
Forming of Novel Drug Carriers 
for Stimulated Encapsulation, 

Storage and Release 
 

 

 

 

 

Dissertation submitted for the degree of 

Doctor of Philosophy 
 

 

 

 

 

Ming-Wei Chang 

 

Department of Mechanical Engineering 

University College London 

09/2011 



~i~ 

Declaration 
 

I, Ming-Wei Chang, confirm that the work presented in this thesis is my own. Where 

information has been derived from other sources, I confirm that this has been indicated 

in the thesis. 

 

 

Yours sincerely, 

Ming-Wei Chang 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



~ii~ 

Abstract 
This research investigates the feasibility of using co-axial electrohydrodynamic 

atomisation (CEHDA) as a ‘one-step’ processing method to produce a new polymeric 

drug carrier. Moreover, a novel concept for stimuli-responsive drug encapsulation, 

storage and release from polymeric vehicles is demonstrated, using perfluorohexane 

(PFH) and polymethylsilsesquioxane (PMSQ).  

 

Firstly, hollow polymeric microspheres with precise control over their diameter and 

shell thickness have been prepared using CEHDA, by integrating a simple mechanism to 

form core-shell structures without the need of surfactant, additives or templating in the 

forming process. In this study, the release characteristics of the hollow capsules 

presented a Fickian mechanism as the release rate was a function of the shell thickness 

of the hollow capsule. 

 

Secondly, the feasibility of producing a hollow microsphere with a single hole in its shell 

by CEHDA has been explored. The diameters of the microspheres and of the single 

surface pore were controlled by using the CEHDA process. The process overcomes 

several of the key problems associated with existing methods of monoporous 

microsphere formation including the need for elevated temperatures, which utilize 

multiple processing steps. A major advantage of the micrometer-size opening on the 

hollow capsules allows one to directly and quickly load drug and other materials. The 

presence of different pore sizes provided varied encapsulation rates and also resulted in 

different release profiles.  

 

Finally, it was possible to develop stimulated drug carrier by using CEHDA without 

relying on a smart polymer. The release rate can be regulated by external temperature 

and ultrasound stimulations. When the stimulus temperature was applied, controlled 

encapsulation of different amounts of drug in the capsules was achieved and also 

provided enhanced release with real-time response. In addition, the functionalities of 

ultrasound induced release have also been observed, depending on the exposure time, 

duty cycle, and applied intensity. These findings offer great potential for drug delivery 

applications and provide new generic insights into the development of stimuli drug 

release systems. 
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Chapter 1 

Introduction        
                            

1.1 Background 

Pharmaceutical products utilizing advanced drug delivery technologies were projected 

to account for 39% of all pharmaceutical sales and annual U.S. prescription sales to raise 

$291 billion in 2008 (Aggarwal, 2007). For most of the industry’s existence, a strong 

social desire to improve therapeutic efficacy and economic pressures confronting the 

pharmaceutical industry has cause the market to move rapidly towards advanced drug 

delivery formulations. Seeking better therapies that minimize harmful side effects and 

improving capabilities of early detection, both effective and inexpensive, are the main 

goals of the medical professional spheres. Faced with numerous expirations of drug 

patents, pharmaceutical companies now view advanced drug delivery technologies as a 

means  not only of improving human health, but maintaining and protecting highly 

profitable drugs (DiMasi et al., 2003). 

 

During the past three decades, research and development activity in drug delivery 

systems has become increasingly common and complex. In parallel, recent 

breakthroughs in understanding of diseases and manipulations of material at the nano/ 

micro length scales, targeting of drug carriers, and improved intracellular stability offer 

tremendous promise in disease prevention, diagnosis, and therapy (Ganta et al., 2008). 

Different polymers used as drug carriers exhibit prolonged-release properties, but their 

shape are usually irregular and drug storage capacity is relatively low due to the much 

space taken up by the carrier through the entire matrix. In addition, potencies and 
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therapeutic effects of many drugs are limited or otherwise reduced because of 

inhomogeneous distribution of the drug through the matrix, which can affect the release 

rate between different samples, and the polymer degradation that occurs before reaching 

a desired target site in the body, or through an area where healthy bone and tissue might 

be adversely affected (Langer, 1990, Vallet-Regi et al., 2001). To overcome these 

disadvantages, Zhu et al. (2005) reported uniform hollow microspheres with 

significantly high loading capacities of drugs owing to its hollow core structure, which 

are able to transport from the inner confined core to the outside environment, attracting 

much attention for drug encapsulation, storage and release (Zhu et al., 2005, Zhu et al., 

2009). 

 

Recently, hollow monoporous microspheres (i.e. hollow microspheres with a single hole 

in their shells) have received much attention and been classified as a new category of 

particles on account of their higher effective diffusivity of drugs and available surface 

area compared with microporous spheres of the same size (Jeong et al., 2007, Yow and 

Routh, 2008). These microspheres offer enhanced rates of encapsulation, as well as 

being suitable for other applications, e.g. catalytic carriers, thermal insulation, and 

targeting (Guan et al., 2007). Minami et al. (2005) reported that such particles can be 

prepared by the SaPSeP (Self-assembling of Phase Separated Polymer) method 

(Minami et al., 2005). This technique has since been refined and similar particles with a 

single regular hole on their shells were formed at temperatures below 0 °C (Im et al., 

2005, Jeong et al., 2007). However, the design and preparation of hollow monoporous 

microspheres present significant challenges. Many of the current techniques used are 

complex and require highly specialized equipment and/or processing environments (Yin 

and Yates, 2008). 
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Drug delivery systems that can respond to change in environment are considered to be 

one of the most promising drug carriers and show potential applications in medicine and 

therapeutic applications (Ehrbar et al., 2008, Cai et al., 2009). The uses of 

stimuli-responsive carriers offer opportunities for delivery systems because they 

become an active participant rather than a passive vehicle. The ability of these 

polymeric carriers to encapsulate, protect and controllably release therapeutics and 

nutrients would improve the therapeutic efficacy. For example, Shenoy et al. (2005) and 

Devalapally et al. (2007) using pH-sensitive release have found significant enhancement 

in the treatment of tumor mass as compared to non-pH-sensitive carriers (Shenoy et al., 

2005, Devalapally et al., 2007). Drug delivery systems incorporating responsive 

elements e.g., micellar, hydrogels, polymersomes, and biopolymer conjugates have been 

designed and can undergo shape or phase changes in response to variations in the 

environment providing controllable release of drug from the polymer matrix along with 

minimizing undesirable side effects (Dong et al., 2006). 

 

Currently, development of stimuli- responsive drug delivery systems are heavily reliant 

on responsive polymeric materials (Nelson, 2008, Hest, 2009). Functionalization of 

polymers, both tunable and controllable in their operation and performance, can be 

achieved by applying stimuli including oxidation, pH, temperature, ionic strength, light, 

electric fields, magnetic fields, and ultrasound (Yang et al., 2009, Stuart et al., 2010). 

Owing to their unique sensitivities, these single stimulus-responsive properties would 

limit their potential for practical applications. For example, some of them (pH and 

oxidation) require chemical environmental changes, which may not be compatible 

during drug administration (Wang et al., 2008). The radiation of light may cause 

damage to organisms and normal cells, and its penetration depth is weak in tissues 
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(Geest et al., 2007). Furthermore, toxic by-products and the biocompatibility of 

responsive polymers may be a significant impediment to the development of these 

delivery systems and for patient use (Putnam, 2008, Kim et al., 2009). Therefore, a 

new stimuli- drug delivery system independent of the action of smart polymers, which 

could respond to more than one extracorporeal stimulus is very important to speedily 

enable their application in drug delivery (Rzaev et al., 2007). 

 

Electrohydrodynamic atomisation (EHDA), also known as electrospraying or 

electrostatic atomisation, is one of the most promising approaches to manufacturing 

micro- and nano-capsules with a narrow size distribution (Pareta and Edirisinghe, 2006). 

In this process, liquid flowing out from a needle is subjected to an electric field, which 

causes a jet which subsequently breaks up into droplets. Using different combinations of 

needles provides versatile capabilities of encapsulation. Two immiscible liquids can be 

successfully encapsulated in a polymer in the absence of processing additives by using 

co-axial electrohydrodynamic atomisation, where two concentric needles are used 

(Farook et al., 2008). Compared to other current techniques of encapsulation, EHDA 

offers a range of advantages, such as low cost, simple apparatus, convenience, ambient 

temperature and pressure processing and a high degree of control over product 

characteristics.  

 

1.2 Aims and objectives 

This research is aimed towards the exploration of the use of electrohydrodynamic 

atomisation (EHDA) to produce a novel drug carrier for stimulated encapsulation, 

storage, and release. A fundamental understanding of electrohydrodynamic processing 

is important to prepare hollow, core-shell, microspheres without using surfactants or 

additives. Furthermore, the research also investigates at an in-depth study of the 
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diameter and size distribution of monoporous hollow microspheres that are influenced 

by the electrohydrodynamic process; an area which still has not been well documented 

in related studies. Finally, this research is to develop compatible stimuli-responsive 

elements in the hollow structure. Ideally, a drug delivery system should respond to 

on-demand requirements, and alter the encapsulation and drug release profile 

accordingly. To achieve these objectives, several studies in different stages are 

necessary, which will be arranged into three separate sections as follows.  

 

The initial objective of this study is to investigate the feasibility of using EHDA to 

produce hollow capsules without using surfactant and other additives. The objective is 

to be able to easily and efficiently produce core-shell structures preferably using a 

‘single-step’ processing method rather than the repetitive measures followed in the 

literature. Perfluorohexane will be used as the core material due to its variety of uses 

ranging from industrial to biomedical applications. However, whether perfluorohexane 

can be encapsulated into the polymer by EHDA and whether EHDA can be used to 

generate truly hollow microspheres with controllable diameter rather than the sponge 

like structures obtained in the literature will be elucidated. Therefore, a suitable 

spraying process needs to be optimized, and its ability to be electrosprayed will be 

investigated and modifications to the polymer solution will be carried out. To 

understand the capability of controlled release from the prepared hollow capsules, a 

study of wall thickness is needed in order to uncover the suitable influence for the drug 

delivery system as well as capsule morphology.  

 

The EHDA technique has been used to produce spherical and non-spherical micro/nano 

drug carriers in the literature and most of the selected polymers used as a drug carrier 

provides electrical conductivity for electrospraying and offers a framework for the 
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incorporation of drug molecules. However, there has been no previously attempt to 

produce monoporous hollow capsules using EHDA. Therefore, the second objective of 

this research is to investigate the feasibility of using the EHDA method to produce 

core-shell structure with a monopore to perform as drug carriers at ambient temperature 

and pressure. The effects of the controlling parameters for the monoporous hollow 

capsule need to be investigated and the relationship between the processing parameters 

and the mean sphere diameter (D), pore size (d) and ratio β = D/d will be determined. 

Furthermore, the validation and characterization of monoporous capsules used as a drug 

carrier will be carried out. 

 

As afore-mentioned, although the stimuli drug release system can provide the controlled 

release pattern and improve the therapeutic efficacy, the development of electrosprayed 

drug carrier response to the environment is still limited. In addition, most stimulated 

drug delivery systems are based on synthetic polymers. Therefore, the investigation of 

EHDA spraying technique for stimulated drug carrier with different triggering elements 

is very important. Essentially, a suitable stimuli element for core-shell configuration of 

microspheres needs to be investigated. The fundamental mechanism of the responsive 

process and the effect of the stimuli-element for drug release will also be explored by 

using temperature control and ultrasound radiation, since both external triggers are 

considered as the most potential technique for remote responsive drug delivery systems.  

 

1.3 Structure of the thesis 

Chapter 1 briefly describes the background for this thesis. The chapter introduces the 

main drawbacks of the current drug delivery systems prepared using traditional 

techniques, the importance of hollow capsules and monoporous hollow capsules, a 

novel stimuli drug delivery system, and the concept of EHDA spraying, and states the 



 

Chapter 1 Introduction 

~7~ 

aims, the objectives and the scope of this research.  

 

Chapter 2 is dedicated to a critical literature review where the basic physiology and 

properties of drug delivery systems are discussed. The hollow capsule design 

requirements, the preparation of core/shell structure, the use of drug and their different 

types are discussed. The reasons and methods used for the preparation of monoporous 

hollow capsules are explained. The concept of stimulated mechanism is also examined 

subsequently to clarify the motivation of the development and utilisation of new stimuli- 

elements. The preparation of smart drug carriers, the use of drug and their different 

types are discussed. To understand the mechanism of EHDA processing, various modes 

of this processing carried out by other researchers are reviewed, which is used for the 

experimental part of this thesis. 

 

Chapter 3 describes the materials and the preparation of the investigation carried out in 

this research. Preparation of polymer suspension is described as well as the general 

equipment set-up used for electrohydrodynamic processing. Details of the designs for 

the electrohydrodynamic process development are also described. The sample 

characterisation methods used in this research are introduced. 

 

Chapter 4 investigates the feasibility of using EHDA to produce hollow capsules for 

controlled release. The contents of the present work are divided into two parts including 

the preparation of hollow capsule and an in-vitro release study. The first part 

investigates the feasibility of using EHDA to produce hollow capsules with varied shell 

thickness in absence of surfactant and other additives. The experimental process has 

been optimized by changing EHDA parameters as well as the measurement of the 

dimension of the capsules produced by the stable jet. A comprehensive study is also 
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included in the section to uncover the mechanism of hollow structure formation and 

control of the core-shell structure. The second part of this chapter focuses on the study 

and analysis of the effect of core-shell carriers with varied shell thicknesses for drug 

delivery applications. The release characteristics of hollow shell drug delivery carriers 

are strongly dependent on the properties of the capsule shell, in particular its thickness 

and porous structure. The related release mechanism is elucidated in this chapter. 

 

Chapter 5 investigates the possibility of using the EHDA technique for the processing 

of monoporous hollow capsules for drug delivery. The research in this part reveals pore 

formation is highly dependent on the properties of the volatile liquid (perfluorohexene) 

and the sprayed capsule size that is produced during electrospraying. The influence of 

the experimental parameters such as the polymer concentration, flow rate, applied 

voltage, and working distance on the control of pore size and outer diameter of capsule 

has been studied. Mode selection maps of EHDA have been plotted to determine the 

flow rate of PMSQ polymer and applied voltage for conducting the experiments. The 

surface topography of hollow structures with a single pore on its surface are also 

characterized using scanning electron microscopy and optical microscopy. 

Subsequently, the capsules obtained with various pore sizes and outer diameters are 

used as drug carriers to study their capability in drug delivery. The mechanism of pore 

formation and the advantages/disadvantages of the EHDA technique are also discussed 

in detail in this chapter. 

 

Based on the results obtained in Chapter 4, it was observed that hollow, core-shell, 

capsules with sustained release could be prepared by electrospraying. Chapter 5 

demonstrates the possibility of improving the encapsulation rate via a hole formed on 

the hollow capsule by electrospraying. However, Chapter 6 describes a new strategy: 
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How a temperature-responsive non-toxic, volatile liquid can be encapsulated and stored 

under ambient conditions and subsequently programmed for controlled drug release 

without relying on a smart polymer. When the stimulus temperature is reached, 

controlled encapsulation of different amounts of molecules in the capsules is achieved 

providing sustained release behaviour. Under different ratios of the liquid 

(perfluorohexane): drug in the capsules, enhanced controlled release with real-time 

response is provided. This research also presents a novel method for the remotely 

stimulated release of an encapsulated material from hollow capsules using ultrasound. 

The effects of subjecting the capsules to ultrasound and their effects on the enhanced 

release and capsule morphology are investigated. Finally, a variety of drugs with 

different molecular weight are performed to understand the new strategy and to 

investigate the influence of drugs on release behaviour and the structure-drug 

interaction. 

 

Chapter 7 makes comprehensive conclusions based on the results and discussion of the 

investigations carried out in Chapters 4, 5 and 6. The findings from these investigations 

set out the future plan and suggestions that could be carried out for further exploitation 

of this interesting research for biomedical and pharmaceutical applications. It also 

addresses the need for further research in this particular field for commercial success. 

 

1.4 Benefits of the research 

This research provides contributions both to the scientific community by cementing 

knowledge with regards to the electrohydrodynamic processing and benefits the 

industrial community by demonstrating innovative, and low cost processing techniques 

to produce smart and stimuli-responsive capsules with improved response for 

biomedical and pharmaceutical applications. The information provided in this research 
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opens new insights to extend the capabilities of the EHDA technique and to institute an 

advanced drug delivery system. 

 

In the first part of this research, polymethylsilsesquioxane (PMSQ) coated capsules of 

liquid perfluorohexene (PFH) were successfully prepared in the absence of additives 

using EHDA. The processing parameters for PFH capsules have been optimized and the 

structures of the core-shell capsules were examined by electron microscopy. The 

thickness of the polymeric coating was found to be uniform over individual capsules and 

to scale with the capsule outer diameter by a factor of ~6.8 to 10. It has been shown that 

the release profiles from hollow microcapsules represent a Fickian mechanism and can 

be regulated by controlling shell thicknesses. This is a crucial forward step in obtaining 

advanced capsules for drug delivery applications. Also, the processing technique proved 

to be simple, fast and economical and can be implemented for the controlled release of 

encapsulated materials with controlled release rates. 

 

In the second section of the research, a new method for the creation of hollow capsules 

with a controllable single hole in its shell has been uncovered and its characteristics 

demonstrated. The diameters of the microspheres and of the single surface pore have 

been successfully controlled by varying the flow rate, the concentration of the PMSQ 

solution and the applied voltage in the EHDA process. Furthermore, an in-depth study of 

the effect of pore size on encapsulation and release has shown improvement in the 

encapsulation of a model drug. Primarily by increasing the pore size to 135 nm, high 

encapsulation rates have been achieved. This research has shown that EHDA is a 

promising technique and overcomes several of the key problems associated with 

existing methods of monoporous microsphere formation including the need for elevated 

temperatures, multiple processing steps and the use of surfactants and other additives. 
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A drug delivery system that allows remote real-time control of release dosage according 

to the therapeutic treatment is extremely important in clinical application. In the final 

section, the research presents a novel method for release of an encapsulated material 

from core-shell capsules based on temperature control and ultrasound cavitation. With a 

model system used for drug release studies, a new strategy of temperature-responsive 

carriers for drug encapsulation, subsequently programmed for controlled drug release 

without relying on a smart polymer has been developed. Controlled encapsulation of 

different amounts of drug in the capsules and subsequent enhanced release are achieved 

when the stimulus temperature is reached. Furthermore, “remote” controlled release 

from such novel capsules have been studied by using ultrasound. The release of 

encapsulated molecules can be precisely controlled; the magnitude of drug release being 

a function of power, duty cycle, and time of application of ultrasound. The collapse of 

hollow structures of polymer was also observed when high-power output levels of 

ultrasound were introduced, which offers an alternative mechanism for extracorporeal 

real-time remote release of an encapsulated therapeutic molecule from hollow capsules. 

Hence, this research offers great potential for drug delivery applications and provides 

new generic insights into the development of stimulated drug delivery systems. 
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Chapter 2 

Literature review 
 

Modern drug delivery systems have been made possible by the progress in polymer 

science and fabrication technology. These advances have resulted in drug delivery 

systems with unique properties. Initially, polymers were used as additives to stabilize 

drugs or as mechanical supporters for the sustained release of drugs. As new polymers 

were introduced, drug delivery systems with tailor-made properties were produced. 

Input from other research areas, such as biochemistry, physiology, and nanotechnology, 

has led to more effective drug delivery systems with well-defined structures. In this 

chapter, a brief history of drug delivery systems, hollow capsule generation and the 

development of stimuli-drug delivery systems are reviewed. This will help to specify 

the limitations of traditional drug delivery and encapsulation techniques, and therefore 

provide the motivation for the study of novel functional drug delivery systems. A 

number of techniques have been employed in the development of drug carriers with 

advanced functions and properties. However, the electrohydrodynamic atomisation 

(EHDA) technique offers advantages regarding this and therefore a discussion on the 

physical principles of the EHDA technique helps to provide a comprehensive 

understanding of the process to further investigate the optimized electrospraying 

conditions. 

  

2.1 Drug delivery 

2.1.1 Drug delivery profiles and systems 

For conventional formulations, the plasma concentration of a drug is directly 



 

Chapter 2 Literature Review 

~13~ 

proportional to the administrated dose. Controlled drug delivery can be used to achieve 

sustained constant concentration of therapeutically active compounds in the blood with 

minimum fluctuations and provide predictable and reproducible release rates over a 

long period of time. The protection of bioactive compounds which can have a very 

short half-life is important. The elimination of side-effects, waste of drug and frequent 

dosing have also needed to be considered. Furthermore, optimized therapy, better 

patient compliance, and better drug stability has to be obtained (Langer, 1990).  

 

Figure 2.1a displays the typical profiles of plasma drug concentration as a function of 

time after oral or intravenous administration. The advantage of conventional 

formulations is low cost. Unfortunately, drug concentration is decreased for extended 

periods of time and high drug concentration in systemic circulation often induces 

adverse effects, usually requiring multiple administrations to obtain the desired 

therapeutic effect (Kim et al., 2009). Figure 2.1b shows sustained drug release, 

resulting in prolonged plasma drug concentration within a therapeutic window. 

Synthetic polymers or pumps deliver drugs at a constant rate so that the drug 

concentration in the blood stream is maintained at an optimal level of therapeutic 

effectiveness (Langer, 1990).  

 

Figure 2.1c shows a therapeutic agent can be released only when it is required. As 

shown in Figure 2.1d, active drug can be generated by continuous degradation of 

linkers by which drugs and polymers are chemically conjugated. Polymer-drug 

conjugation has also resulted in an increase of the drug circulation time and drug 

stability in blood (Duncan, 2003). As an extension of the pulsatile release system, 

multiple drug release with temporally programmed release behaviour is an excellent 

solution to supply controllable doses of drug. In this system, multiple drug components 
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are supposed to be sequentially released only when they are demanded (Figure 2.1e).  

 

(a)  (b) (c)  

(d) (e)  

  

Figure 2.1 Different types of controlled release systems. (a) Simple diffusion and 

partition. (b) Sustained release. (c) Pulsatile release. (d) Release profile and drug 

conversion of the polymer-drug conjugate as a prodrug. (e) Temporally controlled. In 

all graphs the Y and X axes are drug plasma concentration and time, respectively (Kim 

et al., 2009) 

 

2.1.2 Drug carrier materials 

The development of materials for drug delivery systems, particularly controlled drug 

delivery systems, have been practical in recent decades, but within a short time they 

have had an impact on almost every sphere of medicine including cardiology, 

ophthalmology, endocrinology, oncology, and pulmonary medicine (Prestwich and Luo, 

2001). The materials for drug delivery systems have to be involved with the 
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physiological environment when performing their functions in the human body. This 

situation requires non-toxicity and has to be considered with non-viable materials. 

Finally, the materials become a part of the body either temporarily or permanently or get 

eliminated by the natural functions of the living tissues or organs. Therefore, the proper 

function of the material is restricted by its long-term biocompatibility and the behaviour 

of the material in the host. Furthermore, drug delivery materials should provide an 

adequate combination of the desired biological agent against the inflammatory response 

and bioactivities (Tang and Eaton, 1995). 

 

Biodegradable materials have been used as a route to achieve spatial and temporal 

release of therapeutics into the body for controlled release. The approach for controlling 

release rates is to embed the drug within a hydrolytically degradable material but 

normally the polymers erode in injection. The development of biodegradable materials 

for drug carriers can be achieved from a variety of polymers including polyesters, 

polyorthoesters, polyanhydrides and polycarbonates (Grayson et al., 2003, Zawaneh et 

al., 2006). Polyesters based on lactic acid and glycolic acids (PLGA) have been used as 

a primary material for degradable drug delivery because of their physical properties 

such as elasticity, physical strength, suspension capabilities, and controllability of the 

release profile. Eventually, these polymers are degraded within the body during 

circulation. However, such polymers usually lead to significant local inflammation 

because the by-products of degradable polymers are often acidic in nature (Brodbeck et 

al., 1999). This challenge associated with this paradigm limits the use of these polymeric 

materials for some diseases, such as myocardial infarction, tissue fibrosis, and 

diminished cardiac function (Putnam, 2008, Kim et al., 2009). 
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A variety of non-biodegradable polymers such as acrylic-based and 

polysaccharide-based polymer, and alkylsilicone resin have found wide application in 

the drug delivery systems or transdermal vehicles (Pillai and Panchagnula, 2001). 

Furthermore, silica-based systems have been extensively investigated and have shown a 

potential as a high-performance drug carrier in recent years (Chen et al., 2004, Zhao et 

al., 2008). Since MCM-41 (Mobile Crystalline Material) was first utilised as a drug 

delivery system, silica-based materials have been investigated as drug carriers (Lai et al., 

2003) and the biocompatibility of silica capsules with cellular systems has been 

demonstrated (Kortesuo et al., 2000, Chia et al., 2000). Therefore, a set of 

biocompatible polymers modifies the drug-release kinetics and constitutes an 

advantage in bioactivity over currently used biodegradable polymer devices. Drug 

carrier materials that are handled in drug delivery systems include nano and micro sizes 

where the property is decided depending on the applications (Uhrich et al., 1999, Jong 

and Borm, 2008). 

 

2.1.3 Drug release mechanisms 

It is known that drug concentration levels in the blood plasma depend on the quantity 

of drug released from the device as drug absorption is determined by its solubility in 

tissues and the availability of local blood flow in tissue (Bruck, 1983). According to 

the mechanism controlling drug release, delivery systems can be classified as diffusion 

controlled devices, solvent controlled devices, and chemically controlled devices 

(Heller, 1987, Ranade and Hollinge, 1996). 

 

2.1.3.1 Diffusion controlled devices 

There are two types of diffusion controlled systems, reservoir devices and matrix 

devices. A schematic representation is shown in Figure 2.2. Reservoir systems are 
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hollow devices in which an inner core can be in powdered or liquid form. The drug core 

is surrounded by a non-biodegradable polymeric material through which the drug slowly 

diffuses. The drug and membrane properties control the rate of release from such a 

system. The drug transport mechanism through the membrane is usually a 

solution-diffusion mechanism. The rate of drug release will depend on the solubility of 

the drug in the polymer and the thickness of the membrane (Rathbone et al., 2000). With 

matrix devices, the drug is either dissolved or dispersed randomly in the polymer. The 

drug is released from the matrix by diffusion. The proportion of matrix material and 

drug can influence the release mechanism and release rate. An inherent drawback of 

the matrix systems is the continuously decreasing release rate. This is due to the 

increasing diffusion length for the penetrating drug (Khan and Zhu, 1999).  

 

 

Figure 2.2 Schematic drawings of two types of polymer-based diffusion controlled 

drug delivery devices (Kim et al., 2009) 

 

2.1.3.2 Solvent controlled devices  

Solvent controlled release devices are based on the principle of solvent penetration. 

There are two types of solvent controlled systems - osmotic and swelling (Heller, 1987). 

Osmotic controlled systems involve an external fluid containing a low concentration of 

drug moving across a semi-permeable membrane into a region within the device 
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containing a high concentration of drug. In swelling controlled systems, a polymer 

which can hold a large volume of water is employed. When the device is placed in an 

aqueous environment water penetrates the matrix and the polymer consequently swells. 

As a result of the polymer swelling, chain relaxation takes place and the drug is able to 

diffuse through.  

 

2.1.3.3 Chemically controlled systems 

Chemically controlled devices can also be divided into two classes - “pendant-chain” 

systems and biodegradable (also known as bioerodible) systems. In pendant-chain 

systems, a drug molecule is chemically bonded to a polymer backbone. The rate of drug 

release is controlled by the rate of hydrolysis. Bioerodible systems are designed to have 

a drug which is dispersed throughout the polymer. The polymer erodes because of the 

presence of hydrolytically or enzymatically labile bonds. As the polymer erodes, the 

drug is released to the surrounding medium (Heller, 1987). 

 

2.2 Stimuli drug delivery system 

Research in polymer science and engineering has developed new polymers for 

advanced controlled delivery of therapeutic drugs. Stimuli-sensitive polymer also 

called smart polymer, which can actively respond to designed environmental signals 

and physicochemical changes are in demand. There are three groups of stimulus used 

for advanced drug delivery systems: Physical (temperature, ultrasound, light, 

electricity, magnetism), chemical (pH, ionic strength), and biological signals (enzymes, 

biomolecules). The signal can be either applied by ‘external’ sources or by the 

‘internal’ environment of a certain pathophysiological condition. The following 

sections will discuss the application of the key responsive materials on 

stimuli-responsive carriers and their stimuli-behaviour for controlled release. 
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2.2.1 Responsive materials 

Several families of molecular assemblies are used as stimuli-responsive carriers for 

either passive or active drug delivery. Figure 2.3 shows main responsive materials 

such as liposomes, polymeric nanoparticles, block copolymer micelles and dendrimers. 

These colloidal molecular assemblies can undergo volume change in response to 

variation in environmental parameters (Ganta et al., 2008). The combination of these 

molecular assemblies can be considered as biomimetic and can be used as drug carriers 

with desired stimuli-responsive properties. The most fascinating features of using such 

materials for drug delivery system arise from versatility and tunable sensitivity. 

Numerous monomers can be tailored to respond to one stimulus signal as well as to 

copolymers answering multiple stimuli. The versatility of stimuli drug delivery 

systems makes it possible to tune up more accurate and programmable drug delivery 

with a means of regulating pharmacokinetics and improving therapeutic efficacy (Li 

and Keller, 2009). 

