence or absence of foam-based scaffolds and treated with or without 

doxorubicin (0.1, 0.2 and 0.4 µM), followed by cell proliferation and viability 

using MTS assay at 72 hours. Foam scaffolds reduced the sensitivity of AML 

cells to doxorubicin at 0.2 and 0.4 µM (Figure 73c). The lack of difference at 

0.1 µM seems to be due to the lower sensitivity of primary AML cells to 

doxorubicin compared to HL60 cells. 
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Figure 73: The inhibitory effect of imatinib and doxorubicin on 

leukaemia cell line and primary cells in the presence or absence of foam 

scaffold. 

The inhibitory effect of imatinib and doxorubicin on leukaemia cell line and 

primary cells in the presence or absence of foam scaffold (with or without HS-

5) is shown here. (a) Shows the percentage of live K562 cells compared to 

untreated control for each condition 72 hours after adding 0.5 or 1 µM 

imatinib. (b) Shows the percentage of live HL60 cells compared to untreated 

control for each condition 72 hours after adding 0.1, 0.2 or 0.4 µM 

doxorubicin. (c) Shows the influence of foam-based scaffold on the inhibition 

of primary AML cells from a patient. The X-axis represents various doses of 

imatinib (a) or doxorubicin (b, c). 
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5.9 Discussion 

Tissue engineering scaffolds play an important role in biomedical applications 

by acting as a temporary tissue construct or building block for cell 

accommodation, proliferation and differential function (Weigelt & Bissell, 

2008). In the current study foam scaffolds were prepared by using a 

microfluidic bubbling technique. To overcome the poor stability of the 

microbubbles, which is a limitation of this technique, cross-linking by calcium 

chloride was practised (Ekemen et al., 2011). To improve biocompatibility of 

the scaffold, porous foam was fabricated from natural polymer alginate. Many 

attempts have recently been made to improve cell seeding and growth, such 

as by coating the scaffolds with different proteins like collagen and FBS (Park 

et al., 2005; Nair et al., 2010; Phipps et al., 2011). Here we used HA 

nanoparticles to make the scaffold more similar to a BM microenvironment 

for biological investigations. 

To develop a BM-like environment with niche-like structures we formed foam-

based scaffolds derived from microbubbles. Application of this technology 

has the advantage of controlling the size of the microbubbles and as a result 

controlling the size of the microcavities in the foam. This enables production 

of scaffold with pores of about 200 µm in diameter, which is close in size to 

the microcavities in the bone (Lai et al., 2015; Nelson & Roy, 2016). The 

challenge in using this technology to produce foamed scaffolds is the 

instability of the produced bubbles, which results in the destruction of bubbles 

before forming solid foam during drying. To overcome this problem, we 
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collected microbubbles in calcium chloride solution, which caused cross-links 

in the microbubble shell and the formation of solid foam following drying. The 

images from these scaffolds showed the production of desired microcavities 

and validates the use of this approach for the production of foam-based 

scaffold.  

One of the main reasons for developing artificial BM-like structures for 

culturing leukaemia cells is drug sensitivities (Rödling et al., 2017). Foam-

based 3D culture similar to fibre scaffolds (Karimpoor et al., 2017) increases 

the resistance of the leukaemia cell lines to the inhibitory effects of imatinib 

and doxorubicin. Different applied materials in the structure of the fibre and 

foam-based scaffolds, and the observation of similar phenotypes in K562 and 

HL60 cells in response to imatinib and doxorubicin, suggest that the 3D 

environment and interaction of the leukaemia cells at different spatial 

positions have an important influence on the cells’ survival and activated 

signalling pathways, and as a result the response to antileukaemia drugs 

(Hutchinson & Kirk, 2011). It has been shown before that 3D cultures 

influence the cell phenotype and their gence expression compared to a 2D 

environment (Luca et al., 2013). This altered phenotype might be due to the 

activation of another signalling pathway which is targeted by the inhibitor. The 

other possibility is that of altered oxygen concentration in 3D compared to 2D 

culture. Hypoxia is an important component of the BM niche, contributes to 

the maintenance of AML cells (Forristal et al., 2015; Irigoyen, García-Ruiz, & 

Berra, 2017) and also selects bortezomib-resistant CML stem cells (Tanturli 

et al., 2011). It has been shown that 3D-cultures are better than 2D-cultures 
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in simulating important tumour characteristics in vivo, such as hypoxia and 

