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Abstract 

Abstract of thesis entitled “High Intensity Ultrasonication-assisted Pickering 

Emulsions for the Fabrication of Monodisperse Composite Nanoparticles” 

submitted by WANG Jiaxin for the degree of Master of Philosophy at The Hong 

Kong Polytechnic University on 1st August 2018. 

 

In this study, a method has been developed to improve Pickering emulsions and solvent 

evaporation using high intensity ultrasonication (HIU) to produce nanoparticles for 

controlled drug release. By applying the proposed method, fabrication of core-shell 

structured composite nanospheres composed of biodegradable polymers with a high 

level of monodispersity based on soft colloid-stabilized Pickering emulsions have been 

successfully implemented. It overcomes the limitations of methods based on Pickering 

emulsions, that are, (i) the resulting systems size ranges are normally limited to the 

micron-scale and (ii) the high dependence of the use of bulky or custom-made auxiliary 

equipment, such as ceramic membranes or microchannel devices, to achieve high levels 

of uniformity and monodispersity. Therefore, it can exploit the advantages offered by 

Pickering emulsions and concurrently produce uniform and monodisperse nano-sized 

drug delivery systems (DDSs) with controllable size ranges. Moreover, the proposed 

method can also be further developed to become an alternative drug release strategy 

due to its ability in enabling a facile fabrication of monodisperse composite DDSs in 

nanoscale, with no use of molecular surfactants or crosslinkers. 
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The experimental results demonstrated that the introduction of HIU mainly contributes 

to two aspects: (i) depolymerization of soft colloidal stabilizers and (ii) well-dispersion 

of emulsion. With such basis, well-dispersed self-assembled chitosan colloid-stabilized 

emulsion droplets were resulted and further facilitated the preparation of monodisperse 

poly(lactic-co-glycolic acid)–chitosan core-shell composite nanospheres (PLGA-CS). 

Moreover, drug-loaded PLGA core with chitosan as one layer of coating, can be formed 

simultaneously by polymer precipitation resulting from solvent evaporation at room 

temperature. The key conditions influencing the proposed fabrication process were also 

investigated. Particle size of PLGA-CS within the range of 255 nm to 830 nm can be 

controlled by adjusting the amplitudes of HIU and the initial molecular weight of 

stabilizers. For instance, a low amplitude of 20% of the total power could be used to 

control drug-loaded PLGA-CS to an average particle size of 255 nm and a very low 

level of polydispersity index of 0.078. Results from scanning electron microscopy, 

Fourier transform infrared spectrometry, zeta potential measurement and drug release 

study further confirmed the successful implementation of complementary 

functionalities, such as positive-charged chitosan giving rise to enhanced dispersion in 

aqueous solution and modulation of in vitro drug release of the PLGA-CS.  

 

The requirements of the preparation of biodegradable polymeric DDSs, with regard to 

tunable sizes, enhanced solubility and potential for controlled release and targeted 
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delivery, were met by applying the proposed method. Investigations on further 

improving the proposed method, to achieve simultaneous loading of varied therapeutics 

in single systems with programmed drug release behaviours, are recommended for 

future studies. 
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Chapter 1 Introduction 

1.1 Background and Significance 

The significance of this study lays mainly in solving the current limitation of 

Pickering emulsions in producing particles of micron-scale with relatively high 

polydispersity. By introducing high intensity ultrasonication, the proposed method 

was able to fabricate monodisperse composite particles with controllable size ranges 

in nano-scale.  

 

Compared to conventional emulsion stabilized by molecular surfactants, Pickering 

emulsions stabilized by colloidal particles have been extensively studied for the 

fabrication of drug delivery systems (DDSs) due to their preferable properties of 

higher biocompatibility and better emulsion stability (Wu et al. 2016). However, most 

of them are stabilized by inorganic particles that are biologically incompatible. Soft 

material-stabilized Pickering emulsions have therefore attracted intensive research 

interest because they allow the use of soft materials and provide broadened options 

for fabrication. It has been reported that soft colloidal stabilizers such as chitosan 

colloids can be used to fabricate a variety of composite DDSs (Wang et al. 2016). 

However, methods based on soft colloid-stabilized Pickering emulsions that can lead 

to the fabrication of monodisperse systems with nanometer size have barely been 

reposted. 
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Most systems resulting from current methods based on Pickering emulsions are 

limited to the micron-scale and a broad size distribution. Nevertheless, in biomedical 

applications, monodispersity is one of the most important requirements of DDSs for 

precise design of medical dose arrangement. To overcome such limitation, some 

fabrication methods have been studied for preparing monodisperse DDSs (Bala et al. 

2004). Recent methods based on Pickering emulsions have been employed with 

different techniques, such as microchannel technique and membrane emulsification, 

to narrow the size distribution of desired DDSs. However, such fabrication methods 

for producing uniform DDSs is usually established on the sacrifice of operation time 

as well as the need of delicate and tailor-made devices (Wu et al. 2016). Although the 

as-obtained DDSs possess high level of monodispersity, the resulting size ranges are 

still limited to the micron-scale. Besides, as the majority of the applied stabilizers are 

non-biodegradable solid inorganic colloids, such as silica particles, applications of 

most as-produced DDSs are therefore limited (Larson-Smith et al. 2012). In this 

regard, growing attention has been shifted to the application of soft colloid-stabilized 

Pickering emulsions for developing fabrication methods of monodisperse DDSs. 

 

Modifications are needed to be implemented for fabrication methods based on soft 

colloid-stabilized Pickering emulsions in order to broaden the size of the resulting 

systems into nanoscale and narrow their size distribution. HIU is a cost-effective 

technique which has been widely applied in the food industry for emulsion 
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homogenization (Abbas et al. 2013). As a kind of powerful mechanical waves, 

ultrasonication waves generated by HIU can lead to well dispersion of emulsions and 

depolymerization of carbohydrates. Since the stability of soft colloid-stabilized 

emulsion is highly dependent on the size of the stabilizers, the benefits of 

incorporating HIU into Pickering emulsions become more prominent because it can 

not only conduct homogenization, but also reduce the size of the stabilizers by 

inducing depolymerizations (Baxter et al. 2005).  

 

Fabrication of DDSs based on Pickering emulsions solvent evaporation represents a 

straightforward method which enables high versatile designs of composite systems by 

predetermining the choice of stabilizers. As a kind of soft materials, chitosan colloids 

resulting from protonation-deprotonation of chitosan, have been used for the 

fabrication of chitosan/poly(lactic-co-glycolic acid) (PLGA)-based microcapsules 

(Wei et al. 2012b). Chitosan-coated DDSs with core-shell structure were obtained by 

evaporating volatile solvent and the feasibility of adopting chitosan soft colloids as 

stabilizers were confirmed and demonstrated. Hence, it is therefore hypothesized that, 

by taking the benefits of HIU in (i) depolymerization of soft colloidal stabilizers and 

(ii) well-dispersion of emulsion, HIU-assisted chitosan-based oil-in-water (O/W) 

Pickering emulsions can become an alternative strategy for a facile fabrication of 

monodisperse composite DDSs on the nanoscale. 
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To date, research on the utilization of soft colloids as stabilizers for the preparation of 

emulsions is still at its initial stage and a few studies have reported the use of HIU in 

Pickering emulsions, especially for the preparation of DDSs (Wu et al. 2016). This 

study aims at fulfilling the knowledge gap of Pickering emulsions in fabricating nano-

scale systems. Based on the proposed method, PLGA-chitosan core-shell composite 

nanospheres (PLGA-CS) with narrow size distribution have been successfully 

fabricated for controlled drug release.  

 

1.2 Objectives 

This research study is focused on the modification of Pickering emulsions to fabricate 

biodegradable composite nanospheres with controllable sizes and high monodispersity 

in order to overcome the limitations of current Pickering emulsions on size range. The 

main objectives of this study are: 

 

(i) to design and modify Pickering emulsions for the fabrication of monodisperse 

biodegradable drug-loaded composite nanospheres for sustainable drug release; 

(ii) to fabricate drug-loaded composite nanospheres with narrow size distribution 

based on the modified Pickering emulsion method; 

(iii) to investigate and study the effect of the processing conditions on the sizes and 

drug release behavior of the drug-loaded composite nanospheres. 
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First of all, with the basis of Pickering emulsions, the use of molecular surfactants in 

conventional emulsions can be avoided. Furthermore, due to the integration of HIU 

with soft colloid-based Pickering emulsions, composite nanospheres with high 

monodispersity can be readily and facilely obtained. This circumvents the use of 

complex auxiliary equipment for narrowing the system size distribution, which are 

usually required when only Pickering emulsifications are used. Moreover, this study 

also reveals that the charged surface inherited from the used ionic polymer of both 

emulsion droplets and particles lays the foundation for the good stability of system 

during the fabrication process.  