 

 

Figure 2.3 Different types of stimuli-responsive materials (Ganta et al., 2008) 
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2.2.2 Temperature triggering 

Temperature-induced drug delivery is considered to be one of the most simple 

techniques of external trigger. Temperature sensitivity originates from the balance 

between hydrophobic and hydrophilic segments resulting in polymer chain aggregation 

via physical cross-linking. Kaneko et al. (1999) reported that poly 

(N-isopropylacrylamide) (PNIPAAm) is soluble in water in the ambient temperature 

range from 25 to 32 °C. Above the lower critical solution temperature (LCST), the 

solution becomes opaque and finally turns into gel (Kaneko et al., 1999). Jeong et al. 

(1997) also showed thermo-sensitivity can be obtained by using block copolymers of 

poly(ethylene glycol)/poly(lactic-co-glycolic acid) (PEG/PLGA, ReGel) and 

poly(ethylene oxide)/poly(propylene oxide) (PEO/PPO, Pluronic) (Jeong et al., 1997). 

This phenomenon has been used for thermo responsive drug carriers and the gelation 

occurs as depicted in Figure 2.4 (Klouda and Mikos, 2008).  

 

 

Figure 2.4 Structure and drug release from a thermoresponsive polymeric micelle 

(Klouda and Mikos, 2008) 



 

Chapter 2 Literature Review 

~21~ 

 

2.2.3 Electro-sensitivity 

An electro-stimulus also allows for precise control over the magnitude of the current, the 

duration of electrical pulses, and the interval between pulses. The electro-responsive 

concept is depicted in Figure 2.5. Shiga (1997) reported that delivery systems exploiting 

electro-stimulus are prepared from polyelectrolyte polymers, which contain a relatively 

high concentration of ionizable groups along the backbone chain. Under the influence of 

an electric field, hydrogels generally shrink or swell, depending on a number of 

conditions. For example, when electric potential is applied across both the anode and 

cathode electrodes of polyacrylamide hydrogels, a volume collapse can be observed 

after a minute. This is due to the electrostatic attraction between the anode surface and 

the negatively charged acrylic acid groups creating stress along the gel axis. Predictable 

release rates were modulated by altering the magnitude of the electric field between the 

electrodes (Shiga, 1997). 

 

 

Figure 2.5 Schematic representation of the electro-responsive effect in a polymer gel. 

The paths of the particles have been formed prior to application of the electric field 

(Shiga, 1997) 
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2.2.4 pH sensitivity 

pH sensitive polymers, which respond to pH changes in the surrounding environment, 

normally contain pendant acidic (e.g. carboxylic and sulfonic acids) or basic (e.g. 

ammonium salts) groups that are capable of either accepting or releasing protons, thus 

leading to conformational changes of the polymers (Gupta et al., 2002). In a healthy 

human, pH of the body tissue is maintained around 7.4 and in the gastrointestinal tract 

the pH changes from, ~1-3 in the stomach and ~7 in the intestine (Phang et al., 2004). 

Each change has been utilized for the preparation of pH responsive drug delivery 

systems, which can exploit the biochemical properties at the diseased site for targeted 

delivery. Foss et al. (2004) reported that poly acrylic acid-g-PEG nanoparticles are 

stable for oral insulin delivery. At pH 6, the size of the nanoparticles becomes > 600 

nm, thus expecting to avoid uptake by the intestinal Peyer’s patch and provide 

treatment that plays a key role in intestinal immunization and in the removal of foreign 

substances (Foss et al., 2004). Lee et al. demonstrated that PEG-b-poly (L-histidine) 

(PEG-PHis) spontaneously loaded anti-cancer drug at high pH and eliminated 

multi-drug at pH 6.8, which might be expected to work in-vivo for breast tumor 

treatment (Lee et al., 2003). However, the pH-sensitive polymers used for anti-cancer 

drug delivery should have a narrow pH range for stimuli-release because more subtle 

pH changes occur within the various bodily tissues (Table 2.1). Otherwise, 

pH-sensitive drug carriers can induce either severe toxicity by drug burst or poor 

therapeutic efficacy. 
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Table 2.1 pH in various tissues and cellular compartments (adapted from (Bawa et al., 

2009)) 

Tissue/cellular compartment pH 

Blood 7.35–7.45 

Stomach 1.0–3.0 

Duodenum 4.8–8.2 

Colon 7.0–7.5 

Early endosome 6.0–6.5 

Late endosome 5.0–6.0 

Lysosome 4.5–5.0 

Golgi 6.4 

Tumor, extracellular 7.2–6.5 

 

2.2.5 Magnetic sensitivity 

Magnetic targeting is based on the attraction of micro/nano magnetic particles to an 

external magnetic field source. In the presence of a magnetic field, a translational force 

will be exerted on the particle/drug complex (Bawa et al., 2009). Superparamagnetic 

iron oxide nanoparticles e.g. Fe2O3 or Fe3O4 with a diameter of <60 nm are 

encapsulated in organic or inorganic materials. These nanoparticles are capable of 

delivering drugs with desirable release rates at the intended site while an external 

magnetic field is applied. Lu et al. (2005) explored a magnetic field to modulate the 

permeability of polyelectrolyte microcapsules prepared by layer-by-layer self-assembly, 

as shown in Figure 2.6 (Lu et al., 2005). As external magnetic fields were applied to the 

encapsulated magnetic particles, these nanoparticles disturbed and distorted the capsule 
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wall and drastically increased the permeability of the capsules. Hu et al. (2008) reported 

acceleration of drug release from magnetic-sensitive silica nanospheres can be 

manipulated by the use of a high-frequency magnetic field (HFMF). The HFMF rotated 

magnetic particles in the silica matrix subsequently generating heat and enlarged porous 

channels of the silica matrix which in turn enhanced drug release (Hu et al., 2008). The 

positioning, orientation and magnetic strength of the embedded magnetic materials have 

also been found to be important in tailoring release rate in these systems (Hu et al., 

2007). 

 

 

Figure 2.6 Schematic representation of the assembly and permeability of 

microcapsules embedded with gold-coated cobalt (Co@Au) nanoparticles under an 

oscillating magnetic field (Lu et al., 2005) 

 

2.2.6 Light sensitivity 

Light sensitive polymers can be manipulated under UV or visible light. Mamada et al. 

(1990) reported that hydrogels with Bis(4-dimethylamino)phenylmethyl leucocyanide 

in a polymer network can swell in response to UV irradiation but shrink when the UV 
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light is removed. The swelling is due to an increase in osmotic pressure within the gel 

and the cyanide ions formed by UV irradiation (Mamada et al., 1990). Susuki et al. 

(1990) demonstrated that visible light-responsive hydrogels can be synthesized by 

incorporating a light-sensitive element e.g. chromophore. When light is applied to the 

hydrogel, the chromophore is dissipated locally as heat by absorbing light, inducing an 

elevated temperature of the hydrogel. This increase in temperature alters the swelling 

behaviour of the hydrogel and paves a route for controlled release applications (Suzuki 

and Tanaka, 1990). However, visible light-responsive polymers and hydrogels are 

more desirable owing to being safe, inexpensive, readily available, clean and easily 

manipulated (Qiu and Park, 2001). 

 

2.2.7 Ultrasound triggering 

Ultrasound-induced drug delivery is considered to hold the most potential as an 

external trigger. The advantage of therapeutic ultrasound arises from the fact that it is 

relatively a non-invasive technique, broadly applicable to a variety of cells and to the 

interior of the body (Gao et al., 2005). Owing to its versatile and cost-effective 

modality in many clinical applications, various applications of drug delivery using 

ultrasound, especially in the frequency range from 20 kHz to 3 MHz, have been 

extensively investigated (Lin and Thomas, 2004, Lin and Thomas, 2003). Early studies 

have shown that acoustic cavitation is the primary effect to increase the degradation 

rate of biodegradable polymers and up to a 20-fold enhancement in the drug release 

rate was observed from polymer matrices, suggesting that low frequency ultrasound is 

more effective in enhanced release than high frequency (Kost et al., 1989, Leong et al., 

1986, Schroeder et al., 2007). Moreover, synergistic therapeutic effects have shown 

that temperature-induced release and hyperthermia increases by ultrasound is 

beneficial for cancer treatment (Smet et al., 2011). On the other hand, cavitation 
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occurring through the collapse of microbubbles has also been used to enhance release 

of encapsulated materials by breaking up the polymer capsules (Geest et al., 2006). 

 

2.2.8 Creating a stimuli-drug delivery system 

In spite of extensive research in the development of smart polymers for stimuli drug 

delivery systems, it is not easy to find a commercialized product based on any smart 

polymer. The major challenge is caused by the biocompatibility issue. Bischoff (1972) 

reported the hydrolysis and free radical- or oxidation/reduction-mediated breakdown of 

implanted polymers. In addition, he demonstrated blood clotting, host-rejection, 

carcinogenesis, and phagocytosis by the reticuloendothelial system, which was induced 

by polymers inside living subjects (Bischoff, 1972). Currently, most of the research 

primarily focuses on how to design a polymer with more sensitivity, responding to a 

given stimulus in-vitro. There has been no significant advancement in the 

biocompatibility issue. In addition, the most significant weakness of all these external 

stumuli-sensitive polymer is that their response time is too slow (Qiu and Park, 2001). 

Therefore, questions about how to use existing biocompatible polymers and the 

incorporation of stimuli-elements to design a new stimulated drug delivery system with 

real-time response is an important and urgent challenge. 

 

2.3 Hollow microspheres  

Hollow microspheres are spherically symmetrical particles consisting of at least two 

phases with diameter between ~10 nm and 1000 μm. While the current need for hollow 

microspheres is gaining more and more attention in various disciplines, several 

colloidal synthetic methods have been used to prepare various hollow structures 

because of their high specific surface, low density, good heat-insulation and large pore 

volume (Wang et al., 2007). The typical thickness of the wall is in the range of 1 to 30 
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% of the diameter of the sphere. The wall material may be made from organic or 

inorganic materials. These features make the hollow structures a unique and promising 

candidate for multifunctional drug delivery vehicles including specific targeting, 

imaging, and controlled release (Zhang et al., 2009, Xiao et al., 2009, Bai et al., 2009). 

Typical scanning electron micrographs of hollow microspheres and their cross section 

are shown in Figure 2.7 (Okubo et al., 1998). This section focuses on a critical 

literature review associated with the preparation of hollow microspheres. The basic 

principles and the processing techniques are also discussed in this section. In addition, 

the preparation and application of new monoporous hollow microspheres are also 

taken into account. 

 

 

Figure 2.7 Scanning electron micrographs: (A) poly(ethyl methacrylate) / 

divinylbenzene composite particles produced by suspension polymerization, (B) cross 

sections of the composite particles (Okubo et al., 1998) 
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2.3.1 Fabrication of hollow microspheres 

Colloidal particles with a hollow interior represent a special class of core-shell particles 

for drug delivery applications. Before 1998, most hollow particles were synthesized 

using spray-drying and gas-blowing methods for controlling structures on the 

micro-scale (Wilcox et al., 1995). In the 1970s and 1980s, Matijevic and others 

primarily demonstrated core-shell colloids for the use in surface functionalization 

(Matijevic, 1993). These efforts heralded approaches for coating Au and Ag 

nanoparticles with silica by sol-gel processing (Ung et al., 1998, Liz-Marzán et al., 

1996), and colloidal templating synthesis of hollow spheres (Caruso et al., 1998). These 

approaches gave rise to a new, more versatile, synthesis paradigm for the preparation of 

hollow structures based on hard-templating methods. Indeed, starting around 2001, 

there has been a large increase in research activity focused on preparation of hollow 

micro-/nano-structures using templates. The synthetic approaches to hollow sphere 

preparation are investigated in detail and can be categorised according to how the 

hollow structure is formed: spray method, high temperature method, templating, 

emulsion processing, and polymerization.  

 

2.3.1.1 Spray method 

Spray processes are the most widely used industrial technique. Droplets can be easily 

generated by capillaries, followed by the formation of the wall and the removal of the 

core material. In gas phase synthesis, pyrolysis was involved in spray drying to produce 

hollow particles (Chadda et al., 1991, Powell et al., 1997). The flow chart of the process 

of spray drying is shown schematically in Figure 2.8. In general, shell materials are 

dispersed in a suitable liquid and subsequently the solution is atomized by a capillary in 

the system. While the suspension is leaving the capillary, small droplets are formed due 

to gravitational and frictional forces (Bertling et al., 2004). The spray drying produces 
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one hollow or coated particle from one droplet. Therefore, the size and size distribution 

of particles are closely related to the dimensions of the droplet generators. However, the 

use of such systems is limited by the diameters of the technically available capillaries 

and solution viscosities. The smallest diameter achieved is about 50 μm if the dynamic 

viscosity does not exceed 500 mPa s.  

 

 

Figure 2.8 Flow chart of the process of spray drying (Wang et al., 2007) 

 

2.3.1.2 High temperature method 

The hollow polymer microspheres are formed by using equipment with multi-stage 

high temperature modules, which allow droplets to fall in the high-temperature furnace 

and institute the hollow microsphere structure (Figure 2.9). In general, when 

polystyrene (PS) droplets fall into the high-temperature vertical furnace (> 200 °C), 

they start shrinking due to the evaporation of the volatile solvent on the outer surface. 

With the gradual evaporation of the solvent, the condensation of PS on outer surface 

starts. This outer surface subsequently forms a thin film on the surface of the droplets, 

and the temperature of the droplets begins to rise because the evaporation of the inner 
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core is inhibited. When the droplets’ temperature reach the boiling point of the organic 

solvent, bubbles can be observed in the droplets, and the spherical shell begins to 

expand. Finally when the expanded droplets fall into the low-temperature zone of the 

vertical furnace, hollow microspheres are obtained (Wilcox et al., 1995). 

Dorogotovtsev et al. (1997) reported the influence of gas mixture in the furnace on the 

yield and quality of the hollow microspheres. The results suggested that with 

increasing concentration of gas mixtures of He and Ar, the yield rate of hollow 

microspheres increases, but with a variation of morphology (Dorogotovtsev and 

Akunets, 1997). 

 

 

Figure 2.9 Schematic representation of PS hollow microspheres prepared by the high 

temperature method (Wei et al., 2006) 

 

2.3.1.3 Templating method 

Preparation of hollow structures by using a templating method can be described as 

follows: A polymer shell is formed on the surface of the prepared template due to the 

solute depositing or reacting on the surface of the dispersed templates and then the 

template particle is removed either by chemical solvent or high temperature calcination, 

and hollow shells are obtained (Sun et al., 2002). The templating method is often used to 

prepare hollow polymer microspheres, and has been proven to be a very successful 

method (Guan et al., 2007). However, despite being a simple process, the templating 
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method is limited because it requires a large amount of template, which needs a 

biocompatible material, resulting in high cost. In addition, the removal of the core 

template is critical, typically requiring special care to prevent collapse of the shells 

during the use of solvents or calcinations at high temperatures. For example, when using 

an organic solvent to dissolve template latex particles, swelling of the polymer can cause 

rupture of the hollow structure, subjecting the shell to uncontrolled shape change. The 

schematic illustration of preparation of hollow structure using the templating method is 

shown in Figure 2.10 (Wang et al., 2007). 

 

 

Figure 2.10 Schematic illustration of the formation process of hollow microspheres 

using a templating method (Wang et al., 2007) 

 

2.3.1.4 Self-assembly method 

Self-assembly, also known as layer-by-layer (LBL) technique, is the most suitable 

method to prepare hollow microspheres with controllable shell thicknesses. The 

formation mechanism of this technique is similar to that of the templating method. The 

shell is obtained through sequential deposition of oppositely charged polymer species on 

the core material and the hollow structure is obtained by removing the core materials 

(Figure 2.11). The versatility of LBL enables precise control over size and uniformity 

of the shell. Polymer capsules derived from this route facilitates the encapsulation of 
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diverse components (Zelikin et al., 2006). A large number of inorganic and 

polymer-based microspheres have been reported to form hollow microspheres by 

varying the mechanisms e.g. hydrogen bonding (Stockton and Rubner, 1997), 

hydrophobic interactions (Serizawa et al., 2002), and hybridization of DNA base pairs 

(Johnston et al., 2006). However, compared to the templating method, the LBL 

assembly procedure becomes quite tedious when many layers are required, normally 

involving surfactants or amphiphilic polymers to increase kinetic stability (Song et al., 

2006, Daiguji et al., 2007). In addition, although hollow microspheres prepared by this 

method possess uniform shell thickness and good spherical morphology, the hollow 

structure generally lacks the mechanical robustness and tends to collapse irreversibly 

after drying (Liu et al., 2007).  

 

 

Figure 2.11 Schematic illustration of procedures for preparing inorganic and hybrid 

hollow spheres using the layer-by-layer (LBL) technique based on PS colloidal 

templates (Caruso et al., 1998) 
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2.3.1.5 Polymerization 

The polymerization method was first studied by Kowalski and coworkers (1984) 

whereby they instituted a hard permeable polymer shell on latex seed. When the latex 

particles swells enough, the outer layer shrinks to form the hollow microspheres 

(Kowalski et al., 1984). Okubo and coworkers (1998) investigated the method of 

suspension polymerization to prepare hollow microsphere from different proportions of 

PS/DVB/toluene mixture solutions. They showed that the hollow structures were 

influenced by the concentration of PS and its molecular weight, indicating that PS plays 

an important role in the polymerization method (Okubo et al., 1998). The process also 

further studied by Itou et al., (1999), who showed that the polymerization occurs within 

highly swollen seed particles with a monomer. In addition, in order to form a small void 

the polymerization shrinkage must occur in the inside of the cross-linked polymer 

particle. Therefore, the void space is developed by the polymerization shrinkage, as 

shown in Figure 2.12 (Itou et al., 1999). 

 

 

Figure 2.12 The formation mechanism of hollow polymer particles by polymerization 

(Itou et al., 1999) 
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2.3.1.6 Emulsion processing 

In general, hollow microspheres can be produced as either oil-in-water or water-in-oil 

emulsions. Emulsions can be achieved when two immiscible liquids are mixed together 

via mechanical agitation (e.g., shaking, stirring, or ultrasound). Thus, liquid droplets of 

one phase can be dispersed in the other continuous phase. This status is 

thermodynamically unstable, therefore surfactants or amphiphilic polymers, which 

self-assemble at the interface between the droplets and continuous phase, are required to 

increase kinetic stability (Li et al., 2003). The typical process; water-in-oil (W/O) and 

water-in-oil-in-water (W/O/W) emulsions is shown in Figure 2.13. It should be noted 

that the emulsion acts as a microreactor, where the shell materials can initially institute 

in either the continuous phase or the droplets or both phases, depending on the chemical 

properties (Han et al., 2006). However, hollow structures with irregular morphologies 

will appear when the initial conditions of solutions are inappropriate. In addition, the 

size distribution of the products fabricated by this method is broad in the range of 1 to 

100 μm.  

 

2.3.2 Fabrication of monoporous hollow microspheres 

Recently, hollow monoporous microspheres (i.e. hollow microspheres with a single hole 

in their shells, as shown in Figure 2.14) have received much attention and have been 

classified as a new category of particles on account of their higher effective diffusivity 

and available surface area compared with microporous spheres of the same size (Im et 

al., 2005). These microspheres offer enhanced rates of encapsulation, as well as being 

suitable for other applications, e.g. catalytic carriers, thermal insulation, and targeting 

(Guan et al., 2007). However, the design and preparation of hollow monoporous 

microspheres present significant challenges. Many of the current techniques used are 

complex and require highly specialized equipment and/or processing environments. 
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Figure 2.13 Illustration of emulsion processing (Varde and Pack, 2004) 

 

 

Figure 2.14 Scanning electron micrographs of dye-induced colloidal bucket, the 

colloidal buckets were made at 9200 rpm and heated to 65°C (Yow and Routh, 2008) 
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Much effort has been devoted in recent years to the development of monoporous 

microspheres. Minami et al. (2005) reported that such particles can be prepared by the 

SaPSeP (self-assembling of phase separated polymer) method. Particle characteristics 

can be controlled by altering the interfacial tension, surfactant and polymer 

concentration. The one-hole surface morphology of the hollow microspheres was 

achieved by heating them to 70 °C in a nitrogen atmosphere (Minami et al., 2005). This 

technique has since been refined and similar particles with a single regular hole on their 

shells were formed at temperatures below 0 °C (Jeong et al., 2007, Yin and Yates, 2008, 

Im et al., 2005). Yow and Routh (2008) fabricated colloidal “buckets” via a coacervation 

technique at 65 °C. Briefly, an oil core and a polymer were mixed with a volatile solvent. 

Subsequently, the mixture was emulsified in an aqueous solution and polymer 

precipitation occurred during evaporation of the volatile solvent. These microspheres 

were obtained by controlling the solvent evaporation rate and incorporation of a third 

component (precipitant) to alter the interfacial tensions between the different phases. 

The core was then removed by “washing” with a suitable solvent to obtain a hollow 

internal structure, as shown in Figure 2.15 (Yow and Routh, 2008). In another 

interesting example, Guan and co-workers (2007) prepared monoporous hollow 

polymer microspheres and demonstrated high-capacity uptake of a target species. 

Polystyrene beads were used as the adsorption substrates for precipitation 

polymerization and then consecutive deposition and polymerization was carried out at 

60 °C, followed by etching of the original beads (Guan et al., 2007). 
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Figure 2.15 Fabrication procedure of dye-induced monoporous hollow microspheres 

(Yow and Routh, 2008) 

 

2.3.3 Encapsulation of hollow microspheres 

Various drugs and biomolecules can be loaded into the cavity and on the surface of a 

hollow microsphere through its porous shell and a typical sustained release pattern can 

be observed without any burst effect (Vasir et al., 2003, Gao et al., 2009). Up to now, 

the encapsulation of liquid drug into a hollow microsphere is mainly a post-process and 

uncontrollable. In general, two methods have been reported for the loading of 

therapeutic drugs into hollow capsules: Encapsulation in template with drugs or in 

hollow capsules (Figure 2.16). In the first method, drug macromolecules are well 

dispersed into the template particles during preparation. After forming the shell 

structure on the template, the template materials are dissolved, resulting in a relic drug 

in the hollow core. This method usually needs high selective etching process. Otherwise, 

the dissolution conditions for the core templates can destroy the encapsulated drug and 

shell structure (Volodkin et al., 2004). For the second method, the hollow carrier is first 

prepared, loading the drug molecules into the hollow capsules by immersing hollow 
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microspheres into the drug solution. The drug molecules are thereby physically 

adsorbed into the hollow microcapsules via porous channels of the shell, until reaching 

the gradient balance between core and sink (Nishiyam and Kataoka, 2006). However, 

in order to obtain the effective encapsulation and storage of drugs in hollow capsules, 

the size of drug molecules must be smaller than the diameter of their pore channels. 

 

 

Figure 2.16 Schematic illustration of drug encapsulation of hollow capsules 

(Matsusaki and Akashi, 2009) 

 

2.3.4 Challenges: forming hollow and monoporous spheres 

Despite the versatility and growing popularity of hollow spheres, above mentioned 

methods suffer from three key shortcomings. First, the assembly procedure becomes 

quite tedious and time-consuming when many layers are required. Second, as-prepared 

polymer capsules are only stable in solution, once dried they tend to collapse irreversibly. 

Third, key applications of hollow structures, such as drug and therapeutic delivery, 

require facile access to the hollow interior space. With hard templates, refilling the 
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hollow interior with functional species is very challenging. In addition to these 

limitations, the synthetic process and post-treatment are necessary to involve 

surfactants and chemical additives to increase kinetic stability (Kim and Yoon, 2004). 

This in turn results in side effects and the introduction of impurities (Song et al., 2006). 

Furthermore, the wide spread applications of spherical hollow structures have been 

limited, mainly because of the disadvantages associated with the fabrication techniques. 

Therefore, some novel methods have prompted interest in simpler approaches for 

producing hollow shells that permit easy encapsulation and release of guest species. 

Table 2.2 depicts both the advantages and the disadvantages of the fabrication 

methods mentioned above.  

 

2.4 Electrohydrodynamic atomisation 

Electrospraying- more generically described as electrohydrodynamic atomisation 

(EHDA)- covers the process of the splitting of a moving (dynamic) liquid (hydro) in an 

electric (electro) field (Figure 2.17). The “atomisation” of a liquid charged by primarily 

high electric potential, which includes both the acceleration of the liquid and subsequent 

disruption into tiny droplets, has lead to a total physical model of the cone, the jet and 

the droplets formed (Grace and Marijnissen, 1994, Hartman et al., 1999b). The droplets 

produced with uniform size distribution are electrically charged and neutralized by 

guiding these particles toward the ground electrode. The electrohydrodynamic 

processing technique has proved to be an effective and versatile method to prepare 

particles or fibres in the micrometre to nanometre scale range for a host of applications 

in optical sensor (Wang et al., 2002), membrane technology (Zong et al., 2003), tissue 

engineering (Raghunath et al., 2009), and drug delivery (Pareta and Edirisinghe, 2006). 

This section focuses on a critical literature review associated with this research. The 

basic stable cone-jet mode of electrohydrodynamic atomisation is most important. In 
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addition, the effect of the liquid properties, processing parameters, and other features 

developed affecting the EHDA process will be discussed. 

 

Table 2.2 The advantages and the disadvantages of the fabrication methods (Wang et 

al., 2007, Gao et al., 2009, Zhu et al., 2005, Bertling et al., 2004) 

Methods Advantages Disadvantages 

Spray method Can be controlled easily Particle size and 

polydispersivity is high 

High temperature method The efficiency is high Needs high temperature  

Templating method Can be controlled easily Needs excess template 

materials and is difficult 

for biological 

encapsulation due to the 

use of harsh solvents 

Self-assembly method  

 

The morphology and its 

shell thickness can be 

controlled accurately  

Is time-consuming and 

only possible with low 

particle concentrations 

Emulsion processing Different compositions can 

be prepared with varied 

shell thickness and 

diameter 

Fabrication difficult to 

control and needs use of 

organic solvents and 

chemical additives 

Polymerization Good control over shell 

composition and thickness 

Risk of incomplete shell 

formation 
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Figure 2.17 Schematic representation of the electrohydrodynamic atomisation 

equipment rig (Jayasinghe and Edirisinghe 2003) 

 

2.4.1 Historical development 

Electrohydrodynamic atomisation is a process of droplet generation by the imposition 

of a high electric field. Thus, a liquid flowing out from a needle under a high voltage 

subjects the elongation of its meniscus to form various modes. The liquid can deform 

into a stable cone-jet and disrupts into charged droplets due to the electrical force (Mora 

and Loscertales, 1994). However, the application of liquids via EHDA was noted and 

reported as early as 1600 by Gilbert, but Bose is the first to describe the EHDA process 

in 1745 (Ganan-Calvo, 1999). It was noticed that Rayleigh made the earliest 

observations of the instability of EHDA and analyzed the behaviour of jets and drops 
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under the influence of electric charges (Rayleigh, 1878). Rayleigh suggested that the 

unstable conditions for a drop or jet are dependent on the balance of forces between 

electrical stresses and surface tension (Rayleigh, 1879). The fission of liquids was 

further investigated by Gomez et al. (1994). They observed that charge of droplets 

reduced when a drop approached the Rayleigh limit, defined as the maximum amount 

of charge a liquid droplet could carry, resulting in a strain of a few smaller droplets 

(Gomez and Tang, 1994). The charge and size of the droplet can be controlled by 

adjusting the liquid properties and the liquid flow rate, applied voltage and needle 

geometry. 

 

Zeleny (1914, 1995) used a needle injected with liquid and applied a high voltage 

between a top and “ground” electrode that marked the breakthrough into this exciting 

field of research and attracted considerable interest from a fundamental point of view 

(Zeleny, 1914, Zeleny, 1915). After 50 years, equilibrium between electric field and 

surface tension of liquid derived by Taylor (1964) showed the conditions for a 

meniscus to exist in a conical form under competing actions. He found that a 

conductive liquid could be kept stable with a conical shape by using glycerine and 

glycerine-water mixtures when an electric field was applied (Taylor, 1964). 

 

Since then, this phenomenon has been used as a processing technique and has managed 

to attract a number of studies. Jones and Thong (1971) observed that the kerosene 

droplet size is almost independent of voltage and droplets could only be achieved within 

a certain range of applied voltage as a function of liquid flow rate (Jones and Thong, 

1971). Later in 1980, Nagorynyi and Bezrukov (1980) found the decrease in droplet 

diameter can be obtained by increasing the applied potential, thus obtaining an 

important condition for processing fine droplets by electrostatic atomisation (Nagorynti 
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and Bezrukov, 1980). Furthermore, Smith (1986) published a general discussion on the 

effect of the liquid physical properties, such as electrical conductivity, surface tension 

and viscosity (Smith, 1986). 

 

Electrospraying was investigated further, systematically and quantitatively, in the 

1990s. Cloupeau and Prunet-Foch (1990) reported the classification of functional 

modes for electrohydrodynamic processing, according to the operating conditions. 

They showed that electrohydrodynamic processing presented several measurable 

differences by increasing applied voltage, while liquid properties and flow rate were 

kept constant. They also investigated the characteristics of each mode based on visual 

observation (Cloupeau and Prunet-Foch, 1990).  

 

Later, Meesters et al. (1992) investigated cone-jet mode atomisation at high flow rates 

and observed a very high droplet production (Meesters et al., 1992). Thereafter, 

Jaworek and Krupa (1999b) further defined the modes of electrohydrodynamic 

processing and provided a route to produce droplets for engineering research (Jaworek 

and Krupa, 1999b). Jayasinghe and Edirisinghe (2002) demonstrated the effect of 

viscosity on the size of products produced by electrohydrodynamic processing. They 

suggested that increasing viscosity in the range 1-1340 mPa s had a significant effect 

on the mode of electrohydrodynamic processing and size distribution of relics 

(Jayasinghe and Edirisinghe, 2002). 