the resulting drug resistant phenotype (Imamura et al., 2015). The 

mechanism of resistance might also be due to poor access of drugs to the 

cells hidden in the niche-like spaces in the scaffold. These provide more 

evidence for the application of 3D culture for drug sensitivity studies. 

Conventional 2D cultures have been proven to be an unreliable drug 

development model for prediction of in vivo drug efficacy and toxicity 

(Hutchinson & Kirk, 2011). Creating a third dimension for cell culture is clearly 

more relevant and has to be considered as a practical alternative (Saleh & 

Genever, 2011). 

Our data showed enhanced myeloid differentiation in both normal progenitor 

and AML myeloblasts in 3D foam-based culture. 3D cultures have also been 

reported in other studies to be capable of inducing differentiation of the 

haematopoietic stem cells compared to 2D cultures (Liu & Roy, 2005; 

Pietrzyk-Nivau et al., 2015). 3D cultures (Edmondson et al., 2014) mimic an 

environment similar to BM niches at inducing cell differentiation (Sharma, 

Limaye, & Kale, 2012). Although this observation does not address directly 

how this can influence resistance to therapeutic agents, it might suggest that 

3D culture causes higher resistance to antileukaemia agents compared to 2D 

cultures by inducing higher differentiation rate, and the production of the more 

mature cells, which are less sensitive to the inhibitory effect of antileukaemia 

agents. As resistance or relapse in AML is considered to be mainly due to the 

role of LSCs, future investigations should aim at measuring the impact of 3D 

cultures on LSCs and determining if induced differentiation is along with 
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enhanced self-renewal activity of the LSCs. In summary, the conventional 2D 

culture is not a highly reliable system for drug sensitivity investigations as the 

drug sensitivity of leukaemia cells obtained from 2D culture is different from 

what is observed in vivo (Edmondson et al., 2014). Our foam-based 3D 

culture reduced the sensitivity of leukaemia cells to antileukaemia agents and 

further induced the differentiation of the normal and leukaemia cells 

compared to that in 2D culture. These differences might be attributed to 

microcavities mimicking BM niches in foam-based 3D culture. We propose to 

apply this foam-based 3D culture for drug sensitivity investigations and 

therapeutic target discoveries.
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Chapter 6  

Conclusions and future work 

6.1 Conclusion 

The first section of this thesis focused on the design of a floatable and low-

density method in order to improve oral drug delivery to the gastrointestinal 

system using microbubbles.  

• Alginate microbubbles with the liquid suspension of gold nanoparticles 

in the shell were prepared by microfluidic V-junction. They were found 

with the present of gold particles to have significantly enhanced 

stability compared with bubbles coated with only surfactant.  

• The results of the experiments in this work show that alginate 

microbubbles collected in calcium chloride through a cross-linking 

process and suspended in glycerol can make the alginate microbubble 

stable by reducing surface tension and consequently increasing the 

lifetime of the bubbles. Enhanced stability of the microbubbles 

increases the efficiency of the administered drug; this is beneficial in 

targeted drug delivery since increasing the stability of microbubbles 

can improve the efficiency of the treatment.  

• In order to assess the stability of the alginate microbubbles in gastric 

condition, bubbles were tested as a function of heating temperature in 

the range of 20 °C to 37 °C and collected in acidic condition to better 

control the stability of the bubbles. It was found that by increasing the 



 

 

 197 

temperature, the lifetime of the bubbles will be reduced, and therefore 

the body temperature will have a significant effect on the microbubbles’ 

stability. 