 

Chitosan (CS) and PLGA have been chosen as the model biodegradable materials 

owing to the following reasons. As a typical ionic polymer, chitosan has been widely 

paired with PLGA for fabricating composite systems. Moreover, it can shield the 

hydrophobicity of PLGA when it is deposited as a layer of coating based on its 

mucoadhesive and hydrophilic nature. On the other hand, in comparison with chitosan 

matrices, PLGA matrices exhibit less burst-release, due to their hydrophobicity. 

Therefore, PLGA-CS composite nanospheres fabricated in this study form a core-

shell structure. 

 

As the sizes and the surface charge of the stabilizers play dominant roles in 

determining the stability and size distribution of the obtained composites, both the 
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effect of the initial molecular weight of chitosan stabilizers and the impact of the 

applied amplitude of HIU on the properties of resulting DDSs have been investigated. 

To understand the drug loading and releasing behavior of the prepared biodegradable 

DDSs, drug-loaded PLGA-CS has been studied in phosphate-buffered saline (PBS) 

solutions under different pH values at different temperatures. 

1.3 Overview of Research Methodology and Layout of Thesis 

In order to address the objectives of the research, a method employing high intensity 

ultrasonication to enhance the Pickering emulsions has been developed. An overview 

of the methodology is shown in Figure 1, which shows the alignment of research 

activities and the structure of this thesis.  
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High intensity ultrasonication-assisted 

Pickering emulsions for the fabrication of 

monodisperse composite nanoparticles

to design and modify Pickering 

emulsions for the fabrication of 

monodisperse biodegradable drug-

loaded composite nanospheres for 

sustainable drug release

(Chapter 2)

Justification of materials

(Session 2.2.1)

Structure design

(Session 2.2.2)

Identification of limitations 

of existing methods

(Session 2.3)

Proposal of modification
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to fabricate drug-loaded composite 
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(Chapter 3)

Experimental process 

and details

(Session 3.2.2)
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theoretical dominant 

parameters

(Session 3.2.3)

to investigate and study the effect 

of the processing conditions on 

the sizes and drug release 

behavior of the drug-loaded 
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(Chapter 4)

Study of the effect of 

material properties
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Study of the effect of 

processing conditions
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Study of the  the resulting 

 drug-loaded systems
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Conclusions

(Chapter 5)

 

Figure 1 Overview of research methodology 

 

 

 

Referring to Figure 1, this thesis, consisting of five chapters, is structured to report the 

research activities and their results aligning with the research objectives. Guiding by 

the three objectives, mainly for overcoming the limitations of current Pickering 

emulsions on size range, modifications of Pickering emulsions were firstly discussed 

and a proposal (i.e. HIU-assisted Pickering emulsions) was made. Thereafter, the 

experimental process of the proposed method was presented with investigation 

details. With such basis, result discussions were conducted in order to verify the 
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feasibility of the proposed method on the fabrication of drug-loaded monodisperse 

nanoparticles and conclusions were lastly drawn.  

 

Specifically, chapter one introduces the background, objectives, and significance of 

the study. Background information is presented with the description of current 

challenges on fabrication of monodisperse DDSs. The statement of the objectives of 

this research and scope of this study have been made with the motivation and 

significance described. The overview of research methodology and the layout of this 

thesis are thereafter illustrated. 

 

Chapter two presents a comprehensive review on literatures in the specific areas of 

the fabrication of DDSs. It therefore leads to the justifications for choosing suitable 

biodegradable polymers and structures for the construction of desired composite 

systems, and subsequently the fundamentals for developing the fabrication 

techniques. The HIU-assisted Pickering emulsions were proposed with the illustration 

of the fabrication process in the end of this chapter. 

 

Chapter three gives a thorough description of the methodology of this project. In this 

chapter, soft colloid-based Pickering emulsions assisted by HIU are used for the 

fabrication of composite nanospheres with high monodispersity. The characterization 
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tests and their results of the composite DDSs prepared by the modified emulsion 

method are also explained and discussed.  

 

Chapter four is set for discussing the results of this study. At the end, chapter five 

states the originality and contributions of this research work with suggestions for 

future investigation. 
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Chapter 2 Literature Review 

2.1 Polymeric Systems for Controlled Drug Release 

The evolution of drug delivery relies not only on inventions and investigations of 

materials, but mostly on the design and development of tailored DDSs with (i) sufficient 

capacity to deliver defined quantities of a therapeutic payload, (ii) the ability to deliver 

therapeutics at a specific target site and (iii) the capability to release drug at a controlled 

release rate (Koch 1991;Yun et al. 2015). 

 

Guiding by these baselines, DDSs have therefore become competitive candidates in 

overcoming limitations of present therapeutics for the enhancement of treatment 

strategies regarding to various diseases (Tiwari et al. 2012). As most of currently 

existing drugs are far from ideal, the use of DDSs should be capable of reducing their 

toxic side effects and undesirable drug resistance by releasing drug in a controlled 

manner and in targeting spots (Tibbitt et al. 2016). Especially in cancer therapy, 

multidrug resistance (MDR) and severe drug toxicity are induced frequently along with 

the use of chemotherapeutic drugs (Ulbrich et al. 2004). Without effective 

encapsulation provided by tailored DDSs, their clinical use is unreachable. 

 

Polymers as one of the most versatile class of materials have gained a significant impact 

in biomedical applications (Fu et al. 2010). Integration between polymer engineering 

and pharmaceutical science sets a promising stage for the build-up of novel polymeric 
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DDSs (Uhrich et al. 1999). Notably, the worldwide burden in cancer therapies has led 

to intensive research in polymeric DDSs for the specific objectives of improvement in 

the efficacy of drug in parallel with the reduction of undesired side effects. Promising 

progress has been made in the development of drug delivery strategies based on 

different types of polymers to realize desired release patterns for efficient drug release 

and delivery (Tibbitt et al. 2016). 

 

2.1.1  Release Kinetics 

Release of therapeutics from polymer-based DDSs in a predetermined manner is 

conclusive for improving the therapeutic efficacy. It has been proved that simple drug-

polymer conjugations can lead to sustained release of drugs (Lankalapalli et al. 2009). 

However, the lack of protections towards the conjugated drugs can lead to over-

exposure and result easily to early decompositions before the arrival at targeted spots, 

which lower the efficacy of drug delivery (Kamaly et al. 2016). Hence, to overcome 

such drawbacks, aims of using polymers for the encapsulation of drugs are set to 

maintain their integrity and to elevate their stability for a prolonged time during the 

delivery. Driven by these goals, great effort has been devoted to study and understand 

the mechanisms of controlled drug release from polymeric DDSs for better protection 

and manipulation (Fu et al. 2010;Kamaly et al. 2016). In this regard, studies focus on 

release kinetics from matrices composed of different polymer materials have been a 

significant boost to direct novel design and development of polymeric DDSs that enable 
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programmed release kinetics under diverse circumstances. Compared to drug 

incorporations based on chemical conjunction, in polymeric matrix-based systems, 

therapeutics are combined with polymers by being dissolved or dispersed, which 

involve less use of additional chemicals and therefore restrict interactions with 

detrimental chemical residuals (Tiwari et al. 2012). The remainder of this chapter is 

devoted to give descriptions on typical controlled release mechanisms from polymeric 

matrices that composed of non-degradable or biodegradable polymers for controlled 

drug release. 

 

2.1.1.1 Non-degradable Polymeric Matrices 

Polymers are classified into non-degradable polymers because of their long duration 

for complete degradation, which makes the degree of degradation is negligible during 

drug delivery and release (Prasad Shastri 2003). The utilization of polymeric matrices 

can facilitate sustained and controlled release by controlling several dominant factors.  

In general, drug release from polymeric carriers can follow (i) diffusion of payloads, 

(ii) chemical reaction-caused degradation or cleavage of conjugated drugs and (iii) 

solvent activation-resulting osmosis and/or swelling of matrices (Fu et al. 2010). It is 

generally considered that the main driving force for the drug release from non-

degradable matrices is Fickian diffusion, as a result of the environmental concentration 

gradient, diffusion distance and swelling degree of the DDSs (Hombreiro-Pérez et al. 