 

2.4.2 Modes of electrohydrodynamic atomisation 

The spraying modes were characterized by two principle categories based on the 

observations and photographic documentation. The first category comprises the modes; 

dripping, micro-dripping, spindle, multi-spindle, and ramified modes. The 
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characterization of the first category only shows fragments of liquid being ejected from 

the capillary without a continuous jet and these fragments can be in the form of regular 

large drops. The second category shows a long continuous jet which disintegrates into 

droplets of a few millimeters in size. The stable cone-jet, precession, oscillating-jet, 

and multi-jet modes are included in this category. The meniscus and the jet can be fine, 

stable, vibrate, and rotate spirally around the capillary axis (Jaworek and Krupa, 

1999a). Different modes of electrohydrodynamic atomisation with their key 

characteristics were summarized by Jaworek and Krupa (1999). This has been 

reproduced in this thesis (Table 2.3 and 2.4) and the stable cone-jet mode used in this 

work is described in more detail. 

 

2.4.3 Mechanism of stable cone-jet mode 

As previously discussed, the cone-jet mode is crucial for the preparation of particles 

and capsules due to its near-monodisperse droplets production capability. The 

understanding of the fundamental mechanism of the cone-jet mode formation is 

therefore necessary in order to utilize EHDA for drug encapsulation. Hartman and 

coworkers (1999) established a physical model and described the phenomenon of the 

stable cone-jet mode of the electrohydrodynamic process (Hartman et al., 1999a). 

They divided the stable cone-jet mode into three stages: (1) Acceleration of the liquid 

in the liquid cone; (2) jet break-up (droplet production); (3) evolution of spraying after 

droplet production. In addition, the influence of droplet evaporation during the 

electrohydrodynamic process is also crucial to control droplet/ relic size and surface 

morphology. Therefore, the droplet evaporation will also be discussed later. 
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Table 2.3 Characteristic features of the fragments of liquid modes of 

electrohydrodynamic atomisation (Jaworek and Krupa, 1999a) 

Mode of spraying  Forms of liquid Dynamics of 

meniscus/jet 

Spray pattern 

Dripping 

 

Meniscus: semi- 
spherical 
Drop: simple 

spherical 

Axially vibrating Single drop (with 

siblings) 

Micro-dripping 

 

Meniscus: 
cone/hemispherical 
Drop: small, simple 
spherical (in some 
case with trailing/ 
leading thread) 

Axially stable Linear series of 
droplets 
(accompanied 
with 
fine mist) 

Spindle 

 

Meniscus: 
cone/semi-spherical
Drop: elongated 
fragment of liquid 
(spindle) (with 
trailing thread) 

Axially vibrating Spindles 
disrupting 
into small droplets

Multi-spindle 

 

Meniscus: 
flat/multi-cone 
Drops: multiple 
spindles (with 
trailing thread) 

Stable/lateral 

vibrating 

Spindles around 
the 
axis disrupting 
into 
small droplets 
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Table 2.4 Characteristic features of the modes of EHD Liquid jets (Jaworek and Krupa, 

1999a) 

Mode of spraying  Forms of liquid Dynamics of 

meniscus/jet 

Spray 

pattern 

Precession 

 

Meniscus: skewed, 
rotating cone Jet: 
spiral, rotating 
around the capillary 
axis 

Rotating 
around the 
capillary axis, 
spiral 
instabilities 

Fine aerosol 
sprayed in a 
regular cone 

Cone-jet 

 

Meniscus: cone 
(linear, concave, 
convex, skewed) 
Jet: simple straight 
linear 

Axially stable, 
varicose or 
kink 
instabilities 

Fine aerosol 
sprayed in 
regular cone 

Multi-jet Meniscus: flat, with 
small cones on the 
rim Jet: linear, 
multiple 

Stable (usually 
with kink 
instabilities) 

Fine aerosol 
sprayed in 
distinct 
directions 
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2.4.3.1 Acceleration of the liquid in the liquid cone 

A stable liquid cone is formed when the liquid pressure is optimized, and its relies on 

successfully balancing the forces such as liquid surface tension, gravity and electric 

stresses in the liquid surface, as shown in Figure 2.18. Taylor (1964) was the first to 

analyze the conical shape and suggested that there are various forces acting on cone 

formation when the outward stress (applied electric field) balances the inward stress 

(liquid surface tension) (Taylor, 1964). Electric force is the main driver of cone-jet 

mode formation. Therefore, in order to achieve a relatively stable jet, the electrical 

potential needs to penetrate the injected liquid and its electric field tangential to the 

liquid surface has to act on the surface charges, to be able to create a force which 

drives the liquid and accelerates the jet downstream (Cloupeau and Prunet-Foch, 1990). 

It was also noted by Hartman and co-workers (1999) that this acceleration process and 

the shape of the liquid surface are a result of the balance of the stress and surface 

tension of the liquid, gravity and electric stresses of the liquid surface and of the inertia 

and viscosity of the liquid (Hartman et al., 1999a). 

 

2.4.3.2 Jet break-up 

Each liquid has a certain range of flow rate in which the stable cone-jet mode is 

achieved. Jet break-up occurs in the stable cone-jet mode due to instabilities. This is 

also named as the droplet production process (Hartman et al., 1999a). There are two 

mechanisms that lead to the emission of liquid from the tip of a stable jet. In one 

mechanism, ions, neutral atoms and droplets are emitted from the liquid surface by 

applying an intense electric field at the tip. This emission results in instabilities. The 

other is that the liquid is ejected via the formation of the cone-jet which breaks into 

tiny droplets after some length due to surface instabilities (Rulison and Flagan, 1994). 

The latter is more commonly observed. 
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Figure 2.18 Forces of the liquid cone in the EHDA process (Hartman et al., 1999b) 

 

When a jet breaks up into droplets, different flow rates can result in different 

instabilities. Axisymmetric instabilities cause jet break-up and can be observed at low 

flow rates. These instabilities are also named varicose instabilities. In the varicose 

instabilities, waves are generated on the surface of the jet and contract in the nodes. The 

jet disintegrates into uniform fine droplets due to electrical and inertial forces. At higher 

flow rates, the current through the liquid cone increases which in turn increases the 

surface charge on the jet. Above a certain surface charge, jet break-up will also be 

influenced by the lateral instabilities in the jet. These instabilities are called “kink” 

instabilities (Hartman et al., 1999a). The kink instabilities are sometimes also known 

as a whipping motion of the jet and the jet moves irregularly off the axis of the capillary, 
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as shown in Figure 2.19. The size distribution of the main droplets become broader if 

the influence of these kink instabilities increases (Cloupeau and Prunet-Foch, 1989). 

However, in the cone-jet mode of EHDA, the process not only involves the electric 

field, but also the acceleration of the liquid in the jet. Such characteristics establish that 

the stable cone-jet mode can only be achieved at a certain flow rate range for a specific 

liquid, beyond which other electrohydrodynamic modes will be present. 

 

 

Figure 2.19 Jet break-up modes: (a) the axisymmetric varicose break-up and (b) the 

lateral kink break-up (Hartman et al., 1999a) 

 

2.4.3.3 Evolution of spray after droplet production 

When the jet becomes unstable, it will eventually disintegrate into droplets, which was 

catalogued as the third process of the stable cone-jet mode (Hartman et al., 1999a). 
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Segregation of tiny droplets can be attributed to highly charged droplets under 

electrical interaction, causing a high mobility. The smaller droplets (called satellite 

droplets) are found at the edge of the spray while the larger sized droplets (called main 

droplets) are found at the centre of spraying (Ganan-Calvo et al., 1994, Hartman et al., 

1999a, Hartman et al., 1999b). The distance between main droplets and secondary 

droplets is approximately half of the distance between main droplets. Different droplet 

diameters possess variable electric forces due to the difference in droplet charge. A big 

droplet has a higher inertia than a small droplet, which results in a smaller acceleration. 

As a result, the distance between the main droplet and the secondary increases and the 

small droplet possesses a higher radial velocity. 

 

2.4.3.4 Droplet evaporation 

While evaporation does not alter droplet transport significantly after the jet break-up, it 

is another key factor in the forming process and can drastically change the morphology 

and size of droplet and relics, depending on the solvent properties, environment 

humidity, and environmental temperature (Wilhelm et al., 2003, Xie et al., 2006). 

Rayleigh (1978) showed the relationship between the droplet radius and Rayleigh limit 

(Eq. 2.1). The size of the droplet will decrease and the Rayleigh limit for the droplet 

charge can be reached if evaporation of highly charged droplets occurs. Therefore, 

droplet fission can take place which subsequently changes the size distribution again.  

 

2/13
0 )(8 dR rQ γεπ=     (Eq. 2.1) 

 

Where QR is the Rayleigh charge limit (C), γ is the surface tension (Nm-1), rd is the 

droplet radius (m) and ε0 is the permittivity constant of free space, 8.85 x 10-12 F/m. 
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However, when the electrical charge decreases below the original charge of the droplet, 

droplet fission occurs to reduce the charge of the individual droplets, resulting in a 

smaller droplet size and distribution. This is because the Rayleigh charge limit of the 

charged droplet decreases accordingly. Therefore, when a liquid with specific physical 

properties such as surface tension and dielectric constant (relative permittivity) is 

considered, the liquid droplet radius (rd) decreases during the evaporation process. 

Changing the properties of the solvents with different evaporation rates can also result 

in varied morphologies of the final droplets. Berkland et al. (2004) showed that 

specific structural types, such as tapered shapes, porous surfaces, and blood 

cell-shaped particles could be achieved by varying the solvents and polymer properties 

(Berkland et al., 2004). 

 

2.4.4 The effect of liquid properties 

As mentioned above, despite the processing parameters, the modes of EHDA are also 

influenced by the liquid properties such as surface tension, viscosity, electrical 

conductivity, relative permittivity, and density (Ganan-Calvo et al., 1997, Hartman et al., 

1999b). The following sections are devoted to the effect of these key physical properties 

of the liquid on the electrohydrodynamic processing. 

 

2.4.4.1 Surface tension 

In order to form the stable cone-jet mode, the electric stresses need to overcome the 

surface tension (Mora and Loscertales, 1994). Higher surface tension requires a larger 

electric field in order to electrospray. Once the electric field is higher than the critical 

value, electrical discharge occurs due to the surrounding air. According to the 

experimental results obtained by Smith (1986) the onset applied voltage for the stable 

jet spray increased with increased liquid surface tension (Smith, 1986). However, if the 
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liquid surface tension is too high, stable electrospraying may not be established 

because the electric field breaks down in the surrounding gas (Gomez and Tang, 1994). 

 

2.4.4.2 Viscosity 

Viscosity is another vital liquid property which plays a significant role in the jet 

break-up process and its size distribution. Weber (1931) suggested that high viscosity 

led to increase of droplet size in electrohydrodynamic processing (Weber, 1931). 

During droplet formation, the high viscosity enhances the damping of the initial 

oscillations and retains the solution meniscus at the capillary. In addition, viscosity 

plays a key role in maintaining the primary droplet near spherical shape as detaches 

from the capillary. Further investigations were carried to study the effect of viscosity 

on the relic size generated in electrohydrodynamic processing. It was found that 

increasing the viscosity by over three orders of magnitude in electrohydrodynamic 

processing has a dramatic effect on droplet and relic sizes (Jayasinghe and Edirisinghe, 

2002). 

 

2.4.4.3 Electrical conductivity 

Among the properties of liquid, electrical conductivity is the most important physical 

property for generating the cone-jet mode (Cloupeau and Prunet-Foch, 1989). 

Sufficient electrical conductivity of the liquid is required to form a conical shape. If the 

electrical conductivity is too low, the stable cone-jet mode cannot be achieved because 

there is not enough charge in the liquid. If the electrical conductivity is too high, 

electrohydrodynamic processing will be impossible due to the corona discharge before 

attaining the required applied voltage for the stable cone-jet mode formation (Hartman 

et al., 2000). Jones et al. (1971) suggested the maximum liquid electric conductivity 

for a stable electrospray was 10-3 Sm-1 (Jones and Thong, 1971). Later, Mutoh et al. 
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(1979) found that the stable cone-jet mode could also be achieved when the liquid 

conductivity was above 10-5 Sm-1 (Mutoh et al., 1979). Cloupeau and Prunet-Foch 

(1989) suggested that a liquid with too low electrical conductivity cannot be atomized 

due to lack of tangential electrical stress (Cloupeau and Prunet-Foch, 1989). 

 

2.4.4.4 Density 

The viscous force depends on the density of the liquid (Ganan-Calvo et al., 1997). 

Therefore, the density of the liquid also plays a role in determining the jet diameter in 

electrohydrodynamic processing. When the viscosity and the electrical conductivity of 

the liquid are high enough, the electrical charge is transmitted efficiently across the jet 

by viscous forces. However, the liquid density influences the cone shape due to the 

gravitational force. Especially, if the diameter of capillary is > 1mm, the gravitational 

force influences the shape of the cone significantly (Hartman et al., 1999b). 

 

2.4.5 Processing parameters 

The outcomes of electrohydrodynamic processing can be controlled by a range of 

processing parameters, such as flow rate, applied voltage and the needle-substrate 

distance. The eventual droplet size and its distribution are directly influenced by flow 

rate, which may also result in the instability of the cone-jet mode (Hartman et al., 

1999a). The higher liquid flow rate results in an increase in the diameter of the 

composite dropt/ relic sizes. In addition, the applied voltage determines the magnitude 

of the driving force of the EHDA process. It’s crucial to change the mode and achieve 

the stable cone-jet mode. It is also possible to decrease droplet size and size 

distribution by increasing the applied voltage. However, the distance between needle 

and ground electrode is also a key factor when a high electrical potential is applied. 

The change of the needle-substrate distance influences electrical field and the “free 
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fall” travel distance. Furthermore, the droplet size and morphology can be altered by 

changing needle-substrate distance due to the degree of the evaporation of the liquid.  

 

2.4.6 Scaling laws 

Scaling laws are established to define a relationship of mean droplet size and the 

parameters involved in electrohydrodynamic processing. It provides better 

understanding of the mechanisms correlated to liquid physical properties (electrical 

conductivity, density, viscosity, surface tension and dielectric constant) and liquid flow 

rate in the process. Initially, for classical EHDA to occur, the hydrodynamic time 

(th=LD2/Q) must be higher than the electrical relaxation time (te=βε0/K) as a condition 

that should be satisfied to have a steady state cone-jet shape (Ganan-Calvo et al., 1997). 

The electrical relaxation time (te) is the time required to smooth a perturbation in the 

electric charge (Loscertales et al., 2002).  

 

eh tt >>         (Eq. 2.2) 

 

KQ
LD 0

2 βε
>>

      
(Eq. 2.3) 

 

where L and D are the axial length and the diameter of the jet, respectively, Q is the flow 

rate, β is the relative permittivity, K is the electrical conductivity and ε0 is the 

permittivity of free space (8.854×10−12 F m−1) (Ganan-Calvo et al., 1997). 

 

The size of droplets in the electrohydrodynamic processing is of fundamental and 

practical importance. The size of the droplets produced in the cone-jet mode can be 

estimated through theoretical analysis. For example, by assuming that the jet diameter 
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is much smaller than that of the needle (valid for a liquid with relatively high 

conductivity, 5×10-5 Sm-1), Fernandez reported a scaling law for droplet size as a 

function of the flow rate and liquid properties in the cone-jet mode (Mora and 

Loscertales, 1994): 

 

3/1
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γ
εεα rQd =     (Eq. 2.4) 

 
where α 1 is a constant depending on spray conditions, 1γ  is the liquid conductivity, 0ε  

is the permittivity of the free space, rε  is the dielectric constant of the liquid and Q is 

the liquid flow rate.  

 

Ganan-Calvo et al. (1997) experimentally obtained an equation for droplet size 

generated in the cone-jet mode: 
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where 1γ  is the liquid conductivity, 0ε  is the permittivity of the free space, Q is the 

liquid flow rate, 1ρ  is the liquid density, 1σ  is the surface tension of the liquid and α 2 

was assumed to be 2.9.  

 

 

These scaling laws are widely accepted for a simple prediction of EHDA processing 

and provide a better understanding of the mechanisms involved in the process. The use 

of scaling laws for the prediction of relic size is, however, still controversial. 



 

Chapter 2 Literature Review 

~56~ 

Ganan-Calvo et al. (1997) for example, subsequently obtained a different equation for 

the size of a droplet generated in the cone-jet mode (Ganan-Calvo et al., 1997). This is 

partly because the experimental uncertainty in the analysis of different relics can be 

very high but also due to the inherent interdependency of the processing variables. In 

addition, Mei et al. (2007) showed that scaling laws cannot fit in because increasing 

the flow rate of the inner liquid resulted in an increase in capsule size, but the capsule 

size remained constant for a certain value of the flow rate. However, capsule diameter 

has also been shown to decrease with an increase in the magnitude of applied voltage, 

electrical conductivity, viscosity, density and surface tension of the sprayed solution 

(Mei and Chen, 2007). 

 

2.4.7 Co-axial electrohydrodynamic atomisation 

Co-axial electrohydrodynamic atomisation (CEHDA) is an extension of EHDA. A 

schematic experimental set-up of CEHDA is shown in Figure 2.20. Two immiscible 

liquids or suspensions (T1 Outer Liquid, T2 Inner Liquid) are injected through two 

concentrically placed needles. These needles are connected to the same electrical 

potential. Once under a certain voltage and flow rate, a stable cone-jet can be achieved 

at the exit of needles. The inner liquid is surrounded by the outer liquid concentrically. A 

liquid thread is issued from the vertex of each one of the two menisci, giving rise to a 

compound jet of two co-flowing liquids or suspensions. The two concentric liquid 

threads break-up resulting in an aerosol of relatively monodisperse compound droplets 

with the outer liquid encapsulating the inner one. However, to obtain a structured 

cone-jet, electrohydrodynamic forces must act on at least one liquid, either the inner or 

the outer, although they may act on both (Loscertales et al., 2002). 
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Figure 2.20 Schematic representation of the conventional CEHDA setup (Loscertales et 

al., 2002). 

 

2.4.7.1 Concept of the driving liquid 

As mentioned above, theories on cone-jet mode from single-liquid electrospray are 

particularly important and possesses advantages for micro/nanoscale droplet formation. 

However, according to the study of Loscertales et al. (2002), co-axial electrospraying 

is influenced by the driving liquid, on which the electrical forces act, i.e. either the 

inner or outer liquid to form the stable jet (Loscertales et al., 2002). This is a steady 

mode, just as in single-liquid electrospraying. The driving character of the liquids can 

also be explained by a comparison of its electrical relaxation times (te =βε0/K). If the 

electrical relaxation time of the inner liquid is much higher than that of the outer one, 

charges are located at the outer interface and they are supplied to the outer interface 

much more efficiently from the outer liquid bulk than from the inner one (Loscertales 
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et al., 2002). 

 

Therefore, co-axial electrospraying can also be divided into two types: the driving 

liquid is outside and the driving liquid is inside of the jet. When charges are located at 

the outer interface, the tangential electrical stresses which point towards the vertex of 

the conical interface must be efficiently transmitted throughout the liquid bulk by 

viscous force at the liquid-liquid interface. This suggests that the viscosity of the either 

outer or inner liquid plays an important role in the liquid motion. Moreover, the 

electrical forces only act on the free surface of the meniscus and lead to the 

establishment of the stable jet. Then, the jet breaks into droplets with a small standard 

deviation. Both liquids, outer and inner, flow steadily with the same velocity due to 

intense re-circulations in the electrified meniscus. However, different mechanisms lead 

to the formation of cones for outer and inner liquid, which are electric shear stresses 

and viscous stress, respectively. In forming the jet, artificial additives can be used to 

increase viscosity and electrical conductivity of the liquids in order to satisfy the 

formation of a stable jet of the driving liquid (Lopez-Harrera et al., 2003). 

 

2.4.7.2 Scaling law of co-flowing liquids 

Several pairs of liquids have been used to explore the influence of liquid properties on 

the co-axial spraying process. Basically, the theory mentioned in Section 2.4.6 that 

governs EHDA also applies to the co-axial system. As same as in single-liquid 

electrospraying, when two immiscible liquids are injected at appropriate flow rates 

through two co-axial needles, the menisci of both liquids adopt conical shapes with an 

outer meniscus surrounding the inner one. The liquid threads which issue the 

concentric layered jet eventually break up into an aerosol with the outer liquid 

encapsulating the inner one. However, the flow rate used in the equations must be that 
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of the driving liquid. Droplet size is dependent on the liquid viscosities and on the ratio 

of the liquid flow rates (Lopez-Harrera et al., 2003). 

 

2.4.8 Microencapsulation by electrohydrodynamic atomisation 

EHDA processing is an attractive method for preparing particulate polymeric drug 

carriers with sizes ranging from several tens of nanometres to ~100 micrometres. A 

variety of materials such as BSA, paclitaxel, taxol, insulin, lysozyme, or human 

antibodies were used as core material encapsulated within a polymeric matrix (e.g. 

polyethylenoxide, dextrose, starch, sucrose, PLGA, PCL, PEO, or lactose). Berkland et 

al. (2004) showed that specific structural types, such as tapered shapes, porous surfaces, 

and blood cell-shaped particles, could be achieved by varying the properties of the 

polymer solution (e.g. PCL, PLGA, and PLA) and solvents, as shown in Figure 2.21 

(Berkland et al., 2004). Ding et al. (2005) reported that monodispersed taxol-loaded 

PLA and PCL was prepared by EHDA and showed this method is a potentially suitable 

technique to prepare near- monodisperse drug particles (Ding et al., 2005). Xie et al. 

(2006) reported that biodegradable polymers encapsulating paclitaxel as an anticancer 

drug carrier can be prepared using EHDA. The shapes of polymer carriers such as 

spheres, doughnut shapes, silk, and corrugated shapes with different sizes for controlled 

release applications were generated in this way (Xie et al., 2006).  
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Figure 2.21 Structures produced using precise control of electrospraying including (A) 

melded spheres, (B) tapered spheres, (C) porous surface, (D) fibres, (E) blood 

cell-shaped particles, (F) net, (G) smooth surface, and (H) distinct particles (Berkland 

et al., 2004) 

 

Co-axial electrohydrodynamic atomisation (CEHDA) was recently further developed as 

an encapsulation technique for biomedical applications. It facilitates encapsulation of 

sensitive core materials, for example, cells, enzymes or drugs in a protective shell. A 

range of polymeric materials including polyurethanes, polysiloxanes, polylactides 

(PLA), polyglycolides (PGA), poly(lactide-co-glycolides) (PLGA) have been used as 

the encapsulating shell on account of their desirable physical properties such as elasticity, 

electrical insulation, physical strength, and freedom from leachable impurities. Pareta 

and Edirisinghe (2006) showed that starch/bovine serum albumin (BSA) microspheres 

coated with polydimethylsiloxane (PDMS) can be prepared using CEHDA for sustained 

controlled release (Pareta and Edirisinghe, 2006). Work by Xie et al. (2008) reported the 

preparation of particles encapsulating BSA and lysozyme in a biodegradable polymer 

with diameters in the range of 1-10 μm. Significantly, the bioactivity of released 



 

Chapter 2 Literature Review 

~61~ 

lysozyme reached higher levels than those previously reported using other preparation 

methods (Xie, 2008). Similarly, Farook et al. (2008) reported in-situ preparation of 

liquid-filled polymer microspheres. The microbubbles were collected in a vial of 

distilled water and they rapidly converted into polymer-shelled microspheres for liquid 

drug encapsulation (Farook et al., 2008). In addition, co-axial electrospraying 

producing oligodeoxynucleotide encapsulated lipoplex nanoparticles for either 

intravenous injection or pulmonary delivery has been demonstrated. The diameter of 

particles was about 190 nm and the particles provided an efficient medium for gene 

delivery (Wu et al., 2009). 

 

Electrohydrodynamic atomisation (EHDA) is an attractive method for preparing 

particulate polymeric carriers with sizes ranging from several tens of nanometers to 

~100 μm for the pharmaceutical, cosmetic and food industries, as well as several other 

technological fields. However, despite its versatility and growing popularity, the 

question as to whether EHDA can be used as a ‘one-step’ forming technique to produce  

new polymeric drug carriers (e.g. hollow and monoporous hollow capsule,) with 

predetermined characteristics remains unanswered. Moreover, the development of 

stimuli-responsive drug delivery system by using EHDA without relying on a smart 

polymer is limited.   

 

Therefore, the objectives of this study were to demonstrate the fabrication of hollow 

and monoporous hollow polymeric capsules by EHDA and to determine the effect of 

individual processing parameters upon the capsules characteristics. In addition, a new 

responsive drug delivery systems independent of the action of smart polymers based on 

both temperature and ultrasound stimuli was investigated. A drug delivery system that 

allows real-time of release dosage according to the therapeutic treatment is extremely 
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important in clinical applications. However, compared with other methods described in 

the literature, this research offers a novel forming mechanism for capsule production, 

which not only makes the process of hollow polymer capsule generation more efficient, 

but also avoids the need for subsequent template removal by calcination or chemical 

solution. Similarly, the method proposed here does not require a separate shell-forming 

step, which further avoids the use of surfactants or other additives. Hence this work 

opens new insights to extend capabilities of the EHDA technique and offers significant 

potential benefits for drug delivery applications and the design of stimuli-responsive 

systems. 
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Chapter 3 

Experimental details 
 

3.1 Introduction 

This chapter describes the details of materials, apparatus, equipment, software and 

methodologies used in this research. The characterization of materials is described 

appropriately. A detailed description about the accessories and equipment used in 

co-axial electrohydrodynamic processing is also given. Finally, the experiments 

conducted to characterise the capsules obtained are also discussed. 

 

3.2 Materials 

The main materials used in the experiments were polymethylsilsesquioxane and 

perfluorohexane. Other subsidiary materials used were ethanol and distilled water, while 

Evans Blue dye and other drugs were used as markers to study the capabilities of the 

drug carriers. 

 

3.2.1 Polymethylsilsesquioxane 

Polymethylsilsesquioxane, PMSQ, (MK powder, density 1240 kg m-3, Wacker Chemie 

AG, Germany), was used as a main ingredient in this investigation. This polymer is a 

preceramic polymer and can be pyrolysed directly to make ceramic (SiOC) (Nangrejo et 

al., 2008). One reason for using PMSQ is that it is a basic material for a variety of 

biomedical applications, such as particle, fibre, and film fabrication (Colombo, 2008, 

Ahmad et al., 2009). Its inherent properties, e.g. non-toxicity, hydrophobicity, chemical 

stability and inactivity, and desirable physical properties such as high degree of thermal 
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stability and good forming properties have also gained PMSQ wide pharmaceutical 

applications in drug delivery matrices (Ye et al., 2010). In addition, this material has 

been used in-vivo on account of its bio durability and biocompatibility for several 

decades (Zhuo et al., 2005). 

 

3.2.2 Perfluorohexane 

Perfluorohexane, PFH, (C6F14, F2 Chemicals Ltd., Lea, UK.) is a fluorinated aliphatic 

compound and is considered biologically inert and chemically stable (Díaz-López et al., 

2010). Perfluorocarbon physical properties are determined by the length of the 

perfluorinated carbon chain wherein all hydrogen atoms in the molecule are replaced 

with fluorine atoms (Babiak et al., 2008). Small chain species are gases, while these 

containing larger chains are liquids denser than water (Figure 3.1). Carbon-fluorine 

linkage provides unique properties (Table 3.1) that make it attractive for in-vivo 

medical applications such as burnt lung treatment, drug targeting (Lehmler et al., 1999, 

Riess, 2002). Among these, its low boiling point is ~57 °C, and it is odourless and 

colourless. It possesses high oxygen solubility, low surface tension, hydrophobicity 

and lipophobicity, inertness and absence of metabolism and these are the most 

interesting characteristics for their use in clinical applications (Riess and Kra, 1998).  

 

However, as perfluorohexane has low solubility in water, biological fats and lipids, 

surfactants and other additives are indeed involved in all stages of preparing stabilized 

droplets. However, presently a number of challenges, such as uniformity of the 

emulsion droplets and toxicity issues associated with the use of stabilizing surfactants 

prevail (Heuschkel et al., 2007, Sivakumar et al., 2009). 
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Figure 3.1 Chemical structures of perfluorohexane liquid (Díaz-López et al., 2010) 

 

Table 3.1 Properties of perfluorohexane (Kornmann et al., 2008, Couture et al., 2006) 

Low surface tension (12 mNm-1) 
Low viscosity (1.1 mPa s) 
High density (1.76 g/ml) 
Stable 
Low diffusion rate 
Low solubility in water, biological fats and lipids 
Inert 
High gas (O2 and CO2) solubility  

 

3.2.3 Ethanol 

Ethanol (research grade, C2H5OH, density 790 kg m-3, molecular weight 46, electrical 

conductivity 3.4x10-5 Sm-1, viscosity 1.3 mPa s, surface tension 23 mN m-1, BDH 

Laboratory Supplies, UK) was used as the solvent medium for the preparation of 

polymer solutions. In addition, ethanol was also used to calibrate the characterization 

apparatus and as a cleaning liquid for the capillary needles which were the vital 

components of the experimental set-up. 
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3.2.4 Evans blue dye 

Evans Blue dye (dye content 85%, molecular weight 960.81, Sigma-Aldrich, Poole, 

Dorset, UK) is a soluble marker and its UV absorption (λmax) has a peak of ~607 nm. 