• The proposed method in this study, using microbubbles for 

oesophageal drug delivery, can take advantages from both 

mucoadhesive and floating systems. The hypothesis is that some of 

the alginate bubbles after administration will attach to the oesophageal 

surface, and the remains of the alginate bubbles entering the stomach 

will remain floatable and will not sink to the bottom of the gastric 

system. Gastric waves make the floatable bubbles hit the 

gastroesophageal junction region, which in turn increases the contact 

of the deliver drugs to the mucosal surface. 

• In the second part of chapter 4, the feasibility of the oesophageal 

adhesive alginate microbubbles drug delivery system was 

investigated, with a particular view of establishing the potential of 

alginate microbubbles solutions as liquid bioadhesive systems to 

increase absorption of model drug. Experiment results indicate that 

alginate microbubbles prepared by microfluidic V-junction with 

fluorescent dye in the shell can adhere to oesophageal tissue. 

Microbubble adhesion helps to increase absorption of fluorescent dye 

to the targeted region. This study demonstrates that alginate 

microbubbles suspension can have an application as a bioadhesive 

agent. 
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In the second section of this thesis, the application of microfluidic microbubble 

technology to produce scaffold for development of 3D culture as a platform 

for in vitro antileukaemia drug sensitivities was investigated. Recent 

developments in understanding the role of BM microenvironment in the 

formation and progress of various myeloid leukaemia has provided a new 

opportunity for developing novel therapeutic approaches. Targeting the 

interaction between the leukaemia cells and the microenvironment is 

expected to eradicate leukaemia cells residing in the BM niches. 

Mesenchymal stromal cells, osteoblasts and extracellular matrix are amongst 

the main components of the BM microenvironment, whereby their special 3D 

organisation contributes to the formation of the niches. This is a very different 

structure compared to conventional 2D cultures, which have been used 

extensively for measuring the sensitivity of the leukaemia cells to various 

antileukaemia agents.  

• The experiments in this thesis showed that a higher level of resistance 

to antileukaemia agents is induced by 3D culture mimicking BM, 

compared to 2D culture, and supported the application of 3D culture 

as the in vitro model to investigate the sensitivity to various 

antileukaemia agents. This was achieved by using an alginate foam-

based scaffold, prepared using microbubbles generated by a 

microfluidic device. The scaffold produced from the alginate 

microbubbles, using the methodology described in this thesis, 

simulated BM structure regarding the holes and lacuna, and also 

provided the space for the leukaemia cells to reside and interact with 

the mesenchymal stromal cells.  
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• This model is shown to have the potential of being used for drug 

sensitivity screens in the leukaemia research lab, as the preparation 

of 3D using this type of scaffold is easy and can be used by any 

biological lab. The nature of the alginate makes it cell-friendly, which 

is an advantage over some of the artificial polymers that are not cell-

friendly. Also, the important role of calcium in forming cross-links 

between the alginate molecules makes it possible to retrieve the 

cultured cells in these scaffolds by removing the calcium using 

chelating agents, such as EDTA, for downstream investigations. The 

result of this study concludes that alginate-based microbubble 

scaffolds have the potential of being an informative tool for routine 

screening of drug sensitivities for various types of leukaemia. 

6.2 Future work 

The future work can be divided into three categories. The first part is to further 

improve the microbubbles as a method of drug delivery. The second part of 

future work focuses on improving foam-based scaffold through further 

modifications which make it more similar to bone marrow, and the third part 

will be the investigation of how this 3D culture reduces the sensitivity of 

leukaemia cells to antileukaemia agents. 
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 Further improvement of microbubbles as a method of drug 

delivery 

To complete the mucoadhesive study using microbubbles it is essential to 

measure the life time of microbubbles after applying them on the animal 

tissue. For future studies it is important to find a method for assessing the 

bubbles on the tissue surface. Also, the microbubble time study can be 

extended by using various conditions where other factors and their influence 

on the bubbles’ stability are investigated. 