2003). Therefore, most of the non-degradable polymeric matrices for drug delivery 
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allow near-linear or near-zero order release of the encapsulated therapeutics in a 

relatively long period of time with short initial burst release. For example, 

polyurethanes have been well-studied as a type of non-biodegradable polymers with 

good biocompatibility (Schierholz et al. 1997). It has been used in fabrications of 

different DDSs for various biomedical applications such as drug delivery implants and 

skin wound dressings (Zdrahala et al. 1999). Regardless of the diverse geometries of 

those systems, drug release from polyurethane systems often display a near-linear 

release pattern after an initial burst release, which is suggested to be driven mainly by 

diffusion (Fu et al. 2010). Another classic non-biodegradable polymer is 

polydimethylsiloxane (PDMS). Different from traditional polymers, PDMS is 

consisted of inorganic Si-O-Si units (Pillai et al. 2001). Interestingly, by preparing 

PDMS-based systems into different structures, the resulting drug release profile can be 

altered. Matrix-type PDMS DDSs normally yield a typical first-order release profile 

(Malcolm et al. 2005). On the other hand, it was reported that by fabricating PDMS into 

reservoir-type DDSs, in which PDMS matric could be coated by one layer of polymers, 

such as poly(ethylene glycol) (PEG) on its surface for release regulation. While the 

matrix core remained a first-order release, the outer layer of PEG coating acted as a 

solubility enhancing agent. In contrast to matrix-type systems, a near zero-order release 

profile of such core-shell DDSs was obtained (Maeda et al. 2003). 
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Nevertheless, non-degradable polymeric DDSs are restricted in drug delivery since 

their non-degradability usually requires invasion for device removal, which can cause 

secondary injuries and induce excess risk for treatments (Pillai et al. 2001). Hence, non-

degradable polymeric matrices are widely used to fabricate materials for long-term use 

systems such as transdermal films and implant devices with their inherent 

characteristics such as good durability and robust structure.  

 

2.1.1.2 Biodegradable Polymeric Matrices 

Increased expertise in polymer chemistry resulting in a wide variety of polymers with 

diverse structures and characteristics. In contrast to non-degradable polymers, 

biodegradable polymers are originally developed for biomedical applications (Nair et 

al. 2007). Significant effort has been devoted on using biodegradable polymers to 

prepare DDSs for controlled release since they have been already medically adapted for 

their intrinsic biocompatibility and biodegradability, which enable them to be degraded 

into non-toxic monomers by human body (Jain et al. 2011). Intrinsic characteristics of 

biodegradable polymers can be implemented into DDSs in terms of (i) biocompatibility 

and biodegradability to avoid surgical removal and nonessential pain to patients, (ii) 

ability in realizing internalization and intracellular drug delivery and (iii) capability of 

releasing drug with minimized drug loss during transition (Heller 1984). Biodegradable 

polymeric matrices therefore play an indispensable role in the development of DDSs.  
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The release pattern of encapsulated payload is inevitably associate with the 

biodegradability of biodegradable polymers. Biodegradability can be attributed to labile 

bonds in their backbones, including ester-, amide-, and anhydride-bonds that could be 

hydrolyzed or degraded by enzymes (Fu et al. 2010). Biodegradation can therefore lead 

to the scission of polymers which further results in reducing of the average molecular 

weight of polymer. Together with the effect of polymer dissolution in aqueous 

environment, the release of encapsulated drugs happens along with decomposition of 

polymer-based matrices (Heller 1980). While degradation represents a chain scission 

process of polymers that is majorly induced by bond cleavages, mass loss of polymers 

is referred to erosion. Depending on the difference between erosion rates of polymers 

and permeation rates of water, erosion can be categorized as two typical modes: (i) 

surface erosion and (ii) bulk erosion (Kamaly et al. 2016). Generally, as drugs with a 

certain level of dissolvability are entrapped in polymeric matrices, when the rate of 

water permeating into a polymer matrix for the dissolution of biodegradable polymer 

is lower than the polymer erosion rate, it is likely that drugs can be released ideally in 

zero-order as the erosion rate of the matrix is in dominant and therefore a linear relation 

to external matrix surface can be obtained. On the contrary, when the permeation of 

water is quicker than its erosion, such drug delivery matrix may undergo a typical bulk 

erosion (Uhrich et al. 1999).  
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It is obvious that in comparison with non-degradable polymers, biodegradable 

polymers show better potential as building blocks of DDSs due to its incomparable 

biocompatibility and biodegradability. However, the address of material safety is 

achieved at the expense of drug delivery efficacy (Fu et al. 2010). Because, most of 

biodegradable polymeric matrices experience bulk erosion. The drug release kinetics 

of biodegradable DDSs are therefore more complicated since the release rate of 

encapsulated drug can be affected not only by polymer erosion, but also polymer 

degradation, which is easily influenced by solvent penetration which can lead to 

hydrolysis (Heller 1984). This brings difficulties for the prediction of drug release 

patterns from biodegradable DDSs. Nevertheless, the exist of the inherent cons of 

biodegradable DDSs does not inhibit their success in biomedical applications. Instead, 

their pros are taken maximum advantages in the development of particulate systems 

with different structures to circumvent material limitations and to release drug in 

sustained and controlled patterns.  

 

2.1.2  Nano/Microstructural Properties 

It is no doubt that DDSs with suitable biocompatibility, biodegradability and the ability 

of controlled drug release can highly facilitate the realization of desirable drug delivery. 

However, as discussed, despite of material safety, efficacy in controlled release and 

targeting delivery towards desired spots is essential to be addressed. In this regard, 

structural properties of biodegradable DDSs are particularly important.  
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2.1.2.1 Surface Coating based on Ionic Polymers 

For the sake of complementing the limitations of bare biodegradable polymeric 

matrices, such as burst drug release, as revealed, a core-shell structure of particulate 

DDSs has non-negligible impacts on this issue to achieve prolonged and controlled drug 

release (Fu et al. 2010;Tiwari et al. 2012). At the same time, it is also anticipated that 

before the arrival of targeted spots, formulated DDSs can provide sufficient protection 

and prevent premature drug loss during drug delivery (Doppalapudi et al. 2016). Hence, 

another major concerned structural parameter of DDSs is its surface versatility, which 

is of importance in maintaining the stability and structural integrity of DDSs.  

 

For example, chitosan has been widely applied for surface modifications of PLGA-

based DDSs. By blocking electrostatic interactions and hydrophobic interactions, the 

chitosan coating can function as a diffusion controller for prolonged drug release and a 

solubility enhancing agent at the same time (Danhier et al. 2012). In vivo studies had 

been conducted by administrating drug-loaded PLGA/chitosan nanoparticles as DDSs 

into lungs of guinea pigs (Ungaro et al. 2012). Compared to bare PLGA nanoparticles, 

it was revealed and confirmed that chitosan-modified PLGA nanoparticles performed 

in a decreased elimination rate because of the mucoadhesive characteristics of chitosan 

(Chronopoulou et al. 2013). Besides, promotion of cell internalization can be facilitated 

by DDSs with suitable surface charge. In vitro studies were conducted on the cellular 

uptake performance by using chitosan-based nanoparticles (~215 nm) as DDSs. It was 
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illustrated that interactions between the cells and the positive charge of the surface, 

which is inherent from the cationic chitosan, facilitated a higher rate and a greater 

amount of cellular uptake compared to controlled groups (Nafee et al. 2007). Moreover, 

subsequent results suggested that positively charged nanoparticles could escape from 

lysosome after cellular internalization for more effective drug delivery.  

 

From the prospective of materials, ionic polymers can provide DDSs with intrinsic 

surface charge. By definition, polymer contains a net negative or positive charge at near 

neutral pH is defined as ionic polymer or polyelectrolyte (Lankalapalli et al. 2009). At 

the initial stage of the development of ionic polymers for drug delivery, it was 

considered to have a negative impact for pharmaceutical formulations (De Geest et al. 