Evans Blue dye was used as a model marker to study the capability of the drug carriers 

in the investigations described in Chapters 4, 5 and 6 as experimentally verified 

release profiles in previous studies have shown it to be in accordance with established 

drug release models (Pancholi et al., 2009). In addition, Evans Blue dye is also known 

as a relevant marker in-vivo to studies of permeability in a hepatoma of a rat and 

vascular extravasation in excised tissue (Bekeredjianlow et al., 2007, Böhmer et al., 

2010). 

 

3.2.5 Aspirin 

Aspirin (≥99%, molecular weight 180.16, Sigma-Aldrich, Poole, Dorset, UK), also 

known as acetylsalicylic acid, is a typical anti-inflammatory drug, often used as an 

analgesic to relieve minor aches and pains and as an antipyretic to reduce fever (Das et 

al., 2005). Aspirin is a soluble drug, which is widely available and cost-effective. 

Aspirin was used in the characterization of stimuli-drug release systems to help 

examine the influence of different molecular weights on release behaviour in the 

investigations described in Chapter 6. It is one of the series of drugs used to 

accommodate a range of molecular weights depicted in Table 3.2. 

 

3.2.6 Lactoflavin 

Lactoflavin (≥98%, molecular weight 376.36, Sigma-Aldrich, Poole, Dorset, UK), also 

known as Vitamin B2, plays important roles in energy metabolism and is required by 

the body to use oxygen and in the metabolism of amino acids, fatty acids and 
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carbohydrates. Lactoflavin is used for red blood cell formation, antibody production 

and cell respiration and growth. In humans, symptoms of lactoflavin deficiency include 

cracked and red lips, inflammation of the lining of mouth and tongue, mouth ulcers, 

cracks at the corners of the mouth, sore throat etc (Graham et al., 2005). Lactoflavin 

was used in the characterization of stimuli-drug release systems to help recognize the 

influence of different molecular weights on release behaviour in the investigations 

described in Chapter 6. It is one of the series of drugs used to investigate a range of 

molecular weights, as depicted in Table 3.2. 

 

3.2.7 Cyanocobalamin  

Cyanocobalamin (≥98%, molecular weight 1355.37, Sigma-Aldrich, Poole, Dorset, UK) 

is a water-soluble drug; its primary functions are the formation of red blood cells and 

the maintenance of a healthy nervous system. Cyanocobalamin is an important 

micronutrient for therapeutics and is necessary to process folic acid. Deficiency of 

cyanocobalamin can lead to pernicious anaemia due to failure of red blood cell 

formation (Marley et al., 2009). Bacteria, fungi, algae and virtually all types of meat 

and dairy products are found to be important resources of cyanocobalamin. 

Cyanocobalamin was used in the characterization of stimuli-drug release systems to 

help recognize the influence of different molecular weights on release behaviour in the 

investigations described in Chapter 6. Once again, it was one of the series of drugs 

used in the molecular weights investigation (Table 3.2). 
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Table 3.2 Properties of Evans Blue dye and other drugs  

Drug and material Molecular fomula Molecular weight 

(Da) 

UV abs. peak 

(nm) 

Evans Blue dye C34H24N6Na4O14S4 960.81 607 

Aspirin 2-(CH3CO2)C6H4CO2H 180.16 270 

Lactoflavin C17H20N4O6 376.36 361 

Cyanocobalamin C63H88CoN14O14P 1355.37 445 

 

3.3 Preparation of solutions 

3.3.1 Polymer 

For the investigations described in Chapters 4, 5, and 6, a polymethylsilsesquioxane 

solution of 63 wt. % polymer was prepared in a conical flask by dissolving it in ethanol 

at the ambient temperature (22 °C) via magnetic stirring to ensure full miscibility of 

the polymer. This parent-solution was subsequently diluted to prepare solutions 

containing 36, 27 and 18 wt. % polymer. The contents of polymer and ethanol in the 

remaining solutions were calculated just before diluting the solution by further addition 

of ethanol. 

 

3.3.2 Perfluorohexane 

For the investigations described in Chapter 4, 5, and 6, a perfluorohexane solution 

was used as received. 

 

3.3.3 Evans blue dye and drugs 

The Evans blue dye solutions were prepared by adding 0.005, 0.01, 0.015, 0.02, 0.025, 

and 0.04g of Evans blue dye to 200 ml of distilled water to give concentrations of 0.025, 
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0.05, 0.075, 0.1, 0.125, and 0.20 mg/ml, respectively. Similarly, high concentration of 

Evans blue dye and other drugs such as of aspirin, lactoflavin, and cyanocobalamin 

were prepared by following the same protocol by dissolving in distilled water 

separately to give different concentrations for investigation of controlled release. 

 

3.4 Characterisation of liquids and solutions 

3.4.1 Density 

The densities of the liquid/polymer solutions were determined by using a 25 ml 

standard density bottle (VWR International, Lutterworth, UK) at ambient temperature 

and pressure conditions. The mass of the empty bottle and the mass of the bottle filled 

with liquid/polymer were obtained using an electronic balance (A&D - GR-300 - 

Analytical Balance, Leicester, UK) which was capable of giving precise values of up 

to four decimals. The mean value of the density of liquid/polymer solution was taken 

from five consecutive calculations as reported in this thesis. The density bottle and 

procedure was calibrated using ethanol. The density was calculated by equation 3.1. 

 

The density of liquid/solution (D) = (W2-W1) / V    (Eq. 3.1) 

 

Where W1 is the weight of the empty density bottle, W2 is the weight of the density 

bottle filled with liquid/solution, and V is the bottle volume. 

 

3.4.2 Electrical Conductivity 

HI-8733 (Hanna Instrument, USA) conductivity probe, which consists of a control 

panel and a conductivity probe, was used to measure electrical conductivity. The 

control panel provides selection of suitable measurement ranges and the probe with 

two electrodes is used to measure liquid conductivity. The measuring range of this 
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meter is 0.0 to 1999 / 0 to 19990 μS/m and 0.00 to 199.9 / 0.0 to 1999 mS/m, 

respectively. The measurements were performed using 30 ml of liquid in a beaker and 

the electrode was kept immersed in the solution up to the correct length of the electrode 

for 300s and the reading shown on the control panel was recorded. All measurements 

were carried out at the ambient temperature and the probe was always cleaned with 

distilled water and dried before measurement. The mean value of five consecutive 

readings was taken as the electrical conductivity of the sample. 

 

3.4.3 Viscosity 

For the determination of viscosity of different concentrations of polymer solutions, 

different methods were appropriately used. A U-tube viscometer (BS/U type, Schott 

Instruments GmbH, Germany) was used to determine dynamic viscosity of less 

viscous fluids such as ethanol etc, while the VISCOEASY rotational viscometer 

(CamLab Ltd, Cambridge, UK) was used for “thicker” fluids such as a high 

concentration of polymer solution etc. The dynamic viscosity was determined using 

the instructions provided in the operation manual of this equipment. 

 

3.4.3.1. Determination of viscosity using U-Tube viscometer 

U-tube viscometer (size C, nominal constant 0.03) was used to determine viscosity of 

18, 27, and 36 wt. % polymer suspensions. This was determined by measuring the time 

(t) taken by the samples to pass through from upper region to the lower region in the 

U-tube viscometer. The time was recorded using a stop watch with 0.01 second 

accuracy and the mean value of the time (s) was calculated from five experiments. The 

kinematic viscosity is calculated by multiplying the viscometer constant (C) with the 

time (t). 
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Ct=ν
    

(Eq. 3.2) 

 

Then, the dynamic viscosity (η) was then calculated by multiplying the kinematic 

viscosity by the density (ρ) of the suspension: 

 

ρη v=     (Eq. 3.3) 

If equations (3.2) and (3.3) are combined, 

 

ρη Ct=   (Eq. 3.4) 

 

Ethanol was used to calibrate the viscometer. The mean value of five readings was 

taken as the dynamic viscosity of the sample. The calibrated value is also essential for 

U-tube viscometers as the viscosity value cannot be calculated without comparison 

with another liquid. However, due to the high concentration of polymer suspension, it 

was not possible to use the U-tube method to determine viscosity of 63 wt. % polymer 

solution as the suspension seemed to block the fine capillary. 

 

3.4.3.2. VISCOEASY rotational viscometer 

For the determination of viscosity of 63 wt. % polymer solution, a VISCOEASY 

rotational viscometer was used. An appropriate spindle was selected and viscosity 

measurement was obtained with reference to the rotational speed of the spindle inside 

the suspension, which also gives an estimate of its accuracy based on torque required 

to turn an object in a fluid. At a rotational speed of 100 rpm, the viscosity of the 

polymer solution was measured. Five consecutive readings were taken and a mean 

value was obtained in each case. 
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3.4.4 Surface tension 

Kruss Tensiometer K9 (Standard Wilhelmy’s plate method) was used to measure 

surface tension of the liquids and polymer solutions. The probe (a plate) was hung on 

the hook and the beaker containing the sample was placed on the stage. The probe was 

completely immersed into the sample and was gradually lifted. The surface tension 

value was directly measured as the probe was just about to detach from the liquid 

surface, which provide a maximum force referred to the surface tension. Generally, 

100 ml liquid was used for this measurement using a 150 ml beaker, which is sufficient 

to fully immerse the probe. In order to minimize errors, the “lifting force” was applied 

gradually and the probe was cleaned thoroughly and dried in a drier before each 

measurement. The mean value of five readings was taken as the surface tension of the 

sample. 

 

3.5 Experimental set-up and equipment 

The basic experimental set-up used for electrohydrodynamic atomisation processing 

consists of a co-axial needle, infusion pump, power supply and electrode, as shown in 

Figure 3.2. The experimental designs and the specification of each facility used are 

given below in detail. The co-axial needle is connected to the power supply and also 

connected to a syringe, which is fixed on a syringe pump to control the flow rate. 10 

ml and 5ml volume capacity syringes were separately connected to the inner and outer 

needles using silicone tubing. The inner stainless steel needle was supplied with 

perfluorohexane, whilst polymer solution was introduced through the outer needle. The 

distance from the exit of the outer needle to the ground electrode (the working distance) 

was set at a range of values to achieve a size distribution in the studies. A high speed 

camera (600 frames per second) equipped with an optical light source was used to 

observe the jet and record the data of the spraying region. The applied voltage on the 
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needle was adjusted and the flow rate was controlled in order to achieve a stable jet 

during electrohydrodynamic spraying. At a specific flow rate, the stable jet was 

achieved within a range of applied voltage. Thus, the relationship between the applied 

voltage and flow rate for the suspension jetting was studied to investigate the 

optimized processing conditions. 

 

 

Figure 3.2 Schematic representation of the experimental set-up used for co-axial 

electrohydrodynamic atomisation 

 

3.5.1 Needle configuration and ground electrode 

The co-axial needle used for novel capsule generation was made up of an inner stainless 

steel needle (inner diameter 150 μm and outer diameter 300 μm) carrying the 

perfluorohexane flow (Liquid 1) surrounded by an outer stainless steel needle (inner 

diameter 685 μm and outer diameter 1100 μm) carrying the polymer solution (Liquid 2) 

(Figure 3.3). Both needles were designed with screw and thread type in order to 

prevent leakage of solution during the application of high pressure. The tip of the inner 
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needle was positioned ~2 mm inside the outer needle in order to allow the 

perfluorohexane to be encapsulated by polymer solution. A ring electrode (inner 

diameter 15 mm and outer diameter 20 mm) was placed below the tip of the outer needle 

as shown in Figure 3.2. The electric stress is determined by the electric field between 

the co-axial needle and the ground electrode configuration. 

 

3.5.2 High voltage power supply 

The needles and the ground electrode were connected to a high voltage DC power 

supply unit (FC30 P4, Glassman Europe Limited, Bramley, UK) using a high voltage 

power cable. The output voltage range of the power supply is 0-30 kV and the range of 

output current is 0-4 mA. The minimum resolution of output control is 0.1 kV. The 

operating temperature can vary from -20°C to 50°C. However, in this study, the work 

was carried at ambient temperature at all times. 

 

3.5.3 Infusion pumps 

In all the electrohydrodynamic experiments carried out in this thesis, the inner needle 

and the outer needle were connected to plastic syringes (BD PlasticTM, VWR, 

Lutterworth, UK) containing the liquid or polymer solution. The flow rates of the liquid 

and the polymer solution through the needles were controlled by high precision Harvard 

syringe pumps (Infuse/withdraw PHD 4400 programmable syringe pump, Harvard 

Apparatus Ltd., Edenbridge, UK). Basically, it is a microcontroller that can provide a 

precision displacement. The motor drives a lead screw and a pusher blocker. Several 

operations, which include the infuse/defuse mode transformation, the syringe mode 

selection and the flow rate value, can be selected via the operation keypad. The 

capacity of the syringes used for the inner liquid and the outer solution were 10 ml and 5 

ml, respectively. 
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Figure 3.3 Dimensions configuration of the co-axial needle device 
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3.5.4 Data recording system 

A LEICA S6D JVC-colour video camera was used to observe the spraying region and 

the flow of liquids exiting the needles. The camera contains a high-end CMOS sensor 

which can record ultra-high-speed frames. The lens on the camera allows focusing on 

objects down to a few micro meters from a distance of approximately 50 mm. The 

captured signal passes through a data DVD video recorder MP- 600 using a CDV 

Recorder/Editor DN-100 with a video screen for real time monitoring. 

 

3.6 Thermal treatment 

Temperature stimulated encapsulation and release were carried out using a hot plate 

(RCT basic IKAMAG®, Staufen, German) which could go up to a maximum 

temperature of 330°C, as shown in Figure 3.4. The heat-treatment programme of the 

capsules was followed throughout the thesis and was monitored using a thermometer, 

indicating precision resolution at 0.1°C. The capsules were stored in 20 ml of distilled 

water/ phosphate buffer solution and heated to a predetermined temperature (37, 45, 57 

and 75 °C) for various time intervals (300, 1800, and 3600s) for controlled 

encapsulation and release.  

 

3.7 Ultrasound treatment 

Figure 3.5 schematically illustrates the set-up of ultrasound treatment experiments. The 

capsules were subjected to ultrasound treatment using a 20 kHz low-frequency 

ultrasonic processor (S-250A, Branson Ultrasonics Corporation, Danbury, USA) set at 

different controlling parameters. Ultrasound irradiation was conducted at varying 

exposure durations (from 0 to 600 s), duty cycles (from 30 to 90 %), and output levels. 

The ultrasonic probe (13 mm in diameter) was immersed in a glass vial containing 20 ml 

of the capsule suspension. The distance between the ultrasound probe and the bottom of 
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the vial is 35 mm. A custom-made ice bath was fitted on the wall of the vial in order to 

reduce the possible effect of heat-induced by absorption of ultrasonic waves in the 

aqueous medium. The temperature was monitored throughout the experiment.  

 

 

Figure 3.4 Experimental set-up for temperature treatment 

 

Figure 3.5 Experimental set-up for ultrasound treatment 
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3.8 Characterization of capsules 

To gain insight or specific information of the system various techniques are needed. The 

capsules prepared during investigations described in Chapters 4, 5 and 6 were 

analyzed using a combination of the optical microscopy, scanning electron microscopy, 

fourier transform infrared spectroscopy and UV-Vis measurements. Some methods give 

surface and morphology information, while other methods allow an in depth study of 

the system. Combining the knowledge gained from all the measurements with one 

another gives a better understanding of the whole system. The principles and layout of 

the methods used in this work are described in the following sections.  

 

3.8.1 Optical microscopy 

The optical microscope (Nikon Eclipse ME 600, Nikon, Japan) was extensively used for 

all investigations described in the following chapter. In each observation, shape and size 

of the relics collected from a 1 ml sample of capsules/ hollow suspensions were taken 

on a microscopic glass slide. The microscope is equipped with an incident light 

illuminating unit in which the light can come from either side of the specimen with 

variable optical strengths. There are five objectives equipped in this microscope (5×, 

10×, 20×, 50× and 100×). The sizes of the obtained structure from optical microscopy 

were measured using standard Image-Pro Plus software (Media Cybermatics, L.P.Del 

Mar, CA, USA). 

 

3.8.2 Scanning electron microscopy 

Scanning Electron Microscopy (SEM) is an important method of capsule 

characterisation. It provides an overall picture of capsule size and morphology 

(as-formed products). A field emission scanning electron microscope (FE-SEM, JEOL 
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Ltd., Herts, UK) was used to characterize the surface morphology and shell thickness of 

the microcapsules. This instrument is equipped with an emitter that can achieve a 

resolution of ~ 1.5 nm. In all experiments, the accelerating voltage and the working 

distance between the emitter and the sample were kept at 5 kV and 19 mm, respectively. 

1 ml samples of the microsphere were collected and put on glass slides for drying for 48 

hours in a desiccator under ambient conditions before SEM analysis. In order to get the 

thickness and morphology of the capsule shells the dried microspheres were sectioned 

using a scalpel blade (No. 21, VWR International Ltd) at ambient temperature without 

embedding in any polymer. Since the polymer used for the microcapsules is an 

insulator, the glass slides with dried capsules were gold coated for 90s using a 

sputtering machine (Edwards sputter coater S150B). The sample was then fixed on a 

conductive stub using a carbon sticker and was placed in the SEM chamber to prevent 

charging of the sample surface during analysis. All measurements on the micrographs 

were carried out using IMAGE-PROPLUS software (Media Cybernetics, L.P. Del Mar, 

CA, USA).  

 

3.8.3 Characterization of material composition  

The compositions of the prepared capsules were evaluated by Perkin Elmer System 

2000 Fourier transform infrared (FTIR) spectrometer (PerkinElmer Life and Analytical 

Sciences, Inc., Wellesley, USA). Fourier transform infrared spectra were obtained using 

the standard KBr pellet technique. Microcapsules were milled with potassium bromide 

in the ratio of 1:5 to form a very fine powder. This powder is then compressed into a thin 

pellet by a hydraulic press to give a hard clear white disc. The resulting disc was then 

placed carefully (to avoid cracking or breaking of the disc) in a holder which was 

subsequently positioned in the sample compartment of the infrared spectrometer. KBr is 

also transparent in the IR. All spectra were obtained after KBr background subtraction. 
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Each spectrum was collected by cumulating 30 scans. 

 

3.8.4 Determination of the temperature of release medium 

In order to examine the temperature of release medium, a thermometer was used in all 

experiments throughout the thesis. The temperature or temperature gradient is recorded 

when the value of the measurement of temperature is stable. The temperature range is 

from 0.0 to 90 °C with a accuracy of ±0.1°C. 

 

3.8.5 Determination of the amount of PFH in polymeric structure 

In order to evaluate the perfluorohexane loading, a sample of perfluorohexane loaded 

microcapsules were sprayed onto glass slides and weighed using an analytical balance 

(A&D - GR-300 - Analytical Balance, Leicester, UK). The analytical balance has a 

high resolution of 0.0001g and a standard deviation of 0.0001g. This sample was then 

heated to 75 °C for 1800s to evaporate the encapsulated PFH and was re-weighed after 

cooling to the ambient temperature when no further mass loss (evaporation) was noted. 

The PFH content was defined as the ratio of actual amount of PFH encapsulated in 

PMSQ and the actual weight of the capsules.  

 

    (Eq. 3.5) 

 

3.8.6 Determination of ultrasound power 

The total power of the ultrasound was determined as described by Fay and Binker 

(1996). Theoretical analysis shows that temperature increase induced by absorption 

and scattering is precisely proportional to the power of the incident ultrasonic wave, 

and the absolute value of the ultrasonic power can be determined when the heat 
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conductivity and acoustic absorption coefficient of the absorber material used are 

known in the frequency range up to 14 MHz (Fay and Binker, 1996). Therefore, a 

commonly used calorimetric method was performed to calculate the power delivered 

by the sonicators based on the change of temperature in water although output level 

can be controlled by the processor used (Liu et al., 1998). The rate of increase of liquid 

temperature was measured and used to calculate the intensity using the equation 

described below (Eq. 3.6). Assuming that all of the temperature change of a liquid 

exposed to the ultrasound was due to incident acoustical power, and all the acoustical 

power was converted into heat. The following equation can be used to relate power to 

temperature rise: 

 

t
T

A
mC

I p

Δ
Δ

=      (Eq. 3.6) 

 

Where I is the ultrasound intensity, m is the mass of medium exposed, Cp is the specific 

heat, ΔT/Δt is the rate of temperature change, and A is the transducer area.  

 

3.8.7 In-vitro drug release measurements 

UV/Vis Spectroscopy is a class of spectroscopy that can be used to measure drug 

release by assessing the absorbance of a substance in the UV/Vis range. The absorbance 

(A) is defined as the log of the intensity of incident light (I0), divided by the intensity of 

the light after passing through the sample (I). The concentration (C) of the substance and 

the pathlength (l) through the sample and the molar extinction coefficient (ε) are related 

by the Beer-Lambert law, as shown in equation 3.6. For each species and wavelength, ε 

is a constant known as the molar absorptivity or extinction coefficient. 
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εCl
I
IA == 0

10log         ሺEq. 3.7) 

 

Typically, the drug release study was carried out in 20 ml of phosphate buffer (pH 7.4) 

while stirring at 100 rpm in a flask. The temperature of the suspension was kept at 37 ± 

0.5 °C. At designated time intervals, the vial was taken out and centrifuged at 4000 

rpm for 1800s. The resulting supernatants were directly analyzed by UV spectroscopy 

at a wavelength corresponding to maximum absorption. The quantities of drug in the 

capsules were estimated by determining the difference in drug concentration in the 

suspension before and after release using an ultraviolet spectrometer (UV-2401PC 

spectrophotometer, Shimadzu, Japan). The concentration of drug in the supernatant 

was determined by UV absorption referred to a standard curve. After each 

measurement, the release medium was replaced using fresh solution to maintain ideal 

sink conditions. Calculation of the corrected concentration of released molecules is 

based on the following equation (Fisher et al., 2003): 
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  (Eq. 3.8) 

 

Where Ctcorr is the corrected concentration at time t, Ct is the apparent concentration at 

time t, v is the volume of sample taken and V is the total volume of dissolution medium. 

The loading efficiency was defined as the ratio of the actual to the theoretical amount 

of molecules encapsulated in the polymer shell: 
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 (Eq. 3.9) 

 

The kinetics of the release from polymeric carriers has been examined by using the 

Higuchi model (Peppas, 1985). According to this model, the release of a drug from an 

insoluble, porous carrier could be described as a square root of a time-dependent 

process based on Fickian diffusion. The release data were evaluated using the Higuchi 

model, which could be described by the following equation: 

 

Q=KH t1/2   (Eq.3.10) 

 

Where Q is the amount of dye released in time t and KH is the Higuchi dissolution 

constant. Error bars represent the standard deviation from three experiments for all 

release experiments. 
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Chapter 4 

Electrohydrodynamic atomisation as a 
novel approach for the preparation of 
hollow capsules 
 

Hollow capsules play an important role in microencapsulation and have been used in 

medical, biological, pharmaceutical and other industrial applications. The importance 

and preparation of hollow capsule were discussed in the literature review. However, as 

discussed in the literature review, the processing methods currently used to produce 

hollow capsule involve complicated and multiple manufacturing steps, normally 

requiring surfactants or amphiphilic polymers to increase kinetic stability. This chapter 

investigates the feasibility of using the co-axial electrohydrodynamic atomisation 

(CEHDA) process to produce hollow capsules for controlled release applications. The 

aims of this investigation were: firstly to determine whether hollow capsules could be 

successfully fabricated in the absence of processing additives by using co-axial 

electrohydrodynamic atomisation; secondly, to assess the feasibility of controlling the 

diameter (D) and shell thickness (t) of the capsules and ratio D:t (α) in order to achieve 

an understanding of the effect of individual processing parameters (Figure 4.1); thirdly, 

to examine the capability of hollow capsules made by CEHDA for controlled release 

applications. This study forms the foundation for the further development of stimuli 

drug delivery techniques described in Chapters 5 and 6. 
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Figure 4.1 Illustration of hollow capsule and its dimensions 

 

4.1 Characteristics of processing liquids 

It is known that the size of the capsules obtained via CEHDA is influenced by the 

viscosity, density, electrical conductivity and surface tension of the encapsulated and 

encapsulating materials, as well as the processing conditions. Ethanol is a well known 

liquid to achieve a stable jet in electrohydrodynamic atomisation (Grace and 

Marijnissen, 1994), and its properties such as surface tension, electrical conduction and 

viscosity are key parameters in the process. However, ethanol was added for 

preparation of polymer solutions with polymer concentrations of 18, 27, 36, and 63 

wt%. The physical properties such as density, viscosity, surface tension and electrical 

conductivity of polymer solutions and the PFH are shown in Table 4.1. All 

experiments were performed at ambient temperature and pressure and ethanol was 

used to calibrate each of the instruments mentioned above. As shown in Table 4.1, by 

increasing the polymer concentration to 36 wt%, the viscosity can be increased by five 



 

Chapter 4 Preparation of Hollow Capsules 

~86~ 

times compared to the PFH liquid. The electrical conductivity of the polymer solutions 

has been dramatically decreased by increasing the polymer concentration. This is due 

to the large amount of entangled dielectric polymer chains in the solution. 

 

Table 4.1 Measured physical properties of the liquids used in experimental work (n=5) 

Material Density 

kgm-3 

Viscosity 

mPa s 

Surface 

tension 

mNm-1 

Electrical 

conductivity 

μSm-1 

Perfluorohexane 1710 1.1 12 < 1 × 10-5 

PMSQ 18 wt % 805±0.5 1.8±0.1 23±0.2 9±0.2  

PMSQ 27 wt% 834±0.5 2.9±0.1 23±0.2 8±0.2  

PMSQ 36 wt% 861±0.5 5.2±0.1 23±0.2 6±0.2  

PMSQ 63 wt% 993±0.5 53±0.5 26±0.2 1±0.2  

 

 

4.2 Parametric investigation 

It is the objective of this investigation to obtain hollow capsule with core-shell 

structures as a function of electrohydrodynamic processing parameters. Thus, the 

optimisation of the experimental parameters as well as a suitable mapping to create 

hollow structures needed to be investigated. The equipment used for co-axial 

electrohydrodynamic atomisation is shown in Figure 3.2. The co-axial needle 

dimensions were selected, as it seemed suitable and would enable suspensions of high 

viscosity to be electrosprayed without the blockages which would affect needles of 

finer diameters. In addition, it has been reported by Jayasinghe et al (2004) that using 

smaller inner diameters enables the use of lower flow rates. Such flow rates can 

produce much finer droplets (Jayasinghe and Edirisinghe, 2004). The investigation of 
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hollow preparations using the CEHDA process includes four subsections which are: 

the influence of flow rate, the influence of needle-substrate distance, the influence of 

polymer concentration, and the influence of applied voltage, as described below. 

 

4.2.1 The encapsulation process 

In this study, the outer PMSQ solution acted as the driving liquid because of its lower 

electrical relaxation time (Lopez-Harrera et al., 2003) and higher viscosity compared 

to PFH. The stable jet was not observed in the absence of the PMSQ solution, 

indicating that the inner liquid (PFH) cannot produce a stable jet because of its low 

electrical conductivity. Figure 4.2 shows electrospraying of both the PMSQ solution 

and PFH at different applied voltages. The gravity driven dripping mode of 

PMSQ/PFH was observed at zero voltage, while the flow rates of syringe 1 (PFH 

solution) and syringe 2 (36 wt% PMSQ solution) were fixed at 150 μl min-1and at 300 

μl min-1, respectively (Figure 4.2a). In this experiment the dripping mode can be 

approximately divided into two parts (upper and lower), in which the upper part is 

PMSQ polymer while the lower part consists of the PFH droplets surrounded by a thin 

layer of PMSQ because of the higher density of the inner liquid.  

 

With increasing electric field strength (applied voltage), the dripping mode changed to 

stable jetting which was reached at 4.2 kV (Figure 4.2b). Normally, in this mode the 

cone volume is largely occupied by the inner liquid with the outer liquid flowing in a 

very thin film on the outside of the cone (Loscertales et al., 2002). In Figure 4.2b, 

however, it can be seen that there is a liquid interface inside the cone and the inner 

liquid does not fill the cone volume. This observation can be ascribed to the high 

density, low electrical conductivity and low miscibility of the PFH liquid and the high 

polymer concentration. However, once the cone-jet is formed, concentric droplets can 
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be generated as the jet breaks up into smaller highly charged droplets which are then 

neutralized by the presence of the ground electrode during collection. 

 
 

(a) (b)  

Figure 4.2 Illustration of dripping (a) and stable jetting (b) behaviour of PMSQ/PFH 

during CEHDA 

 

4.2.2 The influence of flow rate  

The liquid flow rates are often the key controlling parameters during preparation of 

hollow microspheres by CEHDA. To identify the influence of the driving liquid, the 

flow rate of syringe 2 (PMSQ solution 18 wt%) was varied between 200 and 650 μl 

min-1 while the flow rate of syringe 1 (PFH solution) was fixed at 150 μl min-1. The 

distance from the exit of the outer needle to the ground electrode (the working distance) 

was fixed at 12 mm. Figure 4.3 shows the effect of increasing the PMSQ solution flow 

rate on capsule mean diameter (D) which increased from 420 nm at 250 μl min-1 to 

1000 nm at 650 μl min-1. However, at a flow rate of 200 μl min-1, irregular 

microspheres with a porous surface were generated instead of the spherical 

microspheres (Figure 4.4a). This can be attributed to the outer liquid (PMSQ solution) 



 

Chapter 4 Preparation of Hollow Capsules 

~89~ 

being unable to provide sufficient driving force to encapsulate the PFH liquid. This 

kind of hollow microspheres with a porous surface have been reported and classified as 

a new particle on account of their higher effective diffusivity of drugs and available 

surface area compared with microspheres of the same size ((Im et al., 2005). 