 Further modification of the alginate scaffolds  

The alginate-based scaffold can be further developed by adding other 

components of the BM such as collagen or fibronectin. By adding other 

components of the BM such as endothelial cells, the scaffold can be further 

developed to mimic physiological condition. This is a potential diagnostic tool; 

however, the stability of the scaffold should be further developed prior to 

converting it into a routine diagnostic tool. This requires stability studies under 

various conditions such as various life-time, temperature and humidity. 

 Exploring the mechanisms through which the alginate scaffold 

exerts its biological impact on the cells 

Gene expression study of the cultured leukaemia cells in this type of scaffold 

and correlation of the data with the activity of the altered genes would be an 

important aspect of the proposed work for future. The future research in this 
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direction would compare the gene expression prolife of the cultured cells in 

this type of scaffold against the cells in conventional 2D cultures. The 

differential gene expression would provide informative data on which 

signalling pathways have been activated by this type of scaffold. The next 

experiment will investigate whether the activated pathways are the same for 

a specific leukaemia cell when it is grown in 3D cultures with different types 

of scaffold. Different signalling pathways activation when a particular cell is 

cultured in various scaffolds would indicate the significance of material type 

on the biological activity of the cells. Whereas, the activation of the same 

signalling pathways in various scaffolds in a particular cell type would suggest 

the third dimension, rather than the materials of the scaffold, as having the 

major role on leukaemia cells’ response to therapy. 

Hypoxia is a mechanism of resistance to antileukaemia in BM through 

changing the metabolism of LSCs. I propose for future work that the 

concentration of oxygen in different sections of the scaffolds be investigated. 

Demonstrating the heterogeneous concentration of oxygen in different 

sections of the scaffold and correlating these regions with the cell density 

would be of significant value as it would provide additional evidence for the 

similarity of this 3D culture to bone marrow niches. The concentration of the 

oxygen is very low in certain regions of the bone marrow, and these regions 

are the main sites for the residence of the quiescent stem cells which are 

highly resistant to anticancer therapy. 

Induction of resistance to antileukaemia agents might be due to physical 

contact of the cells with scaffolds. The leukaemia cells which bind to the 
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scaffold might have a different metabolism or cell cycle compared to the 

floating ones. Investigation of these differences can be another topic for 

investigation in future.  

Finally, the higher resistance of the leukaemia cells to antileukaemia agents 

in the presence of the scaffolds might be due to unequal distribution of the 

drug in various parts of the scaffold. This might be due to various absorptions 

of the drug to the various components of the scaffold. Measurement of 

intracellular concentration of an antileukaemia agent in the cells retrieved 

from the different parts of the scaffold is expected to provide useful 

information. Biomedical studies investigating the interaction between the 

applied antileukaemia drugs and the scaffold structure are also required, 

along with measuring the half-life of the applied drug in the presence of the 

scaffold. 
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Appendix 

 

Different types of commercial surfactant 

 

Mucoadhesive polymers: Some mucoadhesive polymers used to improve 

performance of various pharmaceutical preparations  
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 Control 0.5 uM 1 uM 1.5 uM 2 uM 2.5 uM 

1 0.488 0.161 0.166 0.156 0.160 0.165 

2 0.596 0.178 0.150 0.168 0.166 0.170 

3 0.558 0.179 0.156 0.171 0.156 0.155 

4 0.585 0.239 0.160 0.169 0.165 0.154 

5 0.650 0.209 0.180 0.158 0.172 0.163 

6 0.587 0.245 0.178 0.177 0.165 0.153 
 

 

 

Calculation of imatinib sensitivity in K562 cell line 

Calculation of K562 cells’ sensitivity to various doses of imatinib. The table 

shows the recorded absorbance by spectrophotometry from the MTS assay 

plates in which six conditions were measured. They included untreated 

(control) and treated cells with 0.5, 1, 1.5, 2 and 2.5 µM imatinib. For each 

condition there were five replicates. The results of the replicate for each 

condition was normalised against the untreated control and presented as a 

percentage. The figure shows the normalised data and the error bars 

represent the variations among the replicates for each condition. 
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