2009). It was concerned that therapeutics could be unintentionally affected by the 

existence of ionic interactions. Formulations incorporated ionic polymers did not 

become promising strategies until it was proved that combinations between 

polyelectrolytes and drugs are capable to aid sustainable and controlled release with the 

drug integrity preserved. Furthermore, increasing number of studies have revealed that 

stimuli-responsive drug release can be realized by coating DDSs with ionic polymers 

that have weak polyelectrolyte sequences and are capable to response to pH changes 

(Weiren et al. 2014). Additionally, solubility of ionic polymers can be altered based on 

the pKa of acidic or basic moieties of polymers based on certain types of functional 

groups, such as amino groups (Ravi Kumar 2000). The equilibrium of protonation and 
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deprotonation can be manipulated for controlled drug delivery. In such cases, 

repulsions between each polymer segments are decreased because of the appearance of 

counterions or molecules with opposite charge can lead to a certain level of expansion 

of network and entrapped drugs can be therefore released (Onaca et al. 2009). On the 

other hand, DDSs coated by ionic polymers showed adequate pH sensitivity can be 

presented at charged state for enhanced solubility or uncharged state for insolubility by 

simply varying the pH as well (Chen et al. 2014). 

 

As revealed, ionic interactions are preferable between DDSs with positive charged 

surfaces and negatively charged cell membrane for cellular intake. Moreover, charged 

DDSs are capable to response to changes of environmental conditions such as pH 

differences. A good potential of such DDSs is reported for realization of stimuli-

responsive delivery (Xu et al. 2008). Recently, it was demonstrated that paclitaxel-

loaded low molecular weight chitosan (LMWC)-coated PLGA nanoparticles was 

capable to achieve sustained and pH-sensitive delivery (Abouelmagd et al. 2015). The 

PLGA core was designed to serve as protective carrier to retain drug integrity and 

functionalized by LMWC. The cationic coating could not only increase the 

hydrophilicity of the polymeric matrix, but also impacted stealth effect and electrostatic 

interactions under mildly acidic pH of tumors, which further showed less phagocytic 

uptake for elevated therapeutic effect in comparison to bare PLGA nanoparticles. 

Therefore, it is prospective that systematic toxicity can be reduced as drug release is 
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constrained during the delivery and DDSs with desirable surface charge may become 

more inclined to carry out ideal drug delivery. 

 

2.1.2.2 Particle Size 

Despite of the core-shell structure, another crucial condition is the size of DDSs as it is 

the determinant of the realization of targeting delivery, which could greatly facilitate 

enhanced therapeutic therapy by delivering drug to the targeted cells instead of healthy 

cells. According to the underlying mechanisms, targeted delivery can be divided as 

active and passive targeted delivery (Ferrari 2005). In spite of their different 

mechanisms, neither active nor passive targeting can be achieved if DDSs are not 

prepared within a suitable range of sizes because their realization is highly size-reliable 

(Torchilin 2000;Byrne et al. 2008). Introduced by Ehrlich, systems with the ability of 

targeted delivery were firstly described in the term of ‘magic bullet’, which is further 

suggested as the delivery can be properly targeted to particular disease sites on the 

premise that material safety and controlled release are guaranteed by using 

biodegradable polymers and adopting core-shell structure (Lammers et al. 2012). Much 

research interest has been focused on the understanding of targeted delivery for 

reasonable design of DDSs to meet diverse requirements.  

 

Passive targeting delivery is realized by taking the advantage of enhanced permeability 

retention (EPR) effect, which is specifically induced by leaky vessels and high 
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interstitial pressure in tumorous environment (Torchilin 2000). Particulate DDSs, as 

one of the most effective forms of drug carriers, with approximate 60 to 400 nm is 

permeable and is able to be entrapped within solid tumors (O'neal et al. 2004).  

 

Basically, EPR effect occurs when a tumor grows over a volume of 2 mm3 (Maeda et 

al. 2000). Under such volume, transportation of both nutrition and waste inside the 

tumor are gradually hindered along with the occurence of diffusion limitations. 

Revascularization is therefore programmed by cancer cells to overcome such 

difficulties. Incomplete vasculatures in the surrounding of tumor occurred because of 

the fast growth of vessels and this leads to the aforementioned leaky vessels with 

permeable gaps (Fang et al. 2011). Moreover, the level of interstitial pressure at the 

central of tumor becomes higher than at its fringe. Supporting by the appearance of the 

pressure difference, carriers with suitable range of sizes are therefore prone to gain the 

access inside the tumor with longer retention time than in normal tissues (Maeda et al. 

2000). It can be concluded that the combination of leaky vasculature and poor 

lymphatic drainage shapes EPR effect. Hence, passive targeting can be described as the 

ability of certain DDSs with suitable range of sizes that can transport through the 

existed gaps in tumors by being ‘passively’ forced into targeted sites. 

 

Active targeting delivery is different from passive targeting, which counts 

indispensably on chemical attachments of receptor-identifiable ligands on the surface 
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of DDSs. The placement of recognition sequences therefore enables surface modified 

DDSs to function as ‘keys’ for the ‘opening’ of ‘doors’ on specific cells. In order words, 

the functional surface of DDSs entitles them to facilitate possible cellular uptake 

actively through bindings between ligands and receptors. Folic acid (FA) is a low-

molecular-weight vitamin which exhibits high affinity to folate receptor, a common 

membrane-anchored protein (Leamon et al. 2001). As a typical targeting ligand, FA has 

been widely studied for achieving active targeting. It was applied on chitosan (CS) 

coated-poly(alkyl cyano acrylates) (PACA) via conjugation between CS as an outer 

layer (Zhou et al. 2010). This study had demonstrated that increased therapeutic effect 

can be observed by using active targeted DDSs with ligands decorated. However, as 

reported, the realization of active targeting requires the support of passive targeting. 

Systematically delivery of DDSs may not be effective in the absence of EPR as a second 

mechanism, which in other words, DDSs is required to be fabricated in specific ranges 

of nano-scale sizes (Mahon et al. 2012). It was found that drug loaded liposomes with 

the attachment of certain anti-bodies as targeting ligands were incapable to accumulate 

in targeted cells by conducting active targeting solely. In contrast, it could be achieved 

more effectively by combining EPR effect (Marcucci et al. 2004).  

 

As reported, active targeting should be inefficient for targeted delivery without the 

support of passive targeting as a second mechanism. As a result, the success of targeting 

delivery, regardless of active or passive targeting, is highly dependent on the size of 
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prepared DDSs. It therefore becomes a prerequisite for biodegradable DDSs to be 

prepared in a suitable nano-scale sizes in order to achieve desired drug release and 

targeted delivery. 

 

2.2 Recent Development of Polymeric Particulate Systems for Controlled Release 

The field of polymeric particulate systems is experiencing a quick expansion with 

continuous research efforts invested (Tiwari et al. 2012). Being able to deliver a great 

variety of drugs including hydrophilic small molecular drugs, hydrophobic small 

molecular drugs, vaccines and biological macromolecules, polymeric particulate 

systems are beneficial for drug delivery in allowing targeted administration to specific 

compartments with the ability of controlled drug release. These unique properties 

guarantee their pivotal role in a wide spectrum of areas ranging from biotechnology to 

energy technology and enable them to meet various applications and market needs (De 

Jong et al. 2008;Parveen et al. 2012). 

 

As requirements of different applications varied, properties of systems have to be 

optimized. For the purpose of obtaining properties of interest, the choose of materials, 

the design of system structure and the preparation method play dominant roles. 
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2.2.1  Biodegradable Polymers for Controlled Release 

One of the most straightforward strategies to realize controlled drug release from 

biodegradable polymeric DDSs is the manipulation of degradation rate of 

biodegradable polymers, as biodegradability is a material-oriented functionality 

(Uhrich et al. 1999;Pillai et al. 2001). Therefore, the drug release rate can be 

predetermined for the maintenance of a constant drug concentration in a desired period 

for minimum side effects by using polymers with different degradation rates (Heller 

1984;Jain et al. 2011;Doppalapudi et al. 2016). 

 

2.2.1.1 Poly(lactic-co-glycolic) acid (PLGA) 

PLGA as a synthetic biodegradable polymer is one of the most extensively studied and 

well-documented materials for preparing biomedical materials (Ungaro et al. 2012). 

Together with polylactic acid (PLA) and polyglycolic acid (PGA), PLGA belongs to 

polyesters and have been commonly regarded as the best-defined biomaterials by taking 

design versatility, feasibility and material performance into considerations (Danhier et 

al. 2012). Among all, PLGA as a hydrophobic copolymer is the first Food and Drug 

Administration (FDA)-approved material for fabrications of controlled release systems. 