 

 

 

Figure 4.3 Diameter and shell thickness of microspheres prepared as a function of 

varying flow rate of PMSQ and with PFH flow rate fixed at 150 μl min-1 (Error bars 

represent the standard deviation from three experiments) 

 

 

 

Panels a-f of Figure 4.4 show SEM images of the hollow PMSQ microspheres 

fabricated at flow rates of PMSQ at 200, 250, 350, 450, 550, and 650 μl min-1, 
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respectively. As above, for liquid flow rates < 200 μl min-1, microspheres of irregular 

morphology with a porous surface were generated (Figure 4.4a). When the flow rate 

was fixed > 250μl min-1, the microspheres were spherical with smooth surfaces and a 

narrow size distribution. However, some of these microspheres were also seen to be 

interconnected. This is thought to have occurred as a result of water seeping out from 

the microspheres taken out of distilled water prior to being dried in a desiccator.  

 

The mean shell thickness (t) was also influenced by increasing PMSQ flow rate and 

similarly increased with increasing flow rate (Figure 4.3). Typical cross sections are 

presented on the upper RHS of Figure 4.4 panels b-f. The cross section of microsphere 

was obtained by a destructive method. The cutting force can result in some 

deformation and therefore these appear non-circular. Figure 4.4 panels b-f indicate 

that hollow microspheres with a single cavity were successfully formed and that the 

shell thickness varied from 40 nm for a mean diameter of 420 nm to 95 nm for a mean 

diameter of 1000 nm. Furthermore, the D/t ratio (α) showed a slight increase from 10.5 

at 250 μl min-1 to 10.7 at 650 μl min-1. However, the ratio was kept almost constant by 

adjusting the flow rate under these processing conditions. Figure 4.5 shows a 

microsphere with its shell cracked open and this is further evidence to indicate that the 

microspheres are not solid capsules but consist of a single internal cavity, which was 

previously occupied by PFH. If the spheres had been solid with a sponge like structure 

then this would have indicated the PFH liquid had not been successfully encapsulated.      
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(a) (b)  

(c) (d)  

(e) (f)  

Figure 4.4 Effect of PMSQ flow rate (μl min-1) on geometry of the hollow microspheres, 

(a) 200; (b) 250; (c) 350; (d) 450; (e) 550; (f) 650 
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Figure 4.5 Scanning electron micrograph of fractured hollow microsphere 

 

4.2.3 The influence of needle-substrate distance  

As the needle-substrate distance plays an important role in influencing the liquid 

droplet dimensions during electrohydrodynamic processing, it is necessary to study the 

effect of the needle-substrate distance on the size of hollow capsule obtained. In this 

investigation, 18 wt% PMSQ was syringed to the outer needle at a flow rate of 450 μl 

min-1 while the flow rate of syringe 1 (PFH solution) was fixed at 150 μl min-1. The 

size of hollow capsules made by varying the needle-substrate distance from 8 to 16 

mm is shown in Figure 4.6. At a short distance (8 mm), the size of diameter and shell 

thickness showed a broad size distribution. With the increase of the distance, the 

diameter and shell thickness became smaller and this is due to the increasing 

evaporation of solvent during particle formation. However, when the distance was 

varied from 8 mm to 16 mm, the core-shell structure of the capsule was not affected. 
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The reason for that is because there was sufficient driving force for the core-shell 

formation during spraying.  

 

 

Figure 4.6 Size and shell thickness of microspheres vs working distance with inner 

needle flow rates of 150 μl min-1 and outer needle flow rate of 450 μl min-1 (Error bars 

represent the standard deviation from three experiments) 

 

4.2.4 The influence of polymer concentration 

The effect of PMSQ concentration on the preparation of hollow microspheres was 

studied for 18, 27, 36 and 63 wt% PMSQ in ethanol while the working distance was 

fixed at 12 mm. With increasing PMSQ concentration, the viscosity of the solutions 

increases due to increasing polymer chain entanglement, whilst electrical conductivity 

decreases because of the insulating characteristics of PMSQ (Table 4.1). Both 

parameters would be expected to affect the morphology of the microspheres. The 
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microspheres generated were spherical except at 63 wt% PMSQ. However, increasing 

the polymer concentration resulted in an increase in mean microsphere diameter (D) 

from 460 nm at 18 wt% PMSQ to 630 nm at 36 wt% (Figure 4.7). The increase in 

capsule size may be attributed to the high surface tension and viscosity and low 

electrical conductivity of the higher concentration solutions. The mean shell thickness 

of the microspheres varied from 45 nm at 18 wt% PMSQ to 95 nm at 36 wt% (Figure 

4.7). In addition, the ratio α showed a decrease from 10.2 at 18 wt% to 6.6 at 36 wt%. 

These effects may similarly be attributed to the higher viscosity and higher surface 

tension (Hartman et al., 1999b).  

 

 

 

Figure 4.7 Size and shell thickness of microspheres vs PMSQ concentration with the 

inner flow rate fixed at 150 μl min-1 and the outer needle flow rate kept at 300 μl min-1 

(Error bars represent the standard deviation from three experiments) 
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As the polymer concentration was increased to 63 wt%, a transition from 

electrohydrodynamic spraying to electrospinning was observed. Also, the polymer 

began to solidify and it became difficult to obtain hollow microspheres by adjusting 

the applied voltage. Instead, composite fibers were formed as shown in Figure 4.8 and 

4.9. Figure 4.8 shows a SEM image of an electrospun fiber prepared at 9.7 kV, whose 

surface shows both wrinkled and smooth features which are thought to be due to 

solvent evaporation during collection (Berkland et al., 2004, Loscertales et al., 2002). 

Figure 4.9 shows an optical image of the same fiber and provides more detailed 

internal information. The PFH liquid droplets with diameters of ~7 μm were 

encapsulated in a PMSQ fiber of ~10 μm diameter. This type of structure could 

potentially be used as a functional material e.g. for textiles (Sun et al., 2003) and drug 

delivery applications (Sill and Recum, 2008). 

 

 

Figure 4.8 SEM image of increasing the PMSQ concentration to 63 wt % 
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Figure 4.9 Optical image of increasing the PMSQ concentration to 63 wt % 

 

4.2.5 The influence of applied voltage 

The applied voltage between the needles and the ground electrode is the other key 

process control parameter (Lopez-Harrera et al., 2003). In this study, the effects of 

applied voltage on hollow microsphere geometry and shell thickness at different 

voltages of 3.4, 3.8, 4.2 and 4.6 kV were investigated, while the polymer concentration 

was fixed at 36 wt%, and the flow rates in the inner and outer needles were kept at 150 

and 300 μl min–1, respectively. It was found (Figure 4.10) that increasing the applied 

voltage resulted in a reduction in the mean microsphere diameter (D) from 810 nm at 

3.4 kV to 370 nm at 4.6 kV. Thus, these results demonstrate that by increasing the 

applied voltage, microspheres with diameters of about four orders of magnitude 

smaller than the size of outer needle can be produced. However, when the applied 
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voltage was increased, the cone angle becomes larger and the acceleration distance to 

the exit of outer needle becomes correspondingly shorter, so there will be a maximum 

voltage above which it is difficult to reach steady state jetting. The mean shell 

thickness of hollow microspheres was 119 nm at 3.4 kV. By increasing the applied 

voltage to 3.8 kV, the mean thickness became smaller, reducing to 84 nm at 4.2 kV 

and 53 nm at 4.6 kV. The ratio α was almost constant at ~ 6.8. 

 

 

 

Figure 4.10 Size and shell thickness of microspheres vs. applied voltage with an inner 

flow rate of 150 μl min-1 and an outer flow rate of 300 μl min-1 (Error bars represent the 

standard deviation from three experiments) 
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4.3 Steady jetting region and D/t ratio 

The driving liquid, which has high viscosity and electrical conductivity, plays an 

essential role in the preparation of hollow microspheres and the spray phenomenon is 

mainly determined by properties of the driving liquid (Loscertales et al., 2002). The 

relationship between applied voltage, flow rate, and the onset of stable jetting at PMSQ 

concentrations of 18 wt%, 27 wt%, and 36 wt% was investigated (Figure 4.11 a-c). In 

each stable jet region, with all other parameters fixed, the applied voltage increased 

with increasing PMSQ flow rate. In addition, by increasing the PMSQ concentration 

from 18 to 36 wt%, the applied voltage needed to prepare hollow microspheres 

becomes higher and the magnitude between upper and lower voltages of stable jetting 

decreases with the increase of the PMSQ concentration.  

 

In this study, the ratio α provides important information as this determines the 

mechanical properties and transportation behaviour of the encapsulated bioactive 

agents (Qiu et al., 2001, Rachik et al., 2006, Dong et al., 2005). In addition, the ratio 

of diameter to wall thickness produced by different processes is in the range of 5 to 30. 

It is clear that the production of a thinner shell thickness will decrease the overall 

stiffness of the capsule wall (Rachik et al., 2006), and simultaneously increase the 

inner core volume while the outer diameter (D) is fixed. Over the entire parameter 

space, the largest value of α achieved (by a factor of ~10) was at 18 wt% PMSQ while 

the smallest value of α (6.6) was obtained by increasing polymer concentration to 36 

wt% PMSQ (Figure 4.12). These hollow particles with a low D/t ratio are less prone to 

fragmentation but have a smaller core volume. 
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Figure 4.11 Mapping of applied voltage and flow rate of PMSQ at different PMSQ 

concentrations (a) 18 wt%, (b) 27 wt%, and (c) 36 wt% (Error bars represent the 

standard deviation from three experiments) 

(a) 

(b) 

(c) 
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Figure 4.12 Variation of D/t ratio (α) with polymer concentration (Error bars represent 

the standard deviation from three experiments) 

 

4.4 Characterization of composition 

FTIR spectra were obtained to confirm the composition of the hollow microspheres. 

Figure 4.13 shows infrared spectra of samples of native PMSQ powder and the 

microspheres over the wave number range 400 to 4000 cm-1. C-H vibrations 

of –CH, –CH2, and –CH3 groups showed absorption bands at around 2900 cm-1. 

Carbon dioxide was observed at 2359 cm-1 due to residual carbon dioxide not purged 

from the FTIR spectrometer (C-O asymmetrical stretching vibration) (Bogart et al., 

1995). The methyl groups (CH3) were also observed at absorption bands of 1410 cm-1 

and 1275 cm-1, respectively. The typical absorption band of polysilsesquioxane at 1130 
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cm-1 was observed in both spectra (Ma et al., 2002a). The two spectra are almost 

identical except for an additional absorption in the spectrum of ‘dried hollow 

microsphere’ at 1119 cm-1. This is attributed to C2F6 (Eapen et al., 1994) and 

suggested that the PFH provide a volume for shell formation, after which it evaporated. 

Thus, the polymer is stable and not reactive with the PFH during processing although 

PFH relics existed in the hollow PMSQ polymer. It should be noted that apart from 

being non-toxic, PFH is able to dissolve and deliver oxygen to several tissues (Riess, 

2001), and also be used as an external phase of emulsion to entrap lipophilic drugs into 

hydrophilic or lipophilic polymers (Mana et al., 2007), thus providing a superior 

encapsulation rate after filtering the suspension and drying under ambient conditions. 

 

 

Figure 4.13 FTIR spectra of PMSQ and dried hollow microspheres 
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4.5 Mechanism of hollow capsule formation 

Perfluorohexane (PFH), which is a liquid at the ambient temperature is non-toxic and 

has been used in the preparation of multifunctional microspheres for medical and 

pharmaceutical applications (Giesecke and Hynynen, 2003). The mechanism for the 

preparation of hollow microspheres takes advantage of its properties of immiscibility 

and volatility (Pisani et al., 2006). PFH and PMSQ were injected at appropriate flow 

rates under an applied voltage, in which the electrical forces acted on the driving liquid 

(PMSQ) and lead to the establishment of the stable cone. The PMSQ solution was 

accelerated by the electrical field, while the flow of PFH was dominated by viscous 

stresses. Hence, the electrical forces acting on the PMSQ film drives the inner viscous 

liquid and make both liquids flow steadily with the same velocity. Therefore, 

concentric droplets can be obtained with PMSQ around the PFH, these are stable and 

retain their integrity due to their immiscibility.  

 

The core material (PFH) can change phase from liquid to air at ambient temperature 

due to its low boiling point. The thin PMSQ layer containing nano-pores and channels 

allow small molecules and ions to pass through the shell. However, after shell 

formation, the core liquid can be easily exiled by gentle evaporation in an ambient 

environment due to its volatility, leaving a single hole inside. Moreover, the use of 

PFH liquid droplets in this technique paves the way to incorporating functional oils or 

oil-soluble compounds inside the particles. Furthermore, PFH is biocompatible against 

other solid templates and may allow facile and efficient introduction of functional 

liquid cores, drug and DNA molecules inside the capsule, which is particularly 

attractive in drug delivery and pharmaceutical applications. 
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4.6 Evaluation of characteristics of hollow capsules 

Hollow microspheres made by several techniques have been extensively studied to 

generate a variety of characteristics for drug delivery applications as described in 

Chapter 2. However, the question as to whether hollow microspheres made by the 

electrohydrodynamic processing method can be used as drug carriers with 

predetermined characteristics remains unanswered. Characteristics such as particle 

diameter, shell thickness, release mechanism and uniformity are very important in many 

cases for both fundamental research and practical applications and are not well 

documented.  

 

The aim of this investigation was to conduct a detailed study of the relationship between: 

capsule processing parameters, the resulting shell characteristics and subsequent release 

of an encapsulated liquid with a view to addressing this lack of data. Hollow spherical 

capsules of ~1μm outer diameter were prepared using electrohydrodynamic processing 

and the shell thickness of the capsules was varied between 100-150 nm. To investigate 

the effect upon the release characteristics the capsules were loaded with a water soluble 

dye of molecular weight ~ 961 and release profiles were determined using ultraviolet 

spectroscopy. The release data were evaluated using the Higuchi model which describes 

drug release mechanisms based on Fick’s law (Peppas, 1985). Finally, the core-sell 

structures prepared in this way were investigated as drug carriers in particular the 

influence of the hollow structure.  

 

4.6.1 Characterization of Evans blue dye 

Evans Blue dye (Mw: 961) was used as a marker to examine the loading, encapsulation, 

and release processes. Evans blue dye has been shown in previous studies to generate 
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experimentally verified molecule release profiles which agree with established drug 

release models (Pancholi et al., 2009). The calibration curve of Evans blue dye was 

determined by taking absorbance versus dye concentration measurements between 0.06 

and 0.018 mg ml−1. Figure 4.14 shows the UV absorption spectra of Evans Blue dye 

solution analyzed by UV spectroscopy from 350 nm to 750 nm. The concentration of 

dye in supernatant was determined by UV absorption at the wavelength of 607 nm. The 

calibration curve fits Lambert and Beer’s law and leads to Eq. 4.1. 

 

A = 0.1259 × C + 0.0056    (Eq. 4.1) 

Where A is the absorbance value and C presents the dye concentration (mg ml−1) in the 

release medium.  

 

 

Figure 4.14 The UV-vis spectra of Evans Blue dye at different concentrations 

(0.06-0.018 mg/ml) 
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4.6.2 Size and shell thickness of hollow capsules 

SEM images of the hollow capsules produced with various shell thicknesses are shown 

in Figure 4.15. The capsules appear spherical and the capsules have uniform shell 

thickness. The capsule dimensions depend on the polymer concentration used as 

shown in Table 4.2. The average outer diameter of the hollow capsules is fixed at ~ 

1μm and, depending on the processing conditions, the mean inner diameter is in the 

range 650-840 nm (i.e. the shell thickness is in the range 100-150 nm). This illustrates 

that this PFH-based processing route can be used to control the spherical core volume. 

 

Table 4.2 Measured properties from the hollow capsules (18, 27 and 36 in the first 

column refer to PMSQ concentration, n=50)  

Sample Diameter 

(nm) 

Shell thickness 

(nm) 

Inner diameter 

(nm) 

Core Volume 

(m3/kg) 

PMSQ 18 1014±65 102±12 796±21 1.24×10-3 

PMSQ 27 1021±61 125±15 752±23 0.86×10-3 

PMSQ 36 1017±75 150±14 709±38 0.61×10-3 

 

For the PMSQ capsules shown in Figure 4.15 (a), the shell thickness is approximately 

100 nm, obtained with a concentration of the PMSQ solution of 18 wt%. PMSQ with 

different thicknesses of ~120 nm and ~150 nm were prepared by increasing the PMSQ 

concentration to 27 and 36 wt%, respectively, as shown in Figure 4.15 (b) and (c). The 

shell remains spherical as its thickness increased. In addition, when the higher polymer 

concentrations were used, the shell was found to be more robust, and buckling and 

crumbling of the capsules could be avoided during removal of the core material (Cui et 

al., 2010). Thus, the polymer concentration is an important parameter that can be used 

to fine-tune the shell thickness and consequently the strength of the capsules. 
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(a)  

(b)  

(c)  

Figure 4.15 SEM images of cross-sections of the hollow capsules obtained at different 

PMSQ concentrations: (a) 18; (b) 27; (c) 36 wt% (inserted images are 

high-magnification, scale bar =100 nm) 
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In this work, investigation of the morphology of porous channels in the shell was also 

made using SEM. As shown in the inserts in Figure 4.15, the SEM images 

demonstrate the existence of mesoporosity, and this is the first time it has been 

possible to distinguish pore channels in the polymer shell of the hollow microsphere 

made by an electrohydrodynamic method. The dark lines in the cross-sections of the 

shells show some curvature and reveal that the porous channels are quite uniformly 

distributed in the shell. It also demonstrates that the pore shape is independent of the 

polymer concentration. It is interesting that although these hollow capsules were 

prepared by electrohydrodynamic spraying, they show a similar porous channel shape 

to those obtained by other methods, and this may be attributed to the chain structure of 

polysilsesquoxanes, e.g. ladder-like structures with branches (Jr et al., 1960, Ma et al., 

2002b). The pore size distributions for various shell thicknesses are given in Figure 

4.16. The pore size distribution was narrow and most of the pores had a width of ~5 

nm, showing that different shell thicknesses have no significant effect on the pore size 

distribution. In addition, the porous channels in the wall traverse across the shell of the 

capsules with a radiating pattern from the core to the outer diameter. 

 

The ability to control the core volume may be highly desirable for drug delivery 

applications as it can be used to control the quantity of drug loaded into the cavity. 

Also, if the pore size is larger than the size of the drug molecules, it allows drug 

molecules to be encapsulated in the carriers via its porous channel (Caruso et al., 2000). 

As the outer diameter of the hollow capsules is fixed at ~ 1μm, the core volume of the 

PMSQ capsule for shell thicknesses of 100, 125 and 150 nm was 1.24×10-6, 0.86×10-6, 

and 0.61×10-6 m3/g, respectively, and this also means that inner PMSQ capsule surface 

area decreases with the increase of the shell thickness as a result of increasing polymer 

concentration. Factors such as pore shape and size of capsule prepared via this method 
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are clearly determined by the nature of the polymer and the concentration of the 

polymer. It has been reported that a “finger-like” structures (with straight pore 

channels throughout the whole thickness of the microcapsule membrane) can be 

obtained by a dense skin layer (Young and Chen, 1995). Therefore, to obtain a desired 

core volume, the properties of the polymer should be carefully selected in a given 

range of processing parameters. 

 

 

Figure 4.16 Channel width in PMSQ hollow capsules for different shell thicknesses 

(Error bars represent the standard deviation from three experiments) 

 

4.6.3 Effects of shell thickness on the storage capacity 

The effect of shell thickness on the amount of dye loaded in hollow PMSQ capsules is 

shown in Figure 4.17, which illustrates that dye was loaded in to the hollow capsules 

as a result of the concentration gradient between the reservoir (hollow core) and sink 

(release medium), and the amounts of dye loaded in hollow capsule for shell 
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thicknesses of 100, 125, and 150 nm were 5.2, 4.4 and 3.4 mg, respectively. This 

reveals that the loading amount decreased with the increase of shell thickness. An 

explanation could be simply that an increase in the shell thickness for a fixed outer 

diameter, causes a reduction of the core volume of the hollow volume as well as its 

surface area, leading to a decrease in the loading amount of dye. 

 

Taking into account that the thickness of the polymeric layer with different sizes of 

approx. 100, 125, 150 nm, the dye storage in hollow polymer shell can be increased by 

increasing the surface area and cavity volume of the polymer shell. However, the 

hollow core provides more volume for storing dye molecules than the extended 

volume of the penetrating pore channels in the shell. Therefore, such a core-shell 

system is more desirable for control of core space than control of pore channels or 

porosity, in comparison with other methods such porous matrix, which provide much 

less space for molecule storage not providing hollow core volume (Li et al., 2003). 

 

 

Figure 4.17 Effect of shell thickness on amount of dye loaded in capsules (Error bars 

represent the standard deviation from three experiments) 
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4.6.4 Effect of dye concentration on the release capacity 

In the preparation of advanced drug delivery systems, varying doses of drug may be 

incorporated into the device as required for different lengths of treatment. Analysis of 

the release behaviour for different drug concentrations is an important factor for 

assessing the effectiveness of the system. Dye solutions having concentrations in the 

range 5.0 to 15.0 mg/ml were loaded into PMSQ capsules. The entrapped dye was 

released into a medium. Figure 4.18 shows the release rate of dye from the hollow 

capsules for different dye concentrations. It shows that the release rate slightly 

increases with the increase of the dye concentration, from 0.53 mg at the dye 

concentration of 5 mg ml-1 to 0.60 mg at the dye concentration of 15 mg ml-1. The 

highest dye released reaches 0.62 mg from per gram of PMSQ capsules with a dye 

concentration of 15 mg ml-1. The observed increase in the release rate may be 

attributed to the fact that a higher loading of dye in the PMSQ capsules facilities a 

faster movement of the medium and dye molecules that penetrate the surface of PMSQ 

shell. 

 

On the other hand, the results also suggest that the amount of dye loaded increases 

with increasing percent of dye concentration and the storage amount can be adjusted 

over a broad range. It should be pointed out that there are various other alternatives for 

prolonging the period of release: for example, simply by incorporating a higher dose of 

a pharmaceutical agent. However, in contrast, in matrix-type drug delivery devices, the 

release rate and burst release would significantly increase once a higher amount of 

drug is adsorbed due to the variation of effective area in matrix channels, which results 

in the a greater value for the drug release flux and this can cause adverse effects (Xie et 

al., 2006, Greenblatt, 2006). Therefore, hollow capsules can be effective in controlling 

treatment duration and can avoid a high drug release flux. In addition, the release rate 
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from a reservoir-type polymeric delivery device seems less dependent on the drug 

loading dose as long as the hollow cores can reach the maximum storage capacity and 

the drug molecules can transport into the hollow cores. 

 

 

Figure 4.18 Release profile of dye from PMSQ capsules loaded with different doses of 

dye (Error bars represent the standard deviation from three experiments) 

 

4.6.5 Effects of shell thickness on the release behaviour 

The effect of shell thickness on the dye release behaviour from the PMSQ capsules is 

illustrated in Figure 4.19. The release of the dye stored in hollow capsules starts after 

the medium penetrates into the pore channels. It is observed that the release profiles of 

all samples follow a sustained release behaviour. The sustained release of dye is 

attributed to the presence of the shell membrane between the core and sink. The release 

rate then became significantly decreased after a period of time, and this is due to the 

amount of dye in the inner core of the PMSQ reaching a concentration balance 
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(equilibrium) between core and medium. 

 

 

Figure 4.19 Effect of shell thickness (t) of PMSQ capsules on the release behaviour of 

dye at 37 °C (Error bars represent the standard deviation from three experiments) 

 

It is observed that the dye released from a capsule with a shell thickness of 100 nm is 

slightly higher than for thicknesses of 125 and 150 nm, reaching the value 0.53 mg for 

100 nm, 0.39 mg for 125 nm, and 0.28 mg for 150 nm per day (Figure 4.19). An 

increase in the thickness of the polymer membrane resulted in reduced relative release 

rates due to the increased length of the diffusion pathways and, thus, enhanced 

resistance to dye diffusion across the pore channels and increased dye concentration 

gradients. As diffusion is known to play a major role in the control of drug release 

from the capsules, the presence of an increased diffusion pathway length of polymer 

membrane is effective in the case of membrane controlled drug delivery systems and 

also provides the possibility of altering the release rate. 
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On the other hand, it should be pointed out that even though the dye released is 

different with varying shell thicknesses, the actual release period is similar. The 

different amounts of dye adsorbed by the polymer in each case leads to different 

quantities being delivered to the surroundings. As an example, after 12 days of release, 

capsules of 100 nm shell thickness have delivered about 5.87 mg of their total content, 

while this amount is reduced to 4.18 mg for 125 nm, and < 2.89 mg in the case of 150 

nm. From this point of view, it would be possible to choose the amount of drug to be 

delivered on the availability of free space inside the hollow capsule. 

 

The linear profiles of the release amount versus  are shown in Figure 4.20. A 

straight line of released dye generally does not apply beyond 0.6 of the total content, 

indicating that the first 60% of the fractional release can be characterized by some 

constant multiplied by the square root of time (Peppas, 1985). All fitted dye release 

graphs from the PMSQ system confirmed that the mechanism of dye release from core 

to the sink is primarily controlled by Fickian diffusion. Since dye molecules in the core 

space and the pore wall do not interact with PMSQ polymer, dye molecules can be 

relatively easily released from the carriers. Besides, PMSQ shows both physical and 

chemical stability under the experimental conditions used in this work (Ye et al., 2010). 

Therefore, the diffusion of dye through the channels in the shells is the controlling 

process for dye release. These findings indicated that the dye release from the hollow 

capsules prepared by electrohydrodynamic processing represents a Fickian mechanism 

and the release rate is a function of the shell thickness of the hollow capsule. Therefore, 

the release rate from a capsule can be regulated by shell thickness control as shown in 

Figure 4.19, indicating that the controlled release rate was determined by the diffusion 

from the polymeric shell. However, Fickian diffusional release from a thin film is 
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regulated by a barrier dependence of the length of shell thickness. The amount of dye 

released from such hollow capsules is inversely proportional to the shell thickness, 

suggesting that a small thickness (100 nm) is valid for the fast release rate while a 

thick value (150 nm) is suitable for the slower release rates. 

 

 

Figure 4.20 Fitted Higuchi model: profile of cumulative dye release versus square root 

of time 

 

4.6.6 Effect of different temperatures on the release behaviour 

The effect of increasing the temperature of the medium on the dye’s release behaviour 

was also studied at 57 °C. The medium was kept at pH 7.4 and the capsules were 

stirred at 100 rpm. As shown in Figure 4.21, under these conditions, no apparent 

difference can be observed in the dye release, which also follows Fickian diffusion 

(compare with Figure 4.19). This can be explained by the stability of PMSQ capsules, 

which were collected in a cross-linker (distilled water) and possess good mechanical 

properties and chemical durability (Ye et al., 2010). The PMSQ polymer can be 
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pyrolyzed into ceramic at only a very high temperature of ~1000 °C (Narisawa et al., 

2010), and the glass-transition temperature of PMSQ polymer is in the range from 80 

to 120 °C (Huang et al., 2003). Therefore, a moderate temperature increase above 37 

°C has little or no effect. In contrast, it has been reported that some encapsulated 

molecules can show an increased release rate by increasing the temperature (Faisant et 

al., 2006). This is because the increased mobility of the polymer chains (different 

polymer to PMSQ) and drug molecules at elevated temperature, results in increased 

diffusion rates. In contrast, the PMSQ carriers are stable in the temperature range 

37-57°C. 

 

 

Figure 4.21 Dye release behaviour from PMSQ capsules at 57 °C (Error bars represent 

the standard deviation from three experiments) 

 

4.6.7 Effect of release on the hollow structure  

The SEM images of the pore channel before storage and release of dye are shown in 
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Figure 4.15 (a), (b) and (c). The width of pore channel is ~ 5 nm regardless of different 

shell thicknesses. However, after the storage and release of dye via pore channels, the 

structures still retain their textural symmetry. Figures 4.22 (a), (b) and (c) show the 

SEM micrographs of PMSQ shells after the release of dye molecules. After the release 

of dye molecules, no apparent difference can be observed compared with the starting 

hollow capsules (Figure 4.15), and the highly ordered mesoporous structure of the shell 

also remains. The pore size distribution and polymer wall thickness also remain intact 

within the time span investigated in this work. In addition, there is no obvious change in 

the outer and inner diameters compared with those of the starting hollow capsules.  