It also gained the approval from European Medicine Agency for parenteral 

administration (Lü et al. 2009). Being widely approved as commercially adoptable 

biomaterial, a number of PLGA-based DDSs have been applied for human clinical trials 
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(Bala et al. 2004). Thereafter, PLGA has been intensively adopted for the composition 

of novel DDSs. 

 

 

Figure 2 Molecular structure of PLGA (n represents the number of lactic acid units and m represents 

the number of glycolic acid units) 

 

Solid matrices composed of polymers are capable of loading molecules of nearly any 

sizes, as introduced. Currently, there are over twenty types of commercial DDSs based 

on PLGA are available in the market (Bala et al. 2004). It is evident that PLGA has 

been applied mostly for encapsulation of drugs, especially hydrophobic drugs due to its 

intrinsic hydrophobicity. In addition, studies have illustrated that a great variety of 

drugs can be loaded by PLGA-based carriers, including nucleic acids and peptides 

(Wischke et al. 2008). Properties of PLGA such as molar ratio between lactide (LA) 

and glycolide (GA), average molecular weight (Mw) and terminal functional groups on 

its backbone have great impact on its ability of controlled drug release. PLGA is usually 

identified by its monomers ratio. For instance, PLGA 50:50 represents a copolymer 

composed of 50% LA and 50% GA. As shown in Figure 2, by simply varying the 

compositions of PLGA, release rate of DDSs can be altered and controlled. For example, 

PLGA with certain Mw and a low molar ratio of GA leads to a relatively faster 
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degradation rate and hence results in rapid drug release compared to PLGA with same 

Mw but a higher molar ratio of LA. On the other hand, a prolonged drug release from 

PLGA matrix can be achieved by using PLGA with the same monomers ratio but higher 

Mw (Fredenberg et al. 2011). However, the carboxylic end group and degradation 

products (LA and GA) make PLGA hydrophobic and endows it poor solubility in 

aqueous environment, which can induce inflammatory responses easily and weaken the 

ability of PLGA matrices to enter targeted organ or cells and therefore lower its drug 

delivery efficacy (Lü et al. 2009). Solutions in overcoming such limitations have been 

proposed by modifying the surface of PLGA matrix and applying core-shell structures 

for PLGA-based DDSs (Nafee et al. 2007;Chronopoulou et al. 2013).  

 

2.2.1.2 Chitosan 

Chitosan (CS) as a kind of biodegradable ionic polymers is the second abundant natural 

polymer and has been extensively used for its outstanding biocompatibility, 

biodegradability and mucoadhesive ability (Rinaudo 2006). It is originally derived from 

partial deacetylation of chitin and serves as the only linear cationic polysaccharide on 

earth (Kumar et al. 2004). Figure 3 illustrates the molecular structure of CS. Particularly, 

the degree of deacetylation (DDA) and molecular characteristics such as Mw impact 

significantly on its physicochemical properties, which can be adopted for controlled 

drug release. For instance, with the same Mw, the higher the DDA, the higher the 

positive charges that CS presents because of the increased numbers of free amino 
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groups (Peniche et al. 2003). Moreover, same as PLGA, CS is one of the few FDA-

approved polymers. On account of these characteristics, CS has been extensively 

applied for the development of functional DDSs in divers structures catering 

requirements of different interest (Nafee et al. 2007;Wu et al. 2010). For example, the 

cationic nature of CS entitles it to ascribe positive charge to DDSs for enhanced cellular 

intake and the ability of loading different therapeutics and its mucoadhesive ability has 

been studied for prolonged drug release (Chronopoulou et al. 2013). It is noteworthy 

that the free amino groups and hydroxyl groups of CS provide versatilities on chemical 

modifications with a broad range of molecular segments for DDSs. For instance, 

chitosan nanoparticles can be modified with both biotin and avidin for active targeting 

of drug delivery in hepatoma cells (Wang et al. 2011b). Glycyrrhizic acid, as a type of 

anti-tumor drugs were conjugated to chitosan-based nanoparticles and it was able to 

strengthen the active targeting of the DDSs towards liver by interacting with specific 

binding sites (Tian et al. 2010). Nevertheless, the hydrophilicity of CS can induce burst 

release of bare CS matrices as DDSs more significantly when in comparison with 

hydrophobic matrices (Rinaudo 2006). It was studied that DDSs with the same particle 

size around 2.5 μm based on chitosan, PLGA and chitosan coated-PLGA particles 

released drugs in different patterns (Manca et al. 2008). As a result, chitosan 

microparticles exhibited a higher burst release in comparison with PLGA and chitosan-

coated PLGA microparticles under mild acidic environment which was simulated as 

tumorous environment. In addition, chitosan-coated PLGA microparticles possessed 
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the highest drug loading capacity and performed a reduced burst release with enhanced 

solubility in aqueous solution when compared to PLGA microparticles. Furthermore, 

the amino groups on glucosamine units of chitosan usually exist a protonation-

deprotonation equilibrium, which is responsive to pH differences. Protonated amino 

groups empower CS to act as a cationic polymer and be dissolved in aqueous solution 

at pH < pKa (6.5) but insoluble at pH > pKa due to the deprotonation of CS molecules.  

 

 

Figure 3 Molecular structure of CS (x is the number of the deacetylated units and y is the number of 

non-deacetylated units) 

 

Hence, CS is a unique and promising biodegradable ionic polymer as the coating for 

the fabrication of hydrophobic core-shell structured DDSs with its capability in 

facilitating controlled and stimuli-responsive drug release. 

 

2.2.2  Composite Systems with Core-Shell Structure for Enhanced Control 

Although controlled release and targeted drug delivery can be facilitated by nano-scale 

biodegradable DDS, sufficient protection for the DDSs is in need during drug delivery 

in order to minimized undesired release before the reach of destination. Furthermore, 

as described, confinements of single component coexist with their desirability. 
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Complements from different materials with advantageous properties are the basis for 

the promotion of pragmatic design. Generally, DDSs with desirable properties can be 

formulated mainly by combining corresponding materials via chemical modifications 

or composite technology. 

 

Chemical conjugations of materials are widely studied as a straightforward strategy for 

properties integrations in DDSs (Basu et al. 2015). However, the success of chemical 

modifications relies heavily on mandatory requirements, including (i) the formation of 

chemical bonds that are strong enough to against hydrolysis, (ii) a high level of re-

dispersity of modified products into liquid medium, (iii) repetitive steps for chemical 

reactions and tedious procedures for residual eliminations, (iv) focused concentration 

on the maintenance of the dispersion stability during processing (Saito et al. 2003;Allen 

et al. 2004). It is obvious that the reproducibility of methods involved with chemical 

modifications could be challenging with all these constrained demands. On the other 

hand, the use of composite strategies has potential in relieving the burden of conducting 

complex fabrication procedures for chemical reactions and this could be ridded together 

with the risks and uncertainties of the introduction of toxic chemicals for biomedical 

applications (Hughes 2005;Schärtl 2010). By adopting composite technology, desirable 

properties from different materials can be integrated with rational arrangement by 

adopting different structures for the systems. Moreover, as the material safety could be 

secured by using biodegradable polymers, the drug delivery efficacy become the main 
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concern to achieve controlled drug delivery. However, as discussed, the incorporation 

of biodegradability for polymeric matrices can suffer from burst release of drugs and 

frequent drug administrations. In order to circumvent these limitations, different 

formulations of DDSs based on biodegradable polymers are designed with desired 

physicochemical and biological characteristics. 

 

Unlike conventional DDSs such as pills or capsules that release loaded drugs once the 

systems are in contact with aqueous environment, biodegradable composite DDSs with 

suitable size and structure enable (i) targeted drug delivery in particular body 

compartment, (ii) preservation and controlled release towards fragile medications such 

as proteins that can be easily decomposed during drug delivery, (iii) reduction of dosage 

times and the need for afterwards surgical removal and (iv) improvement in patient 

compliance (De Jong et al. 2008;Tiwari et al. 2012). 

 

As one of the most quintessential composite DSSs, matrices with core-shell structure 

allow the inheritance of diverse functionalities of materials directly (Schärtl 2010). For 

example, by coating ionic polymers on polymeric matrices, DDSs are permitted to 

conduct further surface modifications that are simply driven by electrostatic interaction 

(Chronopoulou et al. 2013). Based on the electrostatic attractions between counterions, 

PLGA nanoparticles were coated by chitosan and alginate alternatively on their outer 

surface via Layer-by-Layer (LbL) self-assembly (Zhou et al. 2010). It was investigated 



 31 

that by forming polyelectrolyte multilayers (PEMs), the as-prepared DDSs possessed 

antifouling properties and hence allow low protein adsorption during drug delivery. 

PEMs based on chitosan and alginate can therefore be regarded as a potential candidate 

for being as an alternative of PEG to perform shielding effect. It has been extensively 

reported that PLGA-based nanospheres coated by CS were successfully exploited for 

pH-responsive DDSs for controlled drug release. At the same time, ionic repulsion 

among CS-coated systems is capable to prevent coagulation and elevate the level of 

system stability. Composite DDSs with surface modified by coating polymers, 

especially ionic polymers, can thereafter be electrostatically modified with counterpart 

materials via electrostatic adsorption and release drugs preferentially in tumor 

environment (Vilela et al. 2016). The control of shell thickness can be achieved by 

coating different numbers of polymers and applied for manipulation of drug release rate. 

Aiming at reducing fast burst release, it was reported that compared to bare PLGA 

particles, chitosan-coated PLGA particles could reduce the burst release from 70% to 

36% (Danhier et al. 2012). Hence, drug–loaded nanospheres with core-shell structures 

were successfully fabricated for controlled drug release. It suggests that DDSs with 

core-shell structure can benefit from charged coating in respects of not only enhanced 

cell intake, but also better control of drug release. 
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2.2.2.1 Polymersomes 

Polymersomes are vehicles with intrinsic core-shell structure based on amphiphilic 

synthetic block copolymers (Discher et al. 2006). Their polymeric shells are inherently 

resulting from polymer self-assembly, which is similar to the structure of natural 

phospholipids (Palivan et al. 2016). Studies have been reported that with such bilayer 

structure, polymersome-based DDSs are enabled to load chemotherapeutics as well as 

gene materials in single DDSs. For instance, polymersomes were demonstrated to carry 

anti-tumor drugs with different surface wettability simultaneously. PEG-PLGA co-

polymers were firstly fabricated and subsequently, the hydrophobic drugs were loaded 

in the PLGA shell and hydrophilic drugs were loaded in the PEG core (Wang et al. 

2011a). In vivo studies indicated a good potential for using such strategy for realizing 

multi-drug delivery. In addition, polymersomes based on methoxy-poly(ethylene 

glycol)-block-poly(D,L-lactic acid) (mPEG-b-PLA) block copolymer were designed to 

encapsulate both siRNA and anti-tumor drug into single systems (Kim et al. 2013). By 

loading hydrophobic anti-tumor drugs into the hydrophobic shell and encapsulating 

siRNA into the hydrophilic hollow core, this study revealed that co-delivery of 

therapeutics and effective dual therapeutic actions was achieved.  

 

However, although polymersomes possess core-shell structure inherently by using 

specific co-polymers, polymersomes as DDSs suffer from inevitable drawbacks 

including poor storage stability as dynamic-affected systems and rapid leakage of 
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water-soluble drugs (Lee et al. 2012). More importantly, in most cases, tailored co-

polymers are needed to be re-designed to cater varied properties of interests for different 

applications and the specialized chemical process could be labor-consuming and time-

costing, not to mention that the possible low yield during various chemical procedures 

(Meng et al. 2011). Therefore, DDSs with core-shell structure should allow to be 

fabricated via a more general applicable fabrication method by using commonly 

approved materials with higher feasibility. 

 

2.2.2.2 Composite Nanospheres 

Composite spheres are solid particulate systems for drug delivery (Steichen et al. 

2013;Prajapati et al. 2015). As one of the most promising strategies, composite 

nanospheres attracted considerable attention due to their ability in realizing not only 

bottom-up, but also top-down designs (Parveen et al. 2012). They can therefore further 

act as building blocks for DDSs with different structures and diverse functions. 

Moreover, compared to other forms of DDSs, such as polymersomes, sphere-based 

systems have improved encapsulation ability in drug loading because their rigid 

structure ensures the maintenance of stable conformation and the retention of their 

biological activity for efficient drug release and delivery under environments with 

different conditions (Gadad et al. 2011). 
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As a kind of particulate DDSs, composite spheres in nano-scale have been widely 

studied as one of the most common and feasible drug carriers for targeted delivery of 

various kinds of therapeutics (Champion et al. 2007). By taking the advantage of its 

spherical structure, cells can internalize spherical DDSs from any point of attachment 

due to their symmetry and rigid morphology. Such spherical structure also enable the 

adoption of various techniques for fabrication (Champion et al. 2007;Gadad et al. 2011). 

Composite PLGA-based nanospheres developed for delivery of cancer-associated 

antigen with surface modified by ligands can induce therapeutic anti-tumor effect with 

no concomitant autoimmunity (Danhier et al. 2012). Moreover, PEG-coated PLGA 

nanospheres were developed and co-delivery of hydrophilic doxorubicin (DOX) and 

hydrophobic paclitaxel (PTX), two of the most frequently-used chemotherapeutic drugs 

in clinical, were successfully achieved in tumor regression (Müller et al. 2003). 

Additionally, studies revealing performance of DDSs with different ranges of sizes had 

been extensively conducted. It was found that in inflammatory tissues of the intestinal 

mucosa of rats, nanoparticles were more effective in performing targeting delivery than 

microparticles (Lamprecht et al. 2001). It is again supportive to the fact that 

nanoparticles have indispensable strengths in realizing effective targeting delivery, 

which cannot easily be achieved by DDSs in micron-scale. 

 

Therefore, composite spheres, especially nanospheres, can be ascribed with a number 

of desirable advantages such as the ability of achieving targeting delivery as well as 
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good practicability in adopting different fabrication techniques and methods. 

Biodegradable composite nanospheres can hence be highly demanded for the build-up 

of DDSs that could provide sufficient protection for drugs, controllable drug release 

and good efficacy for drug delivery.  

. 

2.3 Fabrication Techniques for Preparation of Monodisperse Composite 

Polymeric Particulate Systems 

Decision on the choice of appropriate fabrication method is made by taking a number 

of conditions into considerations, which can be mainly summarized as (i) the area of 

applications, (ii) size requirement and (iii) the type of polymeric systems. As discussed 

in previous sections, for controlled drug release and targeted delivery, realization of 

biodegradable polymeric composite nanospheres as DDSs with core-shell structure in 

controllable ranges of size is highly desirable (Uhrich et al. 1999;Tiwari et al. 2012). 

This relies entirely on fabrication techniques and methods for productions.  

 

In fact, a great variety of techniques have been developed for the fabrication of 

particulate composite DDSs (Lu et al. 2004;Lassalle et al. 2007). In order to choose 

adaptable techniques to aid the goals, firstly, the attributes of drugs and polymers need 

to be clarified. As for controlled release and targeted delivery, the site of drug action as 

well as the expected duration of therapy should be taken into consideration for 

determining the desirable size ranges and the selection of materials with characteristics 
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of the DDSs in need (Caldorera-Moore et al. 2010). Aside from biodegradability that 

can be assured by adopting appropriate materials and surface versatility can be relied 

on the design of core-shell structures, monodispersity of DDSs that is entirely ruled by 

the applied fabrication methods is of great importance in applications. Because both 

particles size and particle size distribution are decisive on particle properties such as 

viscosity, surface area and packing density. However, in most of current literatures, 

particles were prepared with broad size distributions (Lassalle et al. 2007). A low level 

of monodispersity varies particle properties and their performances can be hugely 

different from the primary design, which could greatly limit their applications in drug 

delivery as it is confessedly required precise dosage control. For the purpose of 

improving the monodispersity, different techniques were developed and investigated 

 

2.3.1  Conventional Emulsion Solvent Evaporation 

In general, fabrication strategies of polymeric nanoparticles mainly based on (i) the 

dispersion of preformed polymers and (ii) the polymerization of monomers. For 

biomedical applications, dominant strategies come from those with the less use of 

additives in order to avoid any unpredictable side effects (Solans et al. 2005).  

 

As one of the most classic and well-studied techniques of the dispersion of preformed 

polymers, emulsions stabilized by molecular surfactants are defined as conventional 

emulsions (Gutiérrez et al. 2008). Most of the current fabrication methods are 
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developed based on conventional emulsions. Depending on the amphiphilic nature of 

surfactants, oil or water phase can be stabilized in their counter phase due to the 

reduction of surface tension. Conventional emulsions are one of the most well-

investigated methods and have been extensively adopted for the fabrication of DDSs. 