 

4.6.8 Effect of capsule diameter on the release behaviour 

Dye-loaded hollow capsules having a wide range of sizes (i.e. 420 nm, 700 nm, and 

1000 nm outer diameter) were produced to study influence of capsule size on release 

behaviour of dye. Figure 4.23 shows the results of the dye release profile as a function 

of the capsule size. The dye release rate of the capsule was decreased by increasing the 

size from 420 to 1000 nm. It showed approximately 85% of the dye released after 12 

days for the 1000 nm to release, whereas the same amount of the dye release for the 700 

nm took less than 10 days. In addition, for the 420 nm capsules, the dye was released at 

a faster rate than that for the 700 nm. This phenomenon was due to the fact that as 

capsule size decreased the surface area-to-volume ratio of the capsules increased. As a 

result, the release rate of the capsule increased with decreasing capsule diameter. In 

addition, dye penetrating through smaller capsules may be quicker due to the shorter 

distance of shell thickness (t). Furthermore, the decrease in capsule size may lead to an 

increased release rate, because the shell thickness decreases with decreasing size, and 

drug release rates will be faster for smaller capsules. The effect of capsule size can be 

very significant for controlled release in drug delivery system.  
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(a)  

(b)  

(c)  

Figure 4.22 SEM images showing cross-section of the hollow capsules after release of 

dye. PMSQ concentrations: (a) 18; (b) 27; (c) 36 wt% (Inserted images are 

high-magnification, scale bar =100 nm) 
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Figure 4.23 Dye release behaviour from PMSQ capsules with different capsule 

diameters (D). Error bars represent the standard deviation from three experiments 

 

4.7 Summary 

This work described in this chapter demonstrates that electrohydrodynamic atomisation 

provides a means of preparing hollow polymeric microspheres with excellent control 

over their diameter and shell thickness. This method provides a simple mechanism to 

integrate the forming of a core-shell structure in one step and offers a simplified route 

avoiding complex procedures involving templating. It also eliminates the use of 

surfactants or additives in the forming process. In this study, controlling the surface 

morphology, shell thickness, and diameter of hollow microspheres were investigated 

in-depth and results showed that the mean diameter of the hollow microsphere could be 

varied in the range from 310 nm to 1000 nm by adjusting either the flow rate, polymer 

concentration, or applied voltage. The shell thickness can be controlled by varying the 
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polymer concentration, as it is related to the outer diameter by a factor of ~10 at polymer 

concentration of 18 wt%, a factor of ~8 at 27 wt%, and ~7 at 36 wt%. However, at 63 

wt% hollow microsphere cannot be achieved but PMSQ fibres with PFH liquid 

encapsulated in the fibres can be generated. A dye with a molecular weight of ~ 961 was 

used to simulate release. The prepared polymeric capsules provided a high storage 

capacity of dye molecules due to their hollow core space, and the storage capacity was 

also adjustable by changing the initial concentration of the dye. The release behaviour 

demonstrate that the PMSQ capsules show a sustained-release behaviour without any 

burst effect and the release rates increased with the decreasing of shell thickness. The 

Higuchi model confirmed that the release mechanism from the hollow capsules was 

diffusion dominated. 
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Chapter 5 

Electrohydrodynamic atomisation as a 
novel approach for the preparation of 
monoporous hollow capsules 
 

Monoporous hollow capsules play an important role in microencapsulation and have 

been extensively studied for drug delivery and biomedical applications due to their 

higher effective diffusivity and available surface area when compared to microporous 

capsules of the same size (Peng and Zhang, 2005, Im et al., 2005). They are most 

commonly prepared by coating colloidal precursor onto the surface, after which the 

template or seed material is removed by etching. However, the design and preparation of 

hollow monoporous capsules presents significant challenges. Many of the current 

techniques used are complex and require highly specialized equipment and/or 

processing environments, as discussed in the literature review. 

 

This research chapter investigates the feasibility of using co-axial electrohydrodynamic 

atomisation (CEHDA) to produce monoporous hollow capsules. 

Polymethylsilsesquioxane (PMSQ) was used as a shell material encapsulating a core of 

a volatile liquid, perfluorohexane (PFH), which was subsequently evaporated to produce 

the monoporous hollow microspheres. The influence of solvent properties and 

processing parameters (flow rate, working distance, the polymer concentration and 

applied voltage) on the formation of monoporous capsules using CEHDA was 

investigated in detail. The relationship between the processing parameters and the mean 
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capsule diameter (D), pore size (d) and ratio β = D/d was also investigated (Figure 5.1). 

Lastly, this chapter examined the capability of monoporous hollow capsules in 

controlled release applications and the advantages of this method over other techniques 

are discussed. Briefly, this method enables microspheres with a single surface hole to be 

easily prepared at ambient temperature and pressure. In addition, this “greener process” 

does not require the use of surfactants or other additives and so does not entail a 

template-removal step during the preparation.  

 

 

Figure 5.1 Illustration of monoporous hollow capsule and its dimensions 

 

5.1 Characteristics of processing liquid and suspension 

It is known from work described in Chapter 4 that the size and morphology of the 

microspheres can be influenced by the viscosity, density, electrical conductivity and 

surface tension of the liquids from which they are formed as well as the processing 
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conditions, i.e. liquid flow rates, working distance and applied voltage. Polymer 

solutions with 18, 27, 36, and 63 wt% polymer concentration used in Chapter 4 were 

also used in these investigations. The physical properties such as density, viscosity, 

surface tension and electrical conductivity of polymer suspensions and the PFH are 

shown in Table 4.1 (page 85). All experiments were performed under ambient 

temperature and pressure and ethanol was used to calibrate each of the instruments 

mentioned in Chapter 3. 

 

5.2 Parameters for the preparation of monoporous hollow capsules 

The objective of this investigation was to obtain monoporous hollow capsules by 

varying the electrohydrodynamic processing parameters. The experimental parameters 

such as flow rate, working distance, the polymer concentration and applied voltage, as 

well as a suitable parametric mapping to create monoporous hollow structure, play an 

important role in preparation. The influence of electrohydrodynamic processing 

parameters on the preparation will be described in the following section. 

 

5.2.1 Fabrication of monoporous hollow capsules  

Electrohydrodynamic atomisation has been previously shown (in Chapter 4) to 

provide an advantageous means of preparing particulate polymeric carriers with a 

narrow size distribution at ambient temperature and pressure with a low number of 

fabrication steps. The experimental setup used shown in Figure 3.2 (Page 73), consists 

of a pair of concentric needles, with the inner needle raised by 2 mm inside the outer 

needle. The outer and inner needle had an outer and inner diameters of 1100 μm and 

685 μm and 300 μm and 150 μm, respectively. The two immiscible liquids, PFH and 

PMSQ, were injected with different flow rate combinations and under different applied 

voltages to determine the effect upon microsphere formation.  
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In this study, the microspheres were only produced when a stable jet mode was 

achieved with both liquids flowing. In the absence of the PMSQ solution no 

microspheres were produced which indicated that the inner liquid (PFH) cannot 

produce a stable jet on its own because of its lower electrical conductivity. This also 

confirmed that the polymer solution was the driving liquid due to its lower electrical 

relaxation time (Lopez-Harrera et al., 2003) and higher viscosity compared to PFH. 

The electrospraying modes of both the solution (18 wt % PMSQ) and PFH are shown 

in Figure 4.2. As before (Chapter 4), with increasing applied voltage, the dripping 

mode changed into a stable jet mode which was reached at 3.7 kV while the flow rates 

of PMSQ and PFH were kept constant at 300 μl min-1, respectively. Once the jet was 

formed, it broke up into smaller highly charged droplets. These small droplets were 

neutralized by the presence of a grounded electrode during collection. 

 

5.2.2 Effect of flow rate  

In order to obtain monoporous capsules, the flow rates in the inner and outer needles 

are key control parameters. To identify the influence of the PMSQ flow rate, the flow 

rate of syringe 1 (PFH solution) was fixed at 300 μl min-1, while the flow rate of 

syringe 2 (PMSQ solution 18 wt %) was varied between 50 and 600 μl min-1. The 

effect of increasing the liquid flow rate on the capsule size and the distribution is 

shown in Figure 5.2. It shows that the mean diameter (D) of the capsules increased 

with increasing flow rate of PMSQ solution from 275 nm at 200 μl min-1 to 660 nm at 

600 μl min-1. However, if the liquid flow rate was not sufficiently high (< 200 μl min-1), 

a stable jet could not be achieved since the PMSQ solution cannot provide sufficient 

driving force to encapsulate the PFH liquid. The ratio β = D/d also showed a slight 

increase from 5.2 at 200 μl min-1 to 6.8 at 400 μl min-1 indicating that a higher 



 

Chapter 5 Preparation of Monoporous Hollow Capsules 

~124~ 

available surface-volume ratio could be achieved (Im et al., 2005). However, the value 

remained almost constant for flow rates > 400 μl min-1 (Figure 5.3). The 

high-magnification SEM images in Figure 5.4a-e show that the capsules were 

spherical with smooth surfaces and the low contrast of the core indicates that they had 

a hollow structure. Some spheres are aggregated to others might because of wetting 

and drying during sample preparation. By increasing the flow rate of the PMSQ 

solution, the mean size of the pore (d) on the shell of the microspheres increased from 

~45 nm at 200 μl min-1 to ~100 nm at 600 μl min-1. Figure 5.4f shows 

low-magnification SEM image of the monoporous hollow capsules. Some of holes 

cannot be observed only because the rest position of the microspheres generated, 

where the direction of hole points downwards after drying in a desiccator. 

 

 

Figure 5.2 Size of microspheres and pore vs. flow rate of PMSQ (Error bars represent 

the standard deviation from three experiments) 
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Figure 5.3 Variation in the β ratio with flow rates of PMSQ and PFH (Error bars 

represent the standard deviation from three experiments) 

 

Figure 5.5 shows the relationship between the mean diameter of the microspheres and 

the flow rate of the PFH solution. The flow rate of syringe 1 (PFH solution) was varied 

between 50 and 300 μl min-1, while the flow rate of syringe 2 (PMSQ solution) was 

fixed at 400 μl min-1. It shows that increasing the flow rate of the PFH solution 

resulted in an increasing mean diameter and standard deviation. The diameter (D) 

varied from 420 nm at 50 μl min-1 to 505 nm at 300 μl min-1. However, PFH is a 

highly volatile liquid with a relatively low electrical conductivity which can result in 

unstable jetting and so a stable jet could not be formed for PFH flow rates > 400 μl 

min-1. In fact, the influence of the PFH flow rate on capsule diameter was smaller than 

that of the PMSQ solution (Figure 5.2), confirming that in this experiment the driving 

liquid with the lower electrical relaxation time dominated the formation of the 

microspheres.  
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 (a) (b)  

(c) (d)  

(e) (f)  

Figure 5.4 SEM images of the one-hole microspheres obtained at different PMSQ flow 

rates: (a) 200; (b) 300; (c) 400; (d) 500; (e) 600 μl min-1; (f) low-magnification of  (e). 

Some spheres are aggregated to others which might be because of wetting and drying 

during sample preparation 
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The mean diameter of the pore (d), however and its standard deviation again increased 

with increasing PFH flow rate, varying from ~50 nm for a mean sphere diameter of 

420 nm to 135 nm for a mean sphere diameter of 505 nm. β was decreased from 8.7 at 

50 μl min-1 to 3.7 at 300 μl min-1 (Figure 5.3). This suggested that the PFH flow rate 

had significantly influenced pore formation although its influence upon diameter (D) 

was relatively small. 

 

 

Figure 5.5 Size of microspheres and pore vs. flow rate of PFH (Error bars represent the 

standard deviation from three experiments) 

 

5.2.3 Effect of needle-electrode distance 

In order to understand the influence of needle-electrode distance on the size of 

monoporous hollow capsule, the needle-substrate distance was varied from 8 to 16 mm. 
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During this investigation, 18 wt% PMSQ was syringed to the outer needle at a flow 

rate of 300 μl min-1 while the flow rate of syringe 1 (PFH solution) was fixed at 300 μl 

min-1. The size of hollow capsules made by varying distance between the needle and 

grounded substrate is shown in Figure 5.6. It shows that the mean diameter (D) of the 

microspheres decreased with increasing needle-electrode distance from 480 nm at 8 

mm to 300 nm at 12 mm. The ratio β = D/d also showed a slight increase from 6.2 at 8 

mm to 6.9 at 16 mm. This is because the evaporation of solvent increased with 

increasing distance (Xie et al., 2006). 

 

 

 

Figure 5.6 Size of microspheres and pore vs. working distance (Error bars represent the 

standard deviation from three experiments) 
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5.2.4 Effect of polymer concentration 

The effect of the PMSQ concentration on the preparation of monoporous microspheres 

was studied at different concentrations of 18, 27, 36 and 63 wt%. In terms of shape, the 

microparticles generated were spherical except at 63 wt%. The concentration of PMSQ 

affected both the electrical conductivity and viscosity of the solution (Table 4.1, page 

85), which increased and decreased, respectively, and the observed changes in mean 

capsule diameter (D) may be attributed to the variation in these properties (Hartman et 

al., 1999b, Jayasinghe and Edirisinghe, 2004). The mean diameter of the pore (d) was 

constant (~ 65 nm) for concentrations between 18 and 36 wt% (Figure 5.7). However, 

at a PMSQ concentration at 63 wt%, the transition from electrohydrodynamic spraying 

to electrospinning was observed. Figure 5.8 shows that at 63 wt% fibres were spun 

and these consisted of PFH liquid droplets with a diameter of ~7 μm encased in a 

PMSQ strand of diameter ~10 μm. Figure 5.9 shows a fibre with its shell cracked open 

and this is further evidence to indicate that the PFH previously occupied in the internal 

cavity and subsequently evaporated to form the hollow structure, while Figure 5.10 

shows an electrospinning fibre without a hollow cavity due to the absence of PFH. 

Thus, it may be concluded that low PMSQ concentrations can be used to prepare 

monoporous micropsheres whilst high PMSQ concentrations are suitable for preparing 

functional fibres, e.g. for protective textiles and drug delivery applications (Zong et al., 

2003). However, varying the PMSQ concentration did not appreciably affect the pore 

size (d) although it did increase the mean diameter of the particles (D). 
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Figure 5.7 Size of microspheres and pore vs PMSQ concentration (Error bars represent 

the standard deviation from three experiments) 

 

 

Figure 5.8 Optical microscopy image showing the product obtained at 63 wt % PMSQ 

concentration 
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Figure 5.9 Scanning electron micrograph of fractured electrospinning fibre 

 

Figure 5.10 Scanning electron micrograph of fractured electrospinning fibre without 

hollow cavity 
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5.2.5 Effect of applied voltage 

The voltage between the needles and the ground electrode is obviously a critical 

parameter in achieving different electrospraying modes (Lopez-Harrera et al., 2003). 

The effect of applied voltage on the formation of monoporous capsules at different 

voltages of 3.5, 3.8, 4.1 and 4.5 kV was investigated, while the polymer concentration 

was fixed at 36 wt%, and the flow rates in the inner and outer needles were kept at 300 

and 300 μl min–1, respectively. It was found that the mean diameter (D) of the 

microspheres decreased significantly with increasing applied voltage (Figure 5.11). 

Furthermore, as the applied voltage increased, the jet angle became larger and the 

acceleration distance became shorter. The diameter (D) varied from 860 nm at 3.5 kV 

to 350 nm at 4.5 kV, while the diameter of the pore (d) varied from 110 nm at 3.5 kV 

to 36 nm at 4.1 kV but the pore could not be observed at an applied voltage above 4.5 

kV. This can be attributed to the smaller microsphere diameter and correspondingly 

smaller amount of PFH in the polymer shell whose evaporation flux may not be 

enough to create the hole in the surface. This hypothesis is supported by the fact that 

with increasing PFH flow rate, not only the capsule diameter but also the pore size 

increased (Figure 5.5). 

 

5.3 Structural features and D/t ratio 

Scanning electron micrographs of fractured microspheres were used to investigate their 

internal structure. In Figure 5.12a, fracture reveals a single cavity within a polymer 

shell, the cavity was occupied by PFH. Figure 5.12b shows the cross section of a 

monoporous microsphere prepared at 4.1 kV which has a varying shell thickness that 

becomes lowest in the vicinity of the pore (as marked by arrow). On the other hand, in 

Figure 5.12c, the cross section of a microsphere prepared at 4.5 kV without a hole on 
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its surface is shown, having a diameter of 360 nm and a relatively uniform shell 

thickness of 40 nm. It is interesting that although these monoporous microspheres were 

prepared by CEHDA, they show a similar internal morphology to those obtained by 

other methods (Jeong et al., 2007, Im et al., 2005). This may be attributed to phase 

separation caused by the low miscibility between PFH and the PMSQ solution. 

 

In this study, the highest value of β (12.3) was obtained by increasing the applied 

voltage (Figure 5.13). In contrast, the smallest value of β (3.5) was obtained by 

increasing the PFH flow rate (Figure 5.3). The ability to control the ratio of sphere to 

pore diameter may be highly desirable for drug delivery applications as this can be 

directly used to load functional materials into the cavity and also be used to control 

encapsulation and release behaviours (Jeong et al., 2007, Guan et al., 2007).  

 

 

Figure 5.11 Diameter of microspheres and pores vs. applied voltage (Error bars 

represent the standard deviation from three experiments) 
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(a) (b)  

(c)   

Figure 5.12 Scanning electron micrographs of (a) fractured monoporous microsphere; 

(b) cross section of monoporous microsphere; (c) cross section of hollow microsphere 

 

5.4 Steady jetting region 

Previous published work, has shown that capsule size and shape can be controlled by 

changing the flow rate, polymer concentration, working distance and applied voltage in 

electrohydrodynamic processing (Xie et al., 2006, Berkland et al., 2004). In this study, 

the influence of flow rate, PMSQ concentration, and applied voltage upon the mean 

microsphere diameter and pore size was investigated. The stable jet mode parametric 
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space for the preparation of monoporous microspheres at 18 wt%, 27 wt%, and 36 

wt% PMSQ concentration is shown in Figure 5.14 a–c. With all other parameters held 

constant, the applied voltage required for the stable jet mode increased with increasing 

PMSQ flow rate. Furthermore, when the PMSQ concentration was increased from 18 

to 36 wt%, the applied voltage required to achieve the stable jetting also became higher, 

which indicates that the difference between the upper and lower critical voltages for 

stable jet mode spraying decreases with increasing PMSQ concentration. 

 

 

 

Figure 5.13 Variation of the ratio of capsules to pore diameter (β) as a function of 

polymer concentration and voltage (Error bars represent the standard deviation from 

three experiments) 
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Figure 5.14 Stable jet mode map showing the relationship between the applied voltage 

and PMSQ flow rate at PMSQ concentrations of (a) 18 wt%, (b) 27 wt%, and (c) 36 wt% 

(Error bars represent the standard deviation from three experiments) 
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5.5 Mechanism of pore formation 

The formation of the surface pore may be attributed to a number of factors. First of all, 

PFH is a volatile liquid with very low miscibility with organic solvents (Giesecke and 

Hynynen, 2003, Pisani et al., 2006). Indeed, PFH is crucial to achieving a hollow 

spherical shape. The creation of the pore on the surface of microsphere may be simply 

due to the evaporation flux of the solvent. The fact the pore size was found to be 

related to the PFH flow rate supports this. The fact that the core (PFH liquid) can be 

removed at ambient temperature via evaporation and without using chemical solutions 

avoids the need for template-removal steps which provides distinct advantages in terms 

of processing time, cost and preventing contamination. Some PFH may remain in the 

microspheres but since PFH is considered to be non-toxic and unreactive this is not 

problematic. It is also able to dissolve and deliver oxygen to several tissues (Riess, 

2001) and is also used as an external phase of emulsion and provides a promising tool 

for the entrapment of lipophilic drugs into hydrophilic or lipophilic polymers.  

 

A second possibility relates to the fact that the electrical conductivity of PFH is very 

low. In the present study, the PMSQ solution was the driving liquid as its electrical 

conductivity was substantially higher than that of PFH. When the polymer solution and 

PFH passed through the needles and were exposed to the electrical field, the PMSQ 

solution will have been accelerated by the electrical field, but the flow of the PFH 

would have been dominated by viscous stresses (Lopez-Harrera et al., 2003). 

Therefore, whilst the polymer solution underwent breakup to produce small diameter 

microspheres, the PFH was directed to the ring electrode (grounded) by the shear 

motion because the electrical stress was transferred to PFH. Thus, the formation of 

monoporous microspheres may realise before a complete PMSQ shell is achieved due 
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to the discrepancy in driving velocities. However, besides the factors mentioned above, 

the final morphology can have a strong dependence on the kinetic factors including 

polymerization, air resistance, and surface tension during the electrohydrodynamic 

atomisation process. 

 

5.6 Evaluation of encapsulation and release behaviour of monoporous hollow 

capsules 

In order to have effective storage and release of a drug in a hollow capsule, the size of 

drug molecules must be smaller than the pore channels of the shell thickness. Thus, the 

presence of a monopore in the shell of a hollow capsule enables enhanced 

encapsulation by allowing direct diffusion of drug into the carrier. Furthermore, their 

use can be found in other applications such as catalytic carriers, thermal insulation, and 

targeting (Moon and Jeong, 2008, Yow and Routh, 2008, Guan et al., 2007). The aim of 

this section was to conduct a detailed study of the relationship between capsule outer 

diameter and pore size in terms of loading and releasing capacity of encapsulated 

material. To investigate encapsulation and release, Evans Blue dye (Mw: 961) was used 

as a marker to examine the characteristics of four sets of monoporous hollow capsules 

denoted as PMSQ(n) (Table 5.1). They were dispersed in 20 mL of distilled water with 

Evans Blue dye. After the dye was absorbed over predetermined time intervals, the 

resulting capsules containing the dye were retrieved by centrifugation. The carrier 

particles were then dispersed in 20 ml of phosphate buffer solution (pH 7.4) and stirred 

at 100 rpm in a vial in order to perform release investigations. Typically, the 

temperature of the suspension was kept at 37 ± 0.5 °C. At designated time intervals, the 

vial was taken out and centrifuged. The supernatants were directly analyzed by UV 

spectroscopy at the wavelength of 607 nm. Finally, the capsule morphology was 

investigated after the encapsulation and release studies. 



 

Chapter 5 Preparation of Monoporous Hollow Capsules 

~139~ 

 

Table 5.1 Details of monoporous hollow capsules for encapsulation and release 

evaluations 

Sample No. Diameter (D), nm Pore size (d), nm β = D/d 

PMSQ1 450 69 8.7 

PMSQ2 450 36 12.3 

PMSQ3 505 135 3.7 

PMSQ4 630 60 8.5 

 

5.6.1 The influence of different pore sizes 

Dye-loaded capsules having a similar outer diameter and a wide range of pore sizes (i.e. 

36 and 69 nm) were investigated to understand the effect of pore diameter on release 

behaviour. Different pore diameters led to a difference in the release rate of dye, where 

larger pore sizes exhibited high release rates, as shown in Figure 5.15. The burst release 

of PMSQ1 is attributed to the rapid release of the dye, which is readily accessible in the 

buffer medium. Following the burst release of dye, a slower steady release of dye can be 

observed. On the other hand, the dye release rate of PMSQ2 was significantly slower 

when compared to the PMSQ1. It takes approximately two days for PMSQ2 to release 

40% of the dye, whereas it only takes one day for the PMSQ1 to do likewise. After 4 

days, ~75% of dye was released from PMSQ1, compared to 80% released for PMSQ2. 

Therefore, the difference in the release profiles of these two systems is attributed to the 

effect of pore size of PMSQ1 and PMSQ2. The higher pore diameter in the monoporous 

capsule can result in an increased release rate. 
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Figure 5.15 Effect of different pore sizes on the release behavior (Error bars represent 

the standard deviation from three experiments) 

 

5.6.2 The influence of different diameters 

The effect of monoporous capsules having different diameters on the release behaviour 

are shown in Figure 5.16. Both samples (PMSQ1 and PMSQ4) had similar pore 

diameters (~60 nm) and different outer diameters ranging from 450 nm to 630 nm. It 

can be seen that the release profiles of the two samples were similar with a high release 

rate at beginning stage, followed by sustained release of dye. In the first day, 40 % of 

amount dye was released from the two samples, and then 70 % of dye was released in 

the three days. A similar release behaviour is attributed to the presence of the same 

diameter mono pore on the hollow capsules, which provided a certain amount of dye to 

be released to the sink. In addition, although PMSQ4 had a bigger diameter compared to 

PMSQ1, the release rate of dye was not remarkably different. Therefore, these results 

suggested that the release rate is mainly controlled by the diffusion of dye molecules 
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through the mono-pore on the hollow capsule regardless of capsule diameter. 

 

 

Figure 5.16 Effect of capsule diameter on the release behavior (Error bars represent the 

standard deviation from three experiments) 

 

5.6.3 The influence of β values 

The wide variation in the dye release as a function of the β value is presented in Figure 

5.17. This is due to the combined effect of the pore and capsule diameters. Importantly, 

the release rate of the highest β value (12.3) is slower than that of the lowest β value 

(3.7). The latter released dye faster and reached a plateau at 35 % in one day, and then 

no noticeable release was observed. The high release rate of dye was thought to be due 

to the relative large pore diameter (~135 nm) in the capsules. In contrast, the dye release 

from the higher β value (12.3) showed a slower steady release because of the decrease in 

the pore diameter. In addition, it can be noted that the amount of dye released from the 

lower β value (3.7) sample was significantly decreased, despite the sample (PMSQ3) 
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having a bigger capsule diameter compared with PMSQ2, which should have provided a 

higher encapsulation rate. However, the amount of dye released from PMSQ3 was 

limited to 35% which is attributed to the leakage of dye from the carrier during sample 

preparation.  

 

 

Figure 5.17 Dye release behaviour of the capsules with the highest (β:12.3) and the 

lowest β values (β:3.7) (Error bars represent the standard deviation from three 

experiments) 

 

5.6.4 The influence of encapsulation time 

Two samples of monoporous hollow capsules with different β values (Table 5.1) were 

used to investigate the effect of encapsulation capacity on the monoporous hollow 

capsule by incubating PMSQ1 and PMSQ2 in distilled water with Evans Blue dye for 

360 and 3600s, respectively. The dye release behaviour from the two samples is shown 

in Figure 5.18. An increase in the dye loading was observed by increasing 
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encapsulation time from 360 to 3600s. The total amount of dye released from incubated 

PMSQ1 in 360s was only 11 %, while 52 % of dye was released from incubated PMSQ1 

in 3600s. On the other hand, 7 % dye release was observed from PMSQ2 in 360s and 

upon increasing incubation time to 3600s, the maximum dye content released reached 

37 %. In addition, PMSQ1 with a pore diameter of 69 nm had higher encapsulation 

capacity than that of 39 nm pore diameter of PMSQ2 capsules. Therefore, the results 

indicated that despite similar particle diameters (450 nm), the existence of a pore on 

the surface of hollow capsules allows direct loading of dye. The bigger monopore size 

provided a higher loading capacity because of an easier absorption and quicker 

transport of dye molecules into the polymeric capsules. 

 

 

Figure 5.18 A comparison of dye release behaviour with respect to different 

encapsulation times (Error bars represent the standard deviation from three 

experiments) 
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5.6.5 Effect of the storage and release on the monoporous structure  

The effect of the storage and release of dye on the structure of monoporous hollow 

capsules can be examined by microscopic images of the capsules after the 

encapsulation and release studies. These SEM images of monoporous hollow capsules 

after the storage and release of dye are shown in Figures 5.19. There is no apparent 

difference in the surface morphology compared to the monoporous hollow capsules 

before dye release. The pore on each hollow shell remained intact, and its pore size (d) 

and outer diameter (D) was unchanged. This result suggested that PMSQ drug carriers 

present desirable mechanical properties and stability for drug delivery and biomedical 

applications. 

 

(a) (b)  

(c) (d)  

Figure 5.19 SEM images of the monoporous hollow capsules after release of dye: (a) 

PMSQ1, (b) PMSQ2, (c) PMSQ3, and (d) PMSQ4 
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5.7 Summary 

In this chapter the feasibility of producing a hollow microsphere with a single hole in its 

shell by co-axial electrohydrodynamic atomisation (CEHDA) is demonstrated. The 

diameters of the microspheres and of the single surface pore were controlled by varying 

the flow rate of the components, the working distance, the concentration of the PMSQ 

solution, and the applied voltage used in the CEHDA process. The capsules were 

characterized by scanning electron microscopy and the range of the microsphere 

diameter was varied between 275 to 860 nm and the pore diameter was changed 

between 35 to 135 nm. This process overcomes several key problems associated with 

existing methods of monoporous microsphere formation including the need for elevated 

temperatures, multiple processing steps and the use of surfactants and other additives. 

The effect of the pore diameter and outer diameter of the capsules on the encapsulation 

and release was investigated. Analysis using UV-vis spectrophotometer suggested that 

monoporous hollow capsules fabricated by CEHDA could find use in the encapsulation 

and controlled release of drugs. As a major advantage over previously demonstrated 

particulate capsules, the micrometer-sized opening on the hollow capsules allowed 

direct and quick loading of dye molecules. The presence of different pore diameter 

provided different encapsulation rates and also resulted in different release profiles. It 

should be also noted that leaking is possible from capsules with low β values after 

sample preparation. This can result in contamination for capsule preparation. However, 

the approach and mechanism described here will help to provide a better understanding 

of the CEHDA processing technique and allow new opportunities in the applications 

involved in the uptake of target species and the encapsulation of drugs.
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Chapter 6 

Study of stimuli-responsive drug carrier 
for encapsulation, storage and release 
 

Drug delivery systems with a unique capability to respond to a given stimulus can 

improve therapeutic efficacy and hold great promise for drug delivery and controlled 

release applications (Ehrbar et al., 2008, Cai et al., 2009). Development of such 

systems is currently heavily reliant on polymeric materials (Bajpai et al., 2008, Hest, 

2009) that are responsive, for example, to enzymes, light, temperature, calcium, and 

ultrasound (Yang et al., 2009, Stuart et al., 2010). However, some crucial 

disadvantages are linked with the use of responsive polymers and these can limit their 

utility in biomedical applications. Furthermore, toxic by-products and the 

biocompatibility of responsive polymers may be a significant impediment to the 

development of these delivery systems for patient use (Putnam, 2008, Kim et al., 2009). 

Thus, design and development of new biophysically-friendly stimuli capsule systems 

are very important to speedily enable their application in drug delivery.  