With such basis, solvent evaporation is widely preferred for the fabrication of drug-

loaded particulate systems (Arunkumar et al. 2009). Generally, a typical oil-in-water 

(o/w) emulsion is prepared by first dissolving hydrophobic polymer in a water-

immiscible, volatile organic solvent. Thereafter, drugs are dissolved or suspended in 

the prepared oil phase of polymer. By mixing with an aqueous phase containing 

surfactants, the resulting mixture is then emulsified with the presence of agitation of 

homogenization. Commonly, o/w emulsion is prepared for the encapsulation of 

hydrophobic therapeutics and water-in-oil (w/o) is adoptable for the loading of 

hydrophilic drugs (Shah et al. 2010). Polyvinyl alcohol (PVA) as a typical molecular 

surfactant was applied to prepare PLGA nanoparticles (60-200 nm) by using two types 

of volatile solvent dichloromethane (CH2Cl2) and acetone in proportion (Astete et al. 

2006). Additionally, in order to yield DDSs with different structures and the capability 

of carrying diverse types of drugs, double emulsions have been developed based on 

conventional single emulsions (Iqbal et al. 2015).  

 

To harvest solid systems from emulsions, the merits of the utilization of solvents were 

taken by conducting solvent evaporation. Along with the volatilization of solvent from 
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the inner phase, polymer precipitation happens. After thorough volatilization, the as-

prepared solid DDSs are suspended in the outer phase. Subsequently, collections will 

be performed after conducting at least three times of centrifugation-redispersion cycles 

in deionized water in order to remove unformed materials and additives such as 

molecular surfactants. CH2Cl2 as one of the most commonly used volatile solvent has 

been employed for the fabrication of PLGA nanoparticles (~200 nm) by using either 

PVA or Span 40 as molecular stabilizers. Emulsions solvent evaporation enables the 

maximum preservations materials properties and therefore the resulting systems can 

possess inherent characteristics directly. For instance, chitosan-coated PLGA 

nanoparticle was prepared based on single emulsion solvent evaporation for DNA/RNA 

delivery (Nafee et al. 2007). The coating of chitosan was incorporated by adding 

prepared chitosan solution along with PVA as emulsifiers and deposited on the formed 

emulsion droplets simultaneously. Another strategy is based on the weak negative 

charged of PLGA by first formulating PLGA nanoparticles via single emulsion 

(Chronopoulou et al. 2013). Later, as-prepared nanoparticles were incubated in chitosan 

solution overnight. One of the major drawbacks of such method is that premature drug 

loss may occur during a relatively longstanding incubation for chitosan coating. 

 

As illustrated, the employment of conventional emulsions and solvent evaporation that 

rely on the use of molecular surfactants and volatile solvent is practical for the 

fabrication of solid particle in nano-scale. Nevertheless, it has been observed that in the 
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case of single emulsion system, the control of resulting particle size is dominant by the 

amount of used molecular surfactant (Manca et al. 2008). Increasing amount of 

molecular surfactant are required if smaller particles are in need. However, the use of 

molecular surfactant has been proven to impact significantly on resulting drug release 

profiles. By controlling the particle size and total amount of loaded model drug, PLGA 

microparticles prepared by using different amount of PVA as stabilizer were applied to 

study its effect on drug release. As a result, PLGA microparticles contained 4% (w/v) 

of PVA released distinctively slower than PLGA microparticles contained 1% (w/v) of 

PVA. While from the perspective of controlled drug lease, the use of molecular 

surfactant could greatly affect the achievement of predetermined drug release profiles. 

Furthermore, the production of dispersed particles demand a high surfactant 

concentration. As a stable emulsion is a prerequisite of particle fabrication, extensive 

studies have been conducted on this issue and it revealed that a good emulsification 

process is facilitated by using over 3% (w/v) of molecular surfactants in order to yield 

particles with smaller size and a satisfactory polydispersity index. Therefore, the 

manipulation of particle size via conventional emulsion could suffer greatly on 

undesirable off-design of controlled drug release with the presence of molecular 

surfactant and inevitable dependency of the amount of surfactant for particle fabrication. 
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2.3.2  Rapid Expansion of a Supercritical Solution (RESS) 

It is obvious that for controlled drug release, performance of polymeric systems 

fabricated by conventional emulsions may not be satisfactory. Different fabrication 

methods are developed in order to circumvent the limitations by getting rid of the 

utilization of additives or reactants. In this regard, the rapid expansion of supercritical 

solutions (RESS) technique could fulfill these requirements by precluding the use of 

any surfactant or even organic solvent during the preparation of particles (Byrappa et 

al. 2008). Generally, by pumping supercritical carbon dioxide (scCO2) continuously 

into the bulk machine, a rapid reduced pressure is produced within an extraction unit to 

induce precipitation of feed-in substrate into crystalline. Thereafter, solid particles are 

hence formed and they could be brought down by the expansion vessel like snow in the 

gas or on the glass like a frost in a precipitation unit. Besides, one of the most commonly 

applied supercritical fluids (SCFs) is scCO2, by using which that organic solvent can 

be substituted. However, such technique possesses several drawbacks in other respects 

of production. Although the use of surfactants and organic solvent is ridded, difficulties 

lay first on the harvest on collecting particles from gaseous stream. Furthermore, 

solubility of compounds in SCFs is usually very low and increased solubility relies on 

the use of co-solvents, which again introduce organic solvents. This brings a high cost 

for sufficient productions and its solution devastates its advantage. But above all, a fatal 

defect of RESS is that there is no control on the size distribution of particles. Of which 
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that in conventional emulsion-based method, can at least be improved by applying 

agitation or homogenization. 

 

2.3.3  Pickering Emulsion Solvent Evaporation 

As a potential alternative, emulsions stabilized by colloids instead of molecular 

surfactants, i.e. Pickering emulsions, were firstly proposed by Ramsden and Pickering 

(Pickering 1907). It has attracted considerable interest and recently been studied for 

biomedical applications, such as the fabrication of DDSs (Marto et al. 2016). In this 

regard, Pickering emulsions own superiorities by using colloids as stabilizers over 

conventional emulsions in (i) better biocompatibility, (ii) enhanced stabilized and 

droplet size controllability, (iii) facile process and scalable productivity. In addition, 

from the perspective of processing, the use of Pickering emulsions can be prevailing 

because it can be processed under mild and simple setup by using low-energy 

emulsification tools under ambient temperature (Larson-Smith et al. 2012). 

 

The use of colloids as emulsifiers distinguishes it from conventional emulsions that are 

based on molecular surfactants (Chevalier et al. 2013;Li et al. 2015). Due to the absence 

of molecular surfactants, toxicity of emulsions is reduced and hence minimize possible 

adverse effects such as irritancy, cytotoxicity and hemolytic behavior (Arechabala et al. 

1999;Moradi et al. 2012). Such issues raised undesirably due to the chemical residuals 

in DDSs fabricated from conventional emulsions by using molecular surfactants or 
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polymerization by using different reaction agents. Furthermore, the strongly adsorbed 

colloidal particles at the interface of oil-water enables Pickering emulsions exhibit 

distinctive physical stability by forming a compact steric barrier on the surface of 

droplets to prevent droplet coalescence (Melle et al. 2005). Moreover, by carrying out 

solvent evaporation, solidification of Pickering emulsion droplets can lead to 

productions of composite DDSs in solid dosage forms with walls of stabilizers as a 

coating simultaneously. Furthermore, versatility of the DDSs can be elevated with more 

flexible control on desired characteristics. Additionally, surface modifications of the 

prepared encapsulation systems can be performed by using functional stabilizers, which 

promote a more concrete control of system properties. For instance, silica nanoparticles 

(SiO2) were modified into responsive hairy stabilizer by being grafted with surface-

anchoring co-polymers (Liu et al. 2016). In such design, functionalized SiO2 were 

demonstrated to have tunable surface wettability in response to specific changes of 

environmental conditions and solely these particles could emulsify not only single 

emulsions, but also double emulsions. Moreover, by covalently modified layered alpha-

zirconium phosphate (ZrP) disks with thermosensitive polymers, poly(N-

isopropylacrylamide) (pNIPAM), modified ZrP disks were demonstrated to become a 

thermosensitive stabilizer (Wang et al. 2017). The resulting systems were investigated 

and they were able to release loading in fast responses to the change of temperature. 