 

In Chapters 4 and 5, it has been clearly demonstrated that hollow capsules and 

monoporous hollow capsules can be successfully prepared in a single step by using 

electrohydrodynamic atomisation. Unlike the previous investigations, the study in this 

chapter was to uncover a new stimuli-drug delivery system independent of the action of 

smart polymers. The background to this study was briefly introduced in the first section 

of this chapter. The novel mechanisms behind stimuli-effects for different triggering 

methods and the enhanced release behaviour are described in the following sections. 
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The phenomena of enhanced release and surface morphology of the polymeric drug 

carrier are discussed subsequently. Finally, remote real-time control of release dosage 

according to triggering conditions for different drugs were investigated, which were 

found to have a significant potential for stimuli-drug delivery applications. 

 

6.1 Design and development of stimuli drug delivery system  

New strategies of external temperature and ultrasound stimulation on 

stimuli-responsive drug delivery system were investigated. The temperature and 

ultrasound-responsive drug carriers were prepared by electrohydrodynamic processing 

and stored under ambient conditions and subsequently “programmed” for controlled 

drug release without relying on a smart polymer. In a new stimuli drug delivery system, 

perfluorohexane (PFH), a volatile liquid, is used as the responsive element. Such a 

non-toxic, biocompatible fluorinated compound has been used in clinical applications 

such as liquid ventilation and exchange encapsulation (Spieth et al., 2007). PFH is a low 

surface tension (12 mNm-1) biologically inert liquid at normal ambient temperature and 

can be easily transformed into the gaseous phase on account of its high volatility and 

high oxygen solubility (Mana et al., 2007). The new stimuli drug delivery system 

developed in this work integrates PFH into a core-shell structure. The stimuli effects 

were then investigated by controlling temperature and ultrasound treatment to provide 

new generic insights into the development of stimuli drug release systems. 

 

6.1.1 Temperature stimulus 

Temperature responsive drug delivery systems are one of the simplest and in this 

research the change in temperature is controlled by an external hotplate, which can 

trigger drug delivery according to a thermal change. A temperature-sensitive liquid, 

PFH, is encapsulated in the polymer shell to form the system. A major feature of the 
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temperature-responsive liquid is the phase change occurring according to temperature. 

Generally, when the stimuli temperature threshold is reached, controlled encapsulation 

of different amounts of drug in the capsules can be achieved and subsequent sustained 

release of drug can be obtained. With different triggering conditions, enhanced 

controlled release with real-time response can be provided. However, in order to 

investigate temperature stimuli effects on PFH capsules, different amounts of PFH 

existing in capsules were evaluated at 37, 45, and 57 °C to evaporate the encapsulated 

PFH. The PFH content is defined as the ratio of the actual amount of PFH 

encapsulated in PMSQ and the actual weight of the capsules (Eq. 3.5, page 79). The 

capsules with different amounts of PFH were subjected to aforementioned 

temperatures at different conditions to study the effect of incubation time, the effect of 

sink temperature and the effect of real-time enhanced release. The experimental details 

of the temperature treatment were illustrated in Chapter 3.6 (page 75).   

 

6.1.2 Ultrasound stimulus 

Ultrasound-induced drug delivery is considered as a potential technique of external 

trigger of drug release. This research presents a method for remote release of an 

encapsulated material from hollow capsules using ultrasound treatment. The ultrasound 

treatment induces heat, cavitation, or a mixing effect and these combined effects, cause 

the capsule cores to exhibit significant instability of PFH liquid, triggering enhanced 

release. However, in order to study the influence of ultrasound stimuli effects, capsules 

with different amount of PFH in them were subjected to a 20 kHz low-frequency 

processor at different controlling parameters and the resulting scenarios were analyzed. 

The release of encapsulated material was conducted at various ultrasound exposure 

durations, duty cycles, and output levels. The experimental details of the ultrasound 

treatments were illustrated in Chapter 3.7 (page 75). 
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6.2 Evaporation in PFH-loaded capsules  

In this study, core (PFH)-shell particles (PMSQ) were prepared. The polymer spheres 

with PFH in the core are stable and sediment in water due to their relatively high density. 

Figure 6.1a shows an optical micrograph of these particles in suspension, while Figure 

6.1b shows the dried microspheres. A hollow cavity is obtained after PFH evaporation. 

The PFH capsules are ~1 μm in diameter with a narrow size distribution. In this work, 

the shell thickness of the capsules was kept at ~100 nm. Both capsule size and shell 

thickness can be varied by the processing method used. 

 

(a)  

(b)  

Figure 6.1 PFH loaded PMSQ capsules: (a) optical micrograph taken immediately 

after preparation, (b) scanning electron micrograph with typical cross-section in top 

RHS corner 
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In order to first establish the influence of temperature on the PFH capsules, samples 

were sprayed onto glass slides and incubated at 37, 45, and 57 °C to evaporate the 

encapsulated PFH. The capsules were re-weighed at regular intervals, as shown in 

Figure 6.2. At 37 °C the amount of PFH was constant for 1800s and then slightly 

decreased. In contrast, at 45 °C, the percentage of PFH remained constant for 600s and 

was fully released after 3000s. At 57 °C, all the PFH was lost in 1500s.  

 

 

 

Figure 6.2 Thermogravimetric trace showing the PFH content retained as a function of 

time at different temperatures (Error bars represent the standard deviation from three 

experiments) 
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6.3 Temperature stimulation 

6.3.1 Effect of incubation time 

A suspension of hollow capsules in a solution of the material to be encapsulated results 

in the spontaneous filling of the capsules (Zhu et al., 2005, Im et al., 2005) and different 

amounts of drug encapsulation can be obtained by varying the size of the hollow spheres 

(Shchukin et al., 2003, Still et al., 2008). In addition, with capsules prepared this way, 

the capacity for filling depends on the PFH content retained in the capsules. In vitro dye 

release at 37°C from capsules after undergoing different incubation times (ti) at 45 °C is 

shown in Figure 6.3. 

 

For ti= 300s, no dye release was observed because encapsulated PFH is stable in the 

polymer shell and the liquid medium. On increase of ti to 1800s, a sustained release 

behaviour can be observed accompanied by a steady decrease in the release rate and only 

40% of the dye was released. At ti=3600s, after sustained release at a higher rate over 12 

days, the amount of total dye release reached 82%. These results are in overall 

agreement with Figure 6.2 but also show that the dye content incorporated into capsules 

is lower than the predicted values which, for example, suggests that dye in the capsules 

can reach ~ 48% when heated at 45 °C for 1800s. The 8% discrepancy is probably due to 

the evaporation rate of PFH under ambient conditions being faster than that in solution. 

In addition, oxygen concentration in the ambient environment can have a significant 

influence on the evaporation rate of PFH (Spieth et al., 2007). However, this system 

exhibited temperature-responsive controllable encapsulation, and therefore offers the 

ability to incorporate high or low doses of a drug in the capsule. In addition, as discussed 

before (Chapter 4) PMSQ is stable at 37, 45, 57°C and does not react with the PFH 

during the loading and the releasing process. The temperatures used here are much lower 
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than the critical temperature needed to affect the PMSQ shell. Therefore, the dye loading 

and release processes are dominated by the concentration difference between the core 

and the sink. 

 

 

Figure 6.3 Dye release at 37 °C from capsules originally incubated at 45 °C for 

different times (300, 1800, and 3600s). Error bars represent the standard deviation 

from three experiments 

 

6.3.2 Effect of temperature 

To further quantify the temperature stimulated release characteristics of the PFH 

capsules, three sets of capsules, containing different amounts of dye were investigated. 

Figures 6.4a-c show the cumulative dye release of the three systems which were 

allowed to absorb dye at 37, 45 and 57 °C, in each case for 1500s. Therefore the starting 
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dye contents (mass %) of these capsules were 0, 35 and 72, respectively. In all cases, 

release experiments were performed at 37, 45 and 57 °C. The results clearly showed that 

the three systems exhibited sustained release behaviour but, crucially, the dye release 

rates from these systems were different. At the ambient temperature, the capsules were 

stable in the medium and therefore possess good storage characteristics. 

 

If the initial incubation temperature was > 37 °C, dye was released at a faster rate. Thus, 

at 37 °C, the maximum dye content released reaches 72 % in 11 days for the capsules 

incubated at 57 °C. This is because 72 % dye in the capsules is released by natural 

diffusion until equilibrium is reached with respect to the dye content in the capsule and 

medium (Zhao et al., 2008). When the temperature of the medium was increased, the 

dye release rate from the system increased substantially. The released amount reached 

72% after 7 days at 45 °C, while at 57 °C, 72% is achieved after 4 days. This difference 

in release rates is mainly attributed to the fact that PFH is sensitive to the temperature of 

the medium. At a higher temperature (45 and 57 °C) the PFH in the capsule is active and 

this can result in enhanced dye release. However, the total amounts released from the 

three systems are very similar although the release experiments were carried out at 

different temperatures. Thus, 72 % of the dye was released on incubating at 57 °C, while 

at 45 °C only 35 % of dye was released. A temperature of 37 °C is not enough to 

evaporate PFH from the core of the capsules. 
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Figure 6.4 Release behaviour of capsules filled with dye at different temperatures (37, 

45, and 57 °C) while being subsequently held in the release medium (a: 37 °C, b: 45 

°C, c: 57 °C). Error bars represent the standard deviation from three experiments 

(a) 

(b) 

(c) 
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6.3.3 Stimuli-enhanced release 

Experiments were also conducted to investigate the effect of changing the temperature 

of the release medium. The dye was infused into the capsules by heating at 45 °C for 

1500s. Subsequently, the temperature was increased from 37 °C to 57 °C after 2 days to 

stimulate the PFH for enhanced release and this is crucial in a number of clinical 

situations (Kim et al., 2006). Herein, the release of the dye from the capsules at different 

temperature is illustrated in Figure 6.5. There is a clear and significant enhancement of 

dye release on increasing the temperature from 37 to 57 °C, starting with sustained 

release at 37 °C. At 57 °C the release of dye is strongly temperature-dependent. The 

temperature increase triggers the liquid to vapour phase transformation of PFH by 

inducing thermal instability. Consequently, the PFH in the core of the capsules is 

activated as demonstrated by a fast release of dye at 57 °C (Figure. 6.5). However, 

although the mechanism with respect to a real time stimuli-effect has been demonstrated, 

the operation temperatures are higher than the normal body temperature, but such a 

strategy can be useful in medical practice e.g. tumor treatment and stimuli-responsive 

capsules (Kennedy et al., 2003, Berger et al., 2009). 

 

6.3.4 Evaluation of surface morphology 

The effect of the temperature stimuli on the structure of PMSQ was investigated by 

comparing the surface morphology of polymer capsules subjected to different 

temperatures used in this work. After the release of dye molecules, no apparent 

difference in surface morphology can be observed within the experimental time span, as 

shown in Table 6.1. This was due to PMSQ capsules being collected in distilled water 

and possessing good mechanical properties and chemical durability (Ye et al., 2010). In 

addition, PFH doesn’t change the composition of the shell material because of its 
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unreactive, immiscible and inert properties. Furthermore, it has been reported that 

glass-transition temperature of PMSQ polymers is in the range of 80 to120 °C (Huang et 

al., 2003, Seki et al., 2010) and first mass loss of PMSQ can be observed at above 199 

°C due to the coupling of the hydroxyl groups with the removal of H2O (Narisawa et al., 

2010), which is far higher than the temperatures used in this research. However, as 

discussed before PMSQ is stable at 37, 45, 57°C and does not react with the PFH 

during the loading and the releasing process. Therefore, a new system based on 

temperature-responsive carriers which enables both stimulus-encapsulation and 

stimulus-release of a drug offers significant potential benefits for drug delivery 

applications and the design of stimuli-responsive systems. 

 

 

Figure 6.5 Cumulative release of dye from capsules at 37 and 57 °C. Initial incubation 

was at 45 °C for 1500s. Error bars represent the standard deviation from three 

experiments 
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Table 6.1 Microscopic images of polymer carriers subjected to treatment at various 

temperatures 

Temperature Optical microscopy images Electron microscope images 

37°C 

 

45°C 

 

57°C 
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6.4 Ultrasound stimulated drug delivery system 

6.4.1 Effect of ultrasound on hollow capsules 

Ultrasound can induce physicochemical effects such as surface modification, 

dispersion, and microannealing in organic and inorganic materials (Magual et al., 

2005). Materials of different densities can also exhibit various physiochemical effects 

when subjected to acoustic waves (Toussirot et al., 2001). In order to fully understand 

the influence of ultrasound on a hollow capsule made by electrohydrodynamic 

processing, or more specifically the release rate of the encapsulated dye within the 

capsule, the suspension was irradiated by ultrasound (20 kHz) for 1 min at duty cycle 

60 %.  

 

The release kinetics of dye from hollow capsules with and without exposure to 

ultrasound is shown in Figure 6.6. A possible explanation for the slightly enhanced 

mass transport is that the hollow carriers were subjected to cavitation and acoustic 

streaming, where microbubbles in agitated liquids collapse and results in an increase in 

the surface energy and kinetic energy of the liquid in motion (Fogler and Lund, 1973). 

As a result, increased liquid velocity and convective mass transport to the diffusion 

boundary layer of capsules can occur. In addition, it has also been reported that the 

enhanced mass transport is faster at a high level of agitation in the release medium 

(Agrawal et al., 1994). Upon introduction of ultrasound, the magnitude of dye release 

rate was ~3 % higher than that in the absence of ultrasound. These properties of 

ultrasonic treatment illustrate the necessary conditions for applying ultrasound as a 

stimulus for remotely controlling the release of dye/drug from loaded capsules. 
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Figure 6.6 Release kinetics of dye from hollow capsule with and without exposed to 

ultrasound (20 kHz ). Error bars represent the standard deviation from three 

experiments 

 

6.4.2 Effect of ultrasound on hollow capsules with PFH 

Once submerged in the encapsulating material solution, the hollow capsules are filled 

instantly (Im et al., 2005, Zhu et al., 2005). Different amounts of the drug in the 

hollow capsule can be obtained by controlling the core space of the hollow capsules 

(Shchukin et al., 2003, Still et al., 2008). To study the effect of ultrasound on the 

release profile of PFH capsules, samples were prepared by heating the PFH capsules to 

45 °C for 1500s to achieve a known amount of encapsulated PFH (~60%) containing 

dye. The effect of ultrasound on the presence of PFH in the core of the hollow capsules 

is shown in Figure 6.7. The release rate of the hollow capsules under ultrasonic 

treatment was increased by incorporating PFH. This phenomenon can be attributed to 

the thermal sensitivity of PFH and disturbance of release medium which leads to a 
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higher release rate. The fact that the ultrasonic waves propagate in capsules and buffer 

medium causes their energy to dissipate due to absorption and scattering. The result is 

release of heat and a temperature elevation in the delivery system. The medium 

temperature increased from 37 °C to 42 °C during 1 min of ultrasound treatment at 

duty cycle 60%. As demonstrated in the previous work, an elevated temperature 

activates the PFH in the capsule and facilitates dye release. 

 

 

Figure 6.7 The influence of ultrasound on release kinetics of dye from PFH capsules. 

Error bars represent the standard deviation from three experiments 

 

To verify the effect of temperature elevation on the release of incorporated dye, 

experiments were performed in an ice-bath during ultrasound treatment. The release 

rate from PFH capsules decreased under these circumstances, which confirmed the 

influence of induced temperature and the corresponding release rate. However, the 

effect of ultrasound on the release rate of drugs incorporated in polymer carriers 
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showed that cavitation played a significant role (Spieth et al., 2007) and can have a 

significant influence on the instability of the PFH (Dias et al., 2003). These results 

suggest that enhanced diffusion by increasing temperature occurred in the core-shell 

particles with incorporated PFH. Furthermore, thermoacoustic caused by ultrasound 

treatment could be used for controlled release. Therefore, in the case of the core-shell 

particles with the PFH molecules, several mechanisms were found to be responsible 

for the effect of ultrasound-enhanced release. It can be concluded that elevated 

temperature, cavitation, or mixing effects and a combination of these effects can 

enhance release dynamics. 

 

6.4.3 Effect of exposure time 

Exposure time of ultrasound can be varied greatly from a few second to a few minutes, 

depending on the material properties of capsules (Cai et al., 2007, Evjen et al., 2011). 

The density, viscosity, acoustic impedence, and interfacial properties can play a 

significant role in developing enhanced drug delivery systems with ultrasound 

treatment. In an attempt to study the influence of exposure time of ultrasound on 

release rate, the suspensions were subjected to ultrasound for different exposure times: 

60, 300, and 600s at a constant duty cycle of 30%. Figure 6.8 shows the dependence 

of release rate for different exposure times. The capsules displayed enhancement in the 

release rate when exposed to ultrasound in the all cases. The carriers showed the 

stimuli-effect and the release behaviour was altered by the change of the exposure time. 

Higher ultrasound exposure time caused faster release rates and faster depletion, 

reaching the values of 9% for 60s, 13% for 300s, and 16% for 600s per day. This may 

simply be due to ultrasound accelerating permeation and inducing elevated 

temperature, as a result of the increase in the total energy into the system by increasing 

exposure time. Therefore, this results in enhanced transport of liquid into the capsule, 
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exposing more dye for release. In addition, mechanical shear stresses in the liquid jets 

at a high velocity can cause gas bubbles collapse, and this could also result in 

enhanced permeation.  

 

 

Figure 6.8 Dependence of release enhancement on ultrasound for various time spans. 

Error bars represent the standard deviation from three experiments 

 

6.4.4 Effect of duty cycle 

Duty cycle of ultrasound system is the time that it spends in an active state as a fraction 

of the total time under consideration. To evaluate the effect of duty cycle on release 

rate, the PFH capsules were studied at the same ultrasound intensity with duty cycles 

of 30%, 60% and 90%, while the exposure times were kept at 300s. Figure 6.9 shows 

the effect of controlling the duty cycles on the release rates of PFH capsules, 

suggesting that enhanced dye release occurred when exposing PFH capsules to 

ultrasound. The use of a higher ultrasound duty cycle caused faster release rates and 
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faster depletions, reaching the value 13%, 22%, and 30% release per day at duty cycle 

30%, 60% and 90% respectively. In addition, the trend of release enhancement induced 

by controlling the duty cycle is similar to that by increasing the exposure time, thus 

suggesting that the dependence on duty cycle also plays an important role in 

determining mass transport. However, from the enhancement point of view, although 

the release trend and behaviour in the two cases are similar (a long exposure time at a 

low duty cycle providing an enhancement similar to that induced by a short application 

of a high duty cycle), the release rate per day can lead to different pharmacokinetic 

profiles, depending on the control (via the duty cycle or the exposure time). In addition, 

the effect of ultrasound thermoacoustic effects also leads to different temperature 

elevations, which results in different release profiles as well. The source of the kinetic 

effect can be attributed to a convective motion that create circulating transportation at 

high velocities ( >10 m/s) . 

 

 

Figure 6.9 Comparison of release rate at duty cycles: 30, 60, and 90%. Error bars 

represent the standard deviation from three experiments 
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6.4.5 Effect of ultrasound power 

To evaluate the effect of ultrasound power on the release rate, dye-loaded capsules 

were tested using an ultrasound transducer for 60s (duty cycle 60%). The amplitude of 

irradiation was increased from output level 2 to output level 6 in the range of 5 W/cm2 

to 26 W/cm2. The effect of ultrasound power on the release rate is shown in Figure 

6.10. Faster release rates and faster depletion were observed by applying higher 

ultrasound power: a low gradual release of ~14 % at amplitude of ~5 W/cm2 and a 

higher slope (25 %) above ~10 W/cm2. Sixty seconds of exposure to ultrasound at 26 

W/cm2 for three consecutive days provided a four-fold enhancement of release. The 

enhanced effects could be due to vigorous mixing and a higher temperature when the 

increase of the total energy in the system was performed by changing to a higher 

output level of ultrasound. The higher mixing effect is thought to be induced by shock 

waves created during cavitation, which can cause a rapid compression with subsequent 

expansion of the liquid. In addition, at a higher output level, friction is generated and 

this causes strain and eventually bond rupture in the medium. This suggests a rapid 

motion of solvent molecules and elevated medium temperature, resulting in an 

enhanced release rate. 

 

6.4.6 Effect of PFH content 

In order to investigate the effect of ultrasound on different amounts of PFH retained in 

capsules, samples were heated to 37, 45 and 57 °C for 1500s. In vitro dye release of 

the three systems under ultrasound treatment for 300s (duty cycle 60%) is shown in 

Figure 6.11. For dye content prepared at 37 °C for 1500s, no dye release was observed 

because 37 °C is not enough to evaporate PFH from the core of the capsules and dye 

molecules cannot diffuse into the core space in the capsule. However, when higher 
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incubation temperatures were used more core space for dye encapsulation can be 

obtained, and the core space can be filled by dye molecules by diffusion. At an 

incubation temperature of 45 °C (1500s), 35 % of the dye was released after two days. 

By increasing incubation temperature to 57 °C (1500s), a sustained release can be 

observed and the encapsulated dye is much higher than that at 45 °C, reaching 72% of 

the dye after five days. These results suggest that different amounts of PFH in the 

polymer shell showed no significant effect on release rate under the ultrasound 

treatment, but this system exhibits the ability to incorporate high or low doses of a dye 

in the capsule, depending on the PFH content retained in the capsule.  

 

 

Figure 6.10 The dependence of release rate on ultrasound treatment at various 

ultrasound intensities while maintaining a constant duty cycle (60 %). Error bars 

represent the standard deviation from three experiments 
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Figure 6.11 Dye released from capsules originally incubated at 37, 45 and 57 °C for 

1500s and subjected to ultrasound treatment for 300s and a duty cycle 60%. Error bars 

represent the standard deviation from three experiments 

 

6.4.7 Stimuli-enhanced release  

To study the kinetics of release from the hollow capsules and the regulation effect 

ultrasound offers, dye was pre-loaded into the interior cavities to trace the dynamical 

process. The release of encapsulated dye is shown in Figure 6.12, showing the 

behaviour of capsules before and after the exposure to ultrasound. In absence of 

ultrasound treatment, it can be seen that the initially dye release in the bulk solution 

remained 8 %. This value contributed to the diffusion of adsorbed dye molecules and 

the sink. However, it was important that the dye release was steady with time, 
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indicating that sustained release was achieved from the interior of the devices. After 

two days, as the capsules were exposured to ultrasound (20 kHz, 60 % duty cycle, 

300s), the dye release was significantly increased, indicating a quick release of the 

encapsulated dye from the capsules (Figure 6.12). The real-time response is crucial in 

a number of clinical situations (Kim et al., 2006) and the reaction can be attributed to 

three factors: (a) the formation of a core-shell structure with PFH inside the capsule 

increasing the diffusion of dye by elevating the temperature, (b) higher diffusion due to 

the additional cavitation and (c) the surface of the capsule is jetted and the release of 

dye by hydrodynamic activity is enhanced.  

 

 

 

Figure 6.12 Release of dye from capsules without and with ultrasound exposure for 

300s at duty cycle 60%. Error bars represent the standard deviation from three 

experiments 
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6.4.8 Evaluation of surface morphology 

In order to determine whether ultrasound has an influence on the surface morphology 

of polymeric carriers, the scanning electron micrographs of microspheres from each 

sample of carriers were examined. Table 6.2 shows surface morphology of polymer 

carriers subjected to ultrasound treatment at various conditions. The polymeric 

capsules prepared by electrohydrodynamic processing are spherical and have smooth 

external surfaces before ultrasonic treatment, as shown in Figure 6.1. However, the 

influence of the exposure time (60s, 300s, and 600s) and duty cycle (30%, 60%, and 

90%) on the capsules integrity showed that they were intact before and after the 

experiments (Table 6.2, symbol A-F). Furthermore, different amounts of PFH in 

polymer shell showed no significant changes in surface morphology after the same 

ultrasound treatment (symbol E). This result suggests that although ultrasound can 

provide enhancement on release rate, ultrasound treatments under these conditions 

(exposure time and duty cycles) used did not induce significant morphology change 

and most of the capsules preserved their integrity. 

 

Table 6.2 (symbol H-I) illustrates surface morphology transformation after ultrasonic 

treatment at different output levels. These capsules have mostly smooth outer surfaces 

as well, but many macroporous holes were observed on the surface of hollow capsules. 

These observations are consistent with the work of Aschkenasy et al. (2005) 

suggesting that macrporous surfaces may be obtained by exposing hydrophobic 

polymeric carriers to ultrasound. In this type of hydrophobic polymers, drug is released 

by diffusion through pores of ethylene-vinyl acetate copolymer which are created in 

the polymeric network (Aschkenasy and Kost, 2005).  
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Lavon and Kost (1998) reported that ultrasound treatments result in large pore size in 

non-degradable polymer, and similar pore formation was observed after a period 

release without ultrasound treatment, suggesting ultrasound accelerating phenomena of 

pore formation (Lavon and Kost, 1998). However, PMSQ capsules showed no 

significant difference in morphology after a period of release without ultrasound 

treatment. Based on these results, instead of acceleration by ultrasound, the pore 

formation in the shell is induced by ultrasound on the polymeric network. This may be 

attributed to the ladder-like structures with branches in polysilsesquoxanes and under 

the influence of ultrasound (Ma et al., 2002a), as the ultrasonic waves propagate from 

the sonicator probe tip, cavitation generates strong shear forces in the surrounding 

liquid, resulting in a dramatic impact on the integrity of the shell.  

 

In addition, polymeric capsules with an increase in pore size and a crack around the 

macroporous surface were observed at a higher output level (Symbol I). This suggests 

that cavitation effects induced by ultrasound play a major role in changing surface 

morphology. However, it should be noted that if drug molecules were pre-loaded in the 

cavities of the hollow capsules, they could be released to the sink medium through the 

pores and via the surface morphology transformation induced by ultrasonic treatment 

(Symbol H-I). This release pathway was different from the free penetration and 

diffusion of loaded molecules through the polymeric network in the core-shell systems, 

implying that release rate of encapsulated drug can be regulated by controlling pore 

size of the capsules prepared using a higher output level of ultrasound. 
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Symbol J (Table 6.2) shows an SEM image of capsules after exposure to ultrasound at 

the highest output level. The hollow structures were ruptured and resulted in shell 

debris when the acoustic pressure was sufficiently high. The collapse of the hollow 

structure was due to cavitation and acoustic streaming, which have been suggested as a 

primary cause of ultrasound enhanced collapse of core-shell structures (Shchukin et al., 

2006). The process is composed of a series of steps: nucleation or formation of 

cavitation, bubble growth, and implosive collapse. When high-intensity ultrasound 

shatter a gas nucleus in solution, ultrasound can lead to rapid growth in pressure and 

collapse of bubbles, and the nucleus can rapidly expand after the bubbles implode with 

high velocities, which ultimately leads to the formation of a liquid microjet directed 

towards the surface. The diameter of the microjet is much smaller than that of the 

maximum bubble radius and the speed of the liquid microjet can reach 150 m/s, 

leading to pressure variations in the medium (Benjamin and Ellis, 1966, Lauterborn 

and Bolle, 1975). At the stage of the collapse of the cavity, radiated friction forces and 

shock waves generate the stresses on the surface of a polymer chain and/or more 

possibly within the polymer coil, resulting in bond breaking of the macromolecular 

chain. Although this leads to a breakup of drug carrier after ultrasound treatment, it 

also opens up the possibility of using the capsules as drug delivery vehicles, since the 

capsule content is efficiently released. Skirtach et al. (2007) demonstrated ultrasound 

triggered destruction of polymeric capsules could be used for controlled catalysis from 

polyelectrolyte capsules (Skirtach et al., 2007). In addition, an approach to destroying 

capsules completely in suspension for enhanced release of the encapsulated compound 

was demonstrated by using low frequency ultrasound for remote drug delivery 

(Shchukin et al., 2006). 
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Cavitation is a complex phenomena and depends on various parameters, including time, 

frequency, and intensity etc. Based on these results, the role of factors which affect the 

ultrasound-enhanced release of dye from the hollow capsules with PFH can be 

attributed to a different release rate and/or different release mechanism that would 

occur based on the release kinetics or on the polymer morphology. When ultrasound 

induces a thermal effect (Singer et al., 1998), the release rate of hollow capsule with 

PFH was significantly enhanced by an elevated temperature. Upon introduction of a 

high-intensity ultrasound, a noticeable change in the surface morphology from the 

macroporous surface to collapse of capsules led to the variable release rates.  

 

It should be noted that the change in morphology of capsules with increasing 

temperature has been reported before (Prevot et al., 2006). A previous research also 

revealed that the overall polymer carrier erosion was due to several steps (water 

diffusion to a labile bond, hydrolysis, and diffusion and dissolution of degradable 

materials). All steps could be enhanced by an increase of temperature which would 

lead to differences in release rate. However, PMSQ is a chemically stable polymer and 

offers pyrolysis to ceramic at 1000 °C. The temperature increase in the experiments 

would not result in difference in polymer carrier. Therefore, the possible reason for 

change in morphology might be the effect of ultrasound. 
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Table 6.2 Surface morphology of the capsules subjected to ultrasound treatment at 

various conditions (Scale bar: 1μm) 

Symbol Experimental details SEM images 

A Exposure time: 60s, Duty cycle: 30 % 

Temperature (°C): 37.7 

Intensity (W/cm2): 0.73 

B Exposure time: 300s, Duty cycle: 30 % 

Temperature (°C): 40.5 

Intensity (W/cm2): 0.73 

C Exposure time: 600s, Duty cycle: 30 % 

Temperature (°C): 44 

Intensity (W/cm2): 0.73 

D Exposure time: 300s, Duty cycle: 30 % 

Temperature (°C): 40.5 

Intensity (W/cm2): 0.73 

E Exposure time: 300s, Duty cycle: 60 % 

Temperature (°C): 58 

Intensity (W/cm2): 4.40 
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F Exposure time: 300s, Duty cycle: 90 % 

Temperature (°C): 72 

Intensity (W/cm2): 7.34 

G Exposure time: 60s, Duty cycle: 60 % 

Temperature (°C): 42 

Intensity (W/cm2): 5.24 

H Exposure time: 60s, Duty cycle: 60 % 

Temperature (°C): 44 

Intensity (W/cm2): 7.34 

I Exposure time: 60s, Duty cycle: 60 % 

Temperature (°C): 47 

Intensity (W/cm2): 10.49 

J Exposure time: 60s, Duty cycle: 60 % 

Temperature (°C): 62 

Intensity (W/cm2): 26.23 
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6.5 Applications to drugs  

In this work controlled release of Evans blue dye with a molecular weight of 961 has 

been demonstrated by encapsulating it into a spherical core-shell capsule, where the 

release rate and profile can be systemically changed. In addition, the real-time 

enhanced release of the marker can be regulated by temperature and ultrasound. This 

means that other key therapeutic species with a lower molecular weight (e.g. Ibuprofen 

206, Captopril 217, and Aspirin 180) can be encapsulated inside such hollow capsules 

and released at specific rates, depending on the choice of carrier properties: polymer 

molecular weight, microsphere size, shell thickness, and processing method. Thus, an 

attempt was made to evaluate the effect of drug molecular weight on the stimuli 

enhancing phenomenon, and hollow capsules with PFH were prepared encapsulating 

different drugs such as aspirin, lactoflavin, and cyanocobalamin, which have a wide 

range of molecular weights from 180 to 1355, as shown in Table 6.3.  

 

Table 6.3 Properties of applied drugs 

Drugs Molecular weight (Da) Wavelength at maximum UV 

absorbance (nm) 

Aspirin 180 270 

Lactoflavin 376 445 

Cyanocobalamin 1355 361 

 

6.5.1 Characterization of drugs 

Aspirin (Mw: 180), lactoflavin (Mw: 376), and cyanocobalamin (Mw: 1355) were used. 

Solutions of different concentrations of drugs were directly characterized by UV 

spectroscopy at the maximum absorption wavelength (Table 6.3). Figure 6.13 shows 
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the UV absorption spectra of aspirin solution from 250 nm to 320 nm. The concentration 

of aspirin in the supernatant was determined by UV absorption with reference to the 

absorption wavelength of 270 nm.  

 

 

Figure 6.13 The UV-vis absorbance spectra of aspirin with different concentrations 

(0.1-0.5 mg/ml) 

 

Similarly, solutions of different concentrations of lactoflavin and cyanocobalamin were 

analysed at the wavelength of 445 nm and 361 nm by UV spectroscopy, respectively. 

Figure 6.14 shows the UV absorption spectra of lactoflavin solution from 300 nm to 

600 nm, while Figure 6.15 shows the UV absorption spectra of cyanocobalamin 

solution in the same range. The calibration curve of lactoflavin and cyanocobalamin 

were determined by taking maximum absorbance at 445 nm and 361 nm, respectively.  
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Figure 6.14 The UV-vis absorbance spectra of lactoflavin with different concentrations 

(0.04-0.1 mg/ml) 

 

Figure 6.15 The UV-vis absorbance spectra of cyanocobalamin with different 

concentrations (0.02-0.1 mg/ml) 
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6.5.2 Stimuli-enhanced release 

To investigate the dynamic release of drugs from the hollow capsules and the effect of 

both stimuli: temperature and ultrasound, drugs were pre-loaded into the interior 

cavities to trace the dynamic process. Figure 6.16-18 shows the effect of the 

incorporated drugs with different molecular weights on the release rates from hollow 

capsules before and after exposure to the two stimuli. The release behaviour of 

encapsulated aspirin can be seen in Figure 6.16, showing that in absence of 

stimuli-treatment, the aspirin release in the bulk solution was initially kept at 10 %. 

This value was contributed to the physical diffusion of drug molecules. After two days, 

as the capsules were exposured to ultrasound for 300s at a duty cycle 60%, the drug 

release in the bulk solutions was significantly increased, indicating an enhanced 

release of the encapsulated aspirin from the capsules (Figure 6.16). The quick release 

rate also can be observed when the capsules were subjected to 57 °C after two days of 

sustained release.  

 

Figure 6.17 and Figure 6.18 show the results of similar experiments on lactoflavin 

and cyanocobalamin, respectively. Without stimuli-treatment, the initial release rate of 

encapsulated lactoflavin was maintained at 8 %, while cyanocobalamin remained at 5 

%, which provided release behaviours as a function of time. As the capsules were 

subjected to ultrasound and temperature treatment, respectively, after two days 

sustained release is seen and a much higher cumulative release of drugs was observed, 

achieving ~20% cumulative release of drug (Figure 6.17 and Figure 6.18). These 

results confirm that the feasibility of the real-time stimuli-drug delivery system can be 

achieved, as a function of ultrasound and temperature treatments. 
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However, it should be noted that the release rates over first two days from each drug 

were different although they were performed in same drug carriers under the same 

conditions. The release rate of aspirin was higher than that of cyanocobalamin in the 

first two days. A possible explanation for this difference might be attributed to the 

larger molecular weight of cyanocobalamin mass-transport was more limited, therefore, 

a lower rate of release was achieved compare to the smaller molecules of aspirin. This 

phenomenon has also been reported whereby small molecules such as ions pass 

through a permeable layer much easily, while under most conditions, higher molecular 

weight drugs are more difficult to release (Antipov and Sukhorukov, 2003, Kreft et al., 

2006). However, the enhancement in the release rate for high molecular weight drugs 

can be achieved by applying external stimuli such as ultrasound and elevated 

temperature. 

 

 

Figure 6.16 Cumulative release of aspirin from capsules without and with stimuli 

treatment. Error bars represent the standard deviation from three experiments 
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Figure 6.17 Cumulative release of lactoflavin from capsules without and with stimuli 

treatment. Error bars represent the standard deviation from three experiments 

 

Figure 6.18 Cumulative release of cyanocobalamin from capsules without and with 

stimuli treatment. Error bars represent the standard deviation from three experiments 
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6.6 Summary 

Delivery systems that provide spatial and temporal control over drug release through 

extracorporeal stimuli are extremely important in clinical applications. This chapter 

demonstrates a novel method for stimulated encapsulation and release from polymeric 

capsules with nanosize shells, containing a volatile liquid core prepared by 

electrohydrodynamic processing. The system does not require the use of smart polymers 

but instead relies on a non-toxic, biocompatible, volatile liquid (PFH). When the 

appropriate temperature was reached, this system exhibited temperature-responsive 

controllable encapsulation, and therefore offered the ability to incorporate high or low 

doses of a drug in the capsule. With different applied temperatures, enhanced controlled 

release with real-time response was also provided.  

 

Ultrasound is another variable that can be specifically exploited in regulating drug 

release. When exposed to ultrasound the resulting temperature rise causes the liquid 

core to vaporise, enhancing the drug release from the capsules. This provides a 

mechanism for the release of encapsulated therapeutic material which can be controlled. 

The relationship between the release of a drug and the ultrasound intensity, duty cycle, 

and exposure time were investigated. Cavitation was also observed at high ultrasound 

intensities and was found to induce pore formation in the shell, offering an alternative 

pathway for promoting release from the capsules. Hence this work offers potential 

benefits for drug delivery applications and the design of stimuli-responsive systems.  
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Chapter 7 

Conclusions and Future work 
 

7.1 Conclusions 

This research investigates the study of using co-axial electrohydrodynamic atomisation 

(CEHDA) as a ‘one-step’ processing method to produce new polymeric drug carriers 

such as hollow, monoporous hollow capsules. Moreover, a novel concept for 

stimuli-responsive drug encapsulation, storage and release from polymeric vehicles is 

demonstrated, using perfluorohexane (PFH) and polymethylsilsesquioxane (PMSQ). 

The following conclusions have been obtained from the investigations carried out in this 

thesis. 

 

From the study using co-axial electrohydrodynamic atomisation to produce 

hollow capsules and their controlled release capabilities: 

 

 The co-axial electrohydrodynamic atomisation process has proven to be a very 

effective and efficient ‘one-step’ method of fabricating hollow capsules at ambient 

temperature compared to conventional techniques which are more time-consuming, 

require multiple steps and surfactants or additives are heavily involved in the forming 

process. 

 

 Through control of the processing parameters (e.g. flow rate, working distance, 

polymer concentration, and applied voltage) a range of hollow capsules has been 

produced with different mean microsphere diameter and shell thicknesses. 
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 The mean diameter of the hollow microspheres can be controlled in the range of 

~300 nm to ~1000 nm while the corresponding mean shell thickness can be varied 

from ~40 nm to ~95 nm. The results indicated that the ratio D:t varied with polymer 

concentration with the largest value of ~10 achieved with a solution containing 18 wt% 

of the polymer while the smallest value (6.6) was obtained at 36 wt%.  

 

 In the processing study, it was found that the outer PMSQ solution acted as the 

driving liquid because of its lower electrical relaxation time and higher viscosity 

compared to the inner liquid (PFH solution). A stable jet was not observed in the absence 

of the PMSQ solution, this was attributed to the low electrical conductivity of the inner 

liquid (PFH). 

 

 Irregular microspheres with porous surfaces were generated instead of spherical 

microspheres at PMSQ flow rate of 200 μl min-1 and a PFH flow rate of 150 μl min-1. 

This suggests that the inner liquid (PFH solution) is unable to be encapsulated by the 

sufficient driving force of the outer liquid (PMSQ solution) when the flow rate of outer 

liquid is smaller than a given value (in this case 250 μl min-1). 

 

 A transition from electrohydrodynamic spraying to electrospinning was observed 

as the polymer concentration was increased to 63 wt%. Hollow microspheres cannot be 

generated but instead PMSQ fibres encapsulating PFH liquid were obtained.  

 

 It was observed that composite fibres, whose surfaces show both wrinkled and 

smooth features, consisted of PFH liquid droplets of ~7 μm in diameters encapsulated in 

~10 μm diameter PMSQ polymer. This type of structure could potentially be used as a 
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functional material e.g. for textiles and drug delivery applications. 

 

 It was found that both the polymer and PFH were stable and did not react with 

each other during the CEHDA processing. The PFH solution provided a volume for 

shell formation, after which it evaporated, thus providing a superior core-sell structure 

under ambient conditions. PMSQ showed both physical and chemical stability under 

experimental conditions used in this research. 

 

 A map of applied voltage vs. flow rate for achieving an electrohydrodynamically 

stable jet was constructed. It was found that the stable jet can only be achieved when the 

flow rate and the applied voltage were in a distinctive envelope. With all other 

parameters fixed, the applied voltage required increased with increasing PMSQ flow 

rate. 

 

 The capsule shells were found to contain channels (~5nm diameter) with a narrow 

size distribution, and the majority of the channels were radially aligned and ran through 

the full thickness of the shell. 

 

 The release characteristics of hollow drug delivery carriers were strongly 

dependent on the properties of the capsule shell, in particular its thickness and porous 

structure. It was found that the release rate decreased with increasing shell thickness, 

and that it became increasingly linear with respect to time.  

 

 Fitting the data to the Higuchi model confirmed that the release mechanism of dye 

from core to the sink was primarily controlled by Fickian diffusion, and dye molecules 

in the core space and pore wall did not interact with the PMSQ polymer. 
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 It has been shown that an increase in the shell thickness, at a fixed outer capsule 

diameter, caused a reduction of the core volume of hollow PMSQ as well as its surface 

area, leading to a reduction in the amount of loaded dye (drug) marker. 

 

 Analysis of the release behaviour of different dye (drug) concentrations suggested 

that varying the characteristics of hollow capsules can be effective in controlling 

treatment duration and can avoid a high drug release flux. In addition, the release rate 

from this reservoir-type polymeric delivery device seems less dependent of the drug 

loading dose as long as the hollow cores can reach the maximum storage capacity and 

the drug molecules can transport into the hollow cores. 

 

 The effect of medium temperature from 37-57 °C on the release behaviour 

suggested that under these conditions, no apparent difference in the release rate can be 

observed, which also follows Fickian diffusion. The channel diameter was found to be 

similar for all shell thicknesses (~5nm) in the temperature used.  

 

From the study using co-axial electrospraying to produce monoporous hollow 

capsules and their controlled release capabilities: 

 

 Production of hollow microspheres with a single hole in their shells by co-axial 

electrohydrodynamic atomisation was successful. This process overcomes several of 

the key problems associated with existing methods of monoporous microsphere 

formation including the need for elevated temperatures, multiple processing steps and 

the use of surfactants and other additives. 

 



 

Chapter 7 Conclusions & Future work 

~185~ 

 The diameters of the microspheres and of the single surface pore can be controlled 

by varying the flow rate of the components, working distance, the concentration of the 

PMSQ solution and the applied voltage in the CEHDA process and the ranges obtained 

were respectively 275 to 860 nm for the microsphere diameter (D) and 35 to 135 nm 

for the pore diameter (d).  

 

 The flow rate of the polymer (PMSQ) solution was found to have a greater effect 

upon the microsphere diameter. This may be attributed to its lower electrical relaxation 

time which caused it to act as the driving liquid in the process. In contrast, flow rate of 

PFH solution was found to have a greater effect upon the pore diameter. 

 

 It was observed that the internal structure of monoporous capsule consisted of a 

single cavity within a polymer shell, which had a varying shell thickness that became 

lowest in the vicinity of the pore. 

 

 The ratio β = D/d was found to be in the range of 3.5 to 12.3. The highest value of 

β (12.3) was obtained by increasing the applied voltage to ~4 kV while the smallest 

value of β (3.5) was obtained by increasing the PFH flow rate to ~ 300 μl min-1. 

 

 This investigation has proved that low PMSQ concentrations (18 wt% - 36 wt%) 

can be used to prepare monoporous micropsheres whilst high PMSQ concentrations 

(63 wt%) are suitable for preparing functional fibres.  

 

 It was observed that at a critical concentration of 63 wt% PMSQ, electro-spun 

fibres (diameter of ~10 μm) containing PFH liquid droplets (diameter ~7 μm) were 

obtained and the cracked open shell presented that the internal cavity of fibres were 



 

Chapter 7 Conclusions & Future work 

~186~ 

previously occupied by PFH. 

 

 It is suggested that the formation of the surface pore is attributed to the properties 

of PFH such as high evaporability and low electrical conductivity. The creation of the 

pore in the surface of microsphere may simply be due to the evaporation flux of the PFH 

solvent and the difference in the driving velocities. Therefore, the formation of 

monoporous microspheres appears before a complete PMSQ shell forms. 

 

 The parametric applied voltage-flow rate space of the stable jet mode for the 

preparation of monoporous microspheres at 18 wt%, 27 wt%, and 36 wt% PMSQ 

concentrations showed that the applied voltage required for the stable jet formation 

increased with increasing PMSQ flow rate when all other parameters were held constant. 

Furthermore, when the PMSQ concentration was increased from 18 to 36 wt%, the 

applied voltage required to achieve the stable jet mode also increased. 

 

 It was found that the dye release rate of the monoporous capsules can be varied by 

the variation of the pore diameter. Similar diameter monoporous capsules with a larger 

pore diameter led to a higher release rate of dye and burst release phase while smaller 

pores exhibited a significantly slower release rate. 

 

 Effect of different diameters of monoporous capsules on the release behaviour has 

proven that the release is dominated by the diffusion of the dye molecules through the 

presence of the mono-pore on the hollow capsule, which provides a certain amount of 

dye to be released to the sink, regardless of the capsule diameter. 

 

 The wide variation in the release behaviour of the dye was studied as a function of 
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the β value. A β value of 12.3 gave a slower release rate than that of the lowest β value 

(3.7). In addition, the amount of dye released from the lowest β value (3.7) sample was 

significantly decreased, which was attributed to the leakage of the dye during sample 

preparation. 

 

 There was a noticeable difference in the encapsulation rate of the dye molecules for 

different pore sizes. A large pore on the shell (69 nm) diameter showed a higher 

encapsulation capacity than that of a small pore size (39 nm). This finding indicated that 

the existence of the pore on the surfaces of hollow capsules allowed direct loading of 

drugs. The large pore size provided higher loading capacity because of easier absorption 

and quicker transport of dye molecules in PMSQ capsules. 

 

 The effect of storage and release of dye on the surface morphology of the 

capsules suggested that after dye release, there was no apparent difference when 

compared to the monoporous hollow capsules before dye release, and the pore on each 

capsule remained intact. The pore size (d) and outer diameter (D) did not change.  

 

From the investigation of stimulated encapsulation, storage and release: 

 

 A new strategy was investigated: How a temperature and ultrasound-responsive 

drug carrier can be prepared by co-axial electrohydrodynamic processing and stored 

under ambient conditions and subsequently programmed for controlled drug release 

without relying on a smart polymer. 

 

 It was found that PFH content retained in the capsule can be controlled by adjusting 
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incubation times or temperature and therefore provided the ability to incorporate high or 

low doses of dye (drug) in the capsule. This system exhibited temperature-responsive 

controllable encapsulation. 

 

 It has been shown that when the temperature of the medium was increased, the 

release rate of dye from the system increased substantially. This difference in release 

rate is mainly attributed to the fact that PFH is sensitive to the temperature of the 

medium. At a higher temperature the PFH in the capsule is active and this can result in 

enhanced release.  

 

 It was found that the mechanism of real time stimuli-effect can be controlled by 

increasing the temperature from 37 to 57 °C. In addition, the surface morphology of the 

capsules is unaltered in this temperatures range. 

 

 Ultrasound assisted “remote-controlled” release of an encapsulated solution can 

be achieved with the PMSQ-PFH capsules. The release of encapsulated solution can be 

precisely controlled, and the amount released is a function of power, duty cycle, and 

time of application of ultrasound. 

 

 It was found that the release rate of encapsulated liquid from the hollow capsules 

with ultrasound treatment was higher than that without ultrasound. 

 

 This investigation has proved that the influence of ultrasound depends on the 

presence of PFH in the core of the hollow capsules. Heating induced by absorption of 

ultrasonic waves was found to be one of the most pronounced effects of ultrasound 

stimuli-release. Ultrasonic cavitation induced temperature and as a result, causing a 
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significant instability of the PFH liquid, triggering enhanced release. 

 

 It has been shown that by increasing ultrasound exposure time, release rate and 

depletion of dye from polymeric capsules can be enhanced. By controlling the duty 

cycle, hollow capsules with PFH show release enhancement induced in a similar way to 

that by increasing exposure times, and the release rate per day can lead to different 

pharmacokinetic profiles. 

 

 It was found that higher ultrasound power resulted in faster release rates and 

therefore faster depletion. The enhancement of release was four-fold higher than the 

capsules which were not exposed to ultrasound.  

 

 It was found that different amounts of PFH retained in the polymer shell showed no 

significant effect on the release rate under the ultrasound treatment, but this system 

exhibited the ability to incorporate high or low doses of dye in the capsule, depending on 

the PFH content retained in the capsule. Furthermore, different amounts of PFH in the 

polymer shell showed no substantial change in the surface morphology under the same 

ultrasound treatment. 

 

 The influence of the exposure time (60s, 300s, and 600s) and duty cycle (30%, 60%, 

and 90%) showed that the capsules appears intact before and after the experiments. 

These results suggested that although ultrasound can provide enhancement on release 

rate, ultrasound treatments under conditions used do not induce significant morphology 

change and most of the capsules preserve their integrity after the course of altering 

exposure time and duty cycles. 
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 Morphology transformation after ultrasonic treatment by controlling output levels 

has been observed. Although these capsules have mostly smooth outer surfaces 

macroporous surfaces with many holes were observed on the surface of hollow capsules. 

In addition, polymeric capsules with an increased pore size and a crack pore around 

macroporous surface were observed. 

 

 A collapse of the hollow structures was also observed when high-power output 

levels of ultrasound were introduced, which offers an alternative pathway to remotely 

release encapsulated molecules from the hollow capsules. 

 

 The effect of drug molecular weight on the enhanced release from hollow 

capsules before and after exposure to extracorporeal stimuli was examined. Thus, 

aspirin, lactoflavin, cyanocobalamin can be encapsulated inside and released under the 

regulation of a stimulus.  

 

 It was observed that it is easier for aspirin to pass polymeric shell while the high 

cyanocobalamin are released at a lower release rate than aspirin, which are more 

mass-transport. 

 

7.2 Future work 

Based on the research conducted and the outcome of this research, several aspects of 

future work are recommended as follows: 

 

 For the investigation of capsule preparation by co-axial electrohydrodynamic 

processing, the capsule size is directly proportional to infused flow rate of solution. 

Needles with smaller inner diameter should be used for the investigation of capsule size, 
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which would enable to work on the lower flow rate regions and hence the capsule size 

can be scaled down to nano-size.  

 

 The electrohydrodynamic processing set-up should be equipped with a high 

accuracy electrical current monitor and three dimensional stepping motors. This can 

provide a real-time record of droplet break-up and accurately control the position 

between needle exit and ground electrode. 

 

 Hollow microspheres have a vast number of applications ranging from industry to 

medicine. During this research, PMSQ was used as the driving liquid for the capsule 

formation using electrohydrodynamic processing. More polymers such as starch, 

calcium phosphate and other biodegradable molecules should be applied to shell 

materials to find out the optimum materials for the CEHDA processing and practical 

applications.  

 

 In the case of replacing PMSQ with a new material, it is essential to investigate the 

suitability of that material for electrospraying. It will be necessary to experiment with 

different concentrations of suspensions and plotting a mode map will be required as the 

conditions for the stable jet will depend on the material. The novel shell material 

fulfilling these requirements could lead to a new generation of multifunctional capsules. 

 

 In this investigation, whilst PFH was used to form the inner hollow core, it has been 

observed that the transition from dripping mode to stable jet is independent of the 

applied voltage. Further work could be done to investigate new suitable liquids with 

high conductivity in order to observe the effect of the void size and shell thickness of 

hollow capsules. 
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 Even if it were possible to produce hollow capsules with sustained release using 

electrospraying and the release behaviour can be regulated by shell thickness, the 

mechanical strength of the hollow structures needs to be investigated if they are to be 

considered for applications where high pressure is required, e.g. insulator. 

 

 In the hollow capsule, reasonable channel sizes in the shell thickness have been 

observed. Using a solvent with high evaporation rate in the suspension could be 

investigated as it would increase the channel size and improve the release properties of 

the hollow capsules. 

 

 The monoporous hollow capsules were prepared at ambient temperature using 

co-axial electrohydrodynamic processing. Further studies should be carried out by 

increasing the temperature to study the effect of temperature on CEHDA processing. 

Solutions will have a lower viscosity when processing is performed at a high 

temperature. This could be significant in improving the capsule formation and their 

release characteristics. 

 

 A range of spherical capsules with uniform size-distribution was successfully 

prepared using CEHDA processing. Although spherical geometries have been preferred 

as optimal circulating shapes for drug delivery, it is important to further investigate 

different shapes of capsules e.g. square shape, hexagonal shape and line shape with 

controllable size. 

 

 It would be beneficial to develop a better understanding of the rheology of the 

solutions in CEHDA process and control of solution properties might lead to an 
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important of pore and capsule formation. 

 

 The monoporous hollow capsules used in this investigation can have a pore on their 

polymeric shell, making the encapsulation efficiency high, but leading to leakage during 

capsule preparation. Therefore, if pore shaped can be closed after loading the drugs, the 

packing efficiency would be improved leading to a high encapsulation rate of hollow 

structures. 

 

 PFH encapsulated in polymer fibres can be obtained at high polymer 

concentrations. The control over the size of the PFH regions in the polymer fibre could 

be investigated in detail using co-axial electrohydrodynamic processing, which would 

enable the production of multi-compartment fibres. Also, the PFH could be replaced 

with simply a drug, hence enabling co-delivery of drug.   

 

 Further investigations should be carried out to prepare multi-functional drug 

carriers based on core-shell combinations. Functional multi-layer capsules could be 

prepared using electrohydrodynamic processing by increasing the number of needles 

and carefully changing the composition of the solution. These would enable 

multi-functional drug capsules with multi-compartments such as “particle in particle”, 

“particle in hollow”, and “hollow in hollow” to meet the therapeutic and diagnostic 

needs.  

 

 Larger size capsules should be prepared and investigated for even longer sustained 

release as lower surface area per volume would increase time-periods and might have an 

advantage in terms of biodistribution and cell-internalization propensity. 
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 Stimuli-enhanced release of drugs is a relatively new concept in medical therapies 

because most applications have aimed at a constant release within the therapeutic index 

of a drug to reduce potential toxic side effects. However, a range of drugs such as aspirin, 

lactoflavin, and cyanocobalamin has been used to study stimuli-controlled release in this 

research. Similarly, other asthmatic, and anti-allergic drugs, hormones, insulin and 

anesthesia could be delivered at certain time intervals.  

 

 PFH liquid has been used as stimulus for enhanced release in this research. The 

research should move to encapsulating other novel liquids using electrohydrodynamic 

processing. Functional materials should also be electrosprayed and characterised for 

novel drug carriers. The optimal processing parameters, including substrate-needle 

distance, flow rate, polymer concentration and applied voltage, should be investigated in 

future work.  

 

 Although it was possible to produce a stimuli-drug delivery system using 

electrohydrodynamic processing, and the release behaviours proved to be regulated by 

using temperature and ultrasound, drug storage still needs to be improved in the hollow 

structures if they are to be considered for applications where high load bearing is 

required. 

 

 The effects of two types of stimulations on stimulating drug release were 

investigated (e.g. temperature and ultrasound). Similarly, a range of external 

stimulations (e.g. magnetic, enzyme and optical trigger) could be investigated to observe 

the effects on the properties such as release behaviour and capsule morphology. The 

novel combination prepared using this kind of functional materials could lead to a new 

generation of multi-functional drug carriers. 
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 Drug enhanced release has been proven with real-time response in this research. 

However, drug delivery systems with zero release unless triggered should be 

investigated. This will not only provide effective treatment in cancerous cells, but can 

avoid the harmful side-effects when chemotherapeutic agents may be administered 

before reaching tumours. 

 

 The ultrasound stimuli-release system developed has improved release rates. 

However, a more detailed study needs to follow up this work, investigating effects such 

as the effects of changing the transducer frequency and the transducer diameter for 

enhanced release and their effects on the capsule structure, observing any changes in the 

capsule morphology. 

 

 Ultrasound induced temperature for stimuli-release has been demonstrated. These 

values were based on the influence on PFH liquids within the polymeric capsules. 

However, it is expected that the heating of polymeric drug delivery vehicles also occur 

when surrounded by human tissue. Therefore, further investigation should be carried out 

with cell culture systems and in-vivo to gain further understanding of the capsules 

behaviour when subjected to stimuli within biological surroundings. 

 

 The influence of the distance between the transducer and the polymer on the 

temperature should be further investigated with different vials. The temperature in the 

polymer suspension induced by ultrasound can result in pronounced variation in sink 

temperature. When the ultrasonic wave has travelled the medium, the intensity of the 

wave usually decreases with the distance due to the attenuation of sound waves. This 

effect may result in a change of controlled release and surface morphology.  
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 By understanding the effects of a range of core-shell structures, it will be possible 

to further optimise the fabrication process experimentally to produce functionally active 

multi-layer capsules with more desirable tailored properties, which are capable of 

responding to the multi-stage triggering. 

 

 The therapeutic window can be increased through targeted stimuli-responsive 

delivery, which increases the drug’s concentration at a diseased site, and releasing or 

activating the drug only when it reaches the target. Numerous conjugates are used 

clinically or are being evaluated in trials involving (PEG)-bound camptothecin, 

poly(l-glutamic acid)-bound, and N-(2-hydroxypropyl)methacrylamide (HPMA) 

copolymer conjugation as a targeting moiety. The surface of monoporous and hollow 

capsules could be conjugated, or ligand coated to form targeted drug delivery for tumor 

treatment, which could reduce the side effects of drugs, and reduce the fluctuation in 

circulating drug levels. 

 

 Further investigation of biological systems should be carried out. More biological 

systems should be investigated by electrohydrodynamic processing, as it offers many 

advantages over others in terms of better control over capsule size and shell thickness 

and it is a very safe and an economical method.  

 

 Heating induced by therapeutic ultrasound is applied in physiotherapy to relax 

muscles, as well as in medical applications to increase the blood flow and speed up the 

healing processes. It would be possible to use drug delivery for applications that could 

combine physiotherapy and chemotherapy. 
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 The concept of temperature and ultrasound induced drug delivery can be beneficial 

for several medical treatments and may enable the development of new and improved 

therapies. However, to optimise this technology for clinical applications, modelling of 

the ultrasonic beam behaviour and the associated temperature increase coupled with the 

induced amount of drug release is required. In addition, safety guidelines with regards to 

the application of temperature-induced release should be considered to prevent tissue 

damage. 

 

 It has been shown that the hollow, monoporous and stimulated responsive drug 

carriers can be successfully formed by using co-axial electrohydrodynamic atomisation 

process as a very effective and efficient single-step method at ambient temperature for 

controlled release applications. Further investigations should be carried out to develop a 

better understanding of the mathematical modelling to complement the experimental 

results. 

 

 There are a number of clinical situations where such core-shell structure with 

enhanced release may be desirable. These include the delivery of insulin for patients 

with diabetes mellitus, gastric acid inhibitors for ulcer control, nitrates for patients with 

angina pectoris, and cancer chemotherapy. 

 

 Thorough the knowledge of each parameter that influences the release behaviour 

enables optimisation and improvement of the developed technology. This can be 

obtained by modelling the drug release as a function of temperature and ultrasound 

treatment. Integration of this data can further provide a powerful simulation tool that 

allows the release behaviour to be tuned and designed for a specific medical treatments. 
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