Thus, versatility of as-prepared systems to accommodate challenging situations could 

be incorporated by first programming stabilizers, which allow greater room for 
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advanced design. Pickering emulsions are hence regarded as a potential strategy for the 

fabrication of tailored DDSs facilely. 

 

With the rapid development of materials, a wide range of particles have been 

extensively studied as stabilizers. Depending on the origins of materials, Pickering 

emulsions can be divided as solid particle and soft material-based emulsions. 

 

As a replacement of molecular surfactants, stabilization of emulsions by solid particles 

shares a totally different mechanism (Chevalier et al. 2013). With no need for being 

amphiphilic, solid particles that are partially wetting of water and oil becomes the 

prerequisite to drive them to anchor at oil-water interfaces (Binks et al. 2000b;He et al. 

2013). Otherwise, if solid particles with a highly hydrophilic surface, they would be 

totally wetted by water and remain dispersed in aqueous phase with no emulsions 

formed. Similarly, solid particles could not become emulsion stabilizers with too 

hydrophobic surfaces as they could only wet in oil phase.  

 

A variety of inorganic particles including silica, hydroxyapatite, graphene and carbon 

nanotubes are extensively investigated for the stabilization of Pickering emulsions (Wu 

et al. 2016). Among all, for biomedical applications such as drug release and delivery, 

most of the research focus on the use of biocompatible particulate stabilizers. Since the 

partial wetting of solid particulate stabilizers is of great importance, pretreatments are 
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often required to tune their surface wetting. As one of the most extensively studied 

biocompatible solid particulate stabilizers, hydrophilic SiO2 particles are preferentially 

stabilize O/W emulsions (Binks et al. 1999) whereas hydrophobically modified SiO2 

particles are more likely to stabilize W/O emulsions (Binks et al. 2000a). For instance, 

core-shell structured composite microspheres were prepared by firstly modifying SiO2 

particles with ethacryloxypropyltrimethoxysilane (MPTMS) in order to prepare W/O 

emulsions (Maeda et al. 2010). It was illustrated that hydrophilic model drug could be 

loaded within the core and the system were capable to release drug in a sustained release 

pattern. Aside from covalent modification, it was lately reported that by non-covalently 

bonding negative charged SiO2 particles with cationic chitosan oligomers, the surface 

hydrophilicity of SiO2 particles was tuned to be partially wetting for the stabilization of 

O/W emulsions in micron size (Alison et al. 2016). Such approach enables the prepared 

systems to exhibit a long-term stability.  

 

In conventional emulsions, the control of emulsion droplets relies independently on the 

amount of used molecular surfactants, which has a direct relation with the size of 

obtained solid particles. Generally, under a certain oil mass ratio, the higher the amount 

of used surfactant, the smaller the resulting particle size. Situation in Pickering 

emulsions stabilized by solid particles is widely divergent. Particles with dual 

wettability in size range above 10 nm are almost inevitable anchored on the oil-water 

interface (Larson-Smith et al. 2012). The irreversible adsorption of anchored solid 
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particles can be attributed to the superb stability of Pickering emulsions because the 

tightly packed solid particle layer they formed lead to an insurmountable energy barrier 

that is typically in the order of several thousand magnitudes greater than thermal energy 

for droplet shrinkage (Pickering 1907). Once the coverage of droplets is complete, the 

size of droplets is settled. In order to obtain solid particles within desirable size ranges, 

strict control over the dosage as well as the size distribution of used solid particulate 

stabilizers need to be carefully exercised. When the amount of solid particulate 

stabilizers is too low, only a small interfacial area of droplets is stabilized and the 

resulting droplet size can be very large. On the other hand, if a non-limiting amount of 

solid particle with a broad size distribution is added, the amount of adsorbed particle 

will remain constant once the surface of emulsion droplets is fulfilled (Chevalier et al. 

2013). In other words, there is a critical particle concentration that need to be defined 

first for the control of the resulting particle size from solid particle-stabilized emulsions.  

 

However, fabrication of monodisperse systems based on such method usually limit by 

the requirement of tedious chemical formulations of solid particulate stabilizers, which 

brings extra difficulties of the fabrication. Moreover, most of current studies has little 

control on the size distribution of solid particulate stabilizers that commonly results in 

systems with high polydispersity (Fujii et al. 2013). Not to mention that many DDSs 

fabricated based on inorganic material-stabilized emulsions suffer from their poor 
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performance on biocompatibility and biodegradability. Novel techniques have 

therefore been further studied and developed in order to obtain monodisperse systems.  

 

2.3.3.1 Microchannel Emulsification 

As described, in solid particle-stabilized emulsions, the particle size and size 

distribution of resulting systems are dominant by the sizes of the used particulate 

stabilizers. For the purpose of breaking from this constraint, microchannel 

emulsification is developed by adopting microfluidic devices. Study has revealed that 

in a customized microfluidic system, the oil phase can be pumped out to the channels 

by using a microsyringe, where silica suspension as the aqueous phase has been already 

presented (Xu et al. 2005). Different from traditional emulsifications, microfluidic 

system allowed the formation of oil droplets first, followed by the formation of 

emulsion droplets when they met stabilizers in the programmed channels. By 

controlling the physical parameters of the channels and flowing rates of each phase, 

monodispersed SiO2-coated emulsion droplets were resulted in micron size. It is 

noteworthy that SiO2 particles are easily aggregated in aqueous environment and in this 

study, the original SiO2 particles that were in tens of nanometers were used in a broad 

size distribution and SiO2 particle-aggregates were applied as stabilizers. In addition, 

comparison, it was found that emulsion droplets resulting from homogenization had 

thinner SiO2 outer layer, which could be ascribed to the high shear force induced during 

homogenization. On the same footing, SiO2 particle-aggregates with an original SiO2 
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particle size of 12 nm were applied to stabilize O/W emulsions (Priest et al. 2011). It 

was revealed that the presence of nanoparticle solution has no impact on the droplet 

formation dynamic based on microfluidic emulsification. Recently, model drug-loaded 

silica/chitosan colloidosomes were fabricated based on the use of a tailored 

microfluidic device (Su et al. 2016). Being injected into the oil phase where 

glutaraldehyde as crosslinker was presented, the dispersed phase containing of chitosan 

molecules and SiO2 were further stabilized when the hydrophilic SiO2 were in situ 

modified by chitosan moved from the inner dispersed phase to the oil-water interface. 

Chitosan molecules were interacted with not only the SiO2 via covalent and hydrogen 

bonding, but also with glutaraldehyde through chemical crosslinking at the interface 

between the dispersed phase and SiO2 particles. By varying the concentration of 

chitosan and SiO2 particle solution and corresponding weight ratio, monodisperse 

microspheres and microcapsules coated by silica/chitosan were obtained. Additionally, 

it was also reported by using a smaller size of SiO2 particles together with the 

application of a longer solidification time (8h), monodisperse colloidosome in 160 nm 

could be obtained. 

 

Therefore, it can be concluded that in microfluidic systems with proper design, the 

fabrication of monodisperse Pickering emulsion droplets and systems with tunable size 

ranges can be achieved. The size of emulsion droplets can be controlled more flexibly 

by altering the parameters of the microfluidic chip and the injecting rates of the mobile 
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phase. However, it should be noticed that the fabrication of monodisperse emulsion 

droplets is directly bound up to the uniform channel width, which is firmly settled after 

the fabrication of microfluidic device. Unfortunately, current fabrication techniques for 

producing microfluidic devices including UV-lithography, wet chemical etching and 

micromatching rely heavily on the existed machines and to this day, all the presented 

channels are remained in micron sizes (Mark et al. 2010). Furthermore, without a strict 

control on the flow rate of the continuous phase, the uniformity and the monodispersity 

of emulsion droplets could be greatly affected. Although on micron-scale that the 

impact of solid particulate stabilizers on the sizes of resulting systems can be weaken, 

the yield of particulate systems on nano-scale is still fully dependent on the reduction 

of the particle size of stabilizers and at the expense of time, which are non-generalizable 

in many cases. 

 

2.3.3.2 Membrane Emulsification 

Aside from the try of making the use of microfluidics, membranes as another auxiliary 

equipment for Pickering emulsions have been recently studied. Basically, the 

realization of membrane emulsification is based on either pressing a dispersed phase or 

a coarse emulsion through a uniform microporous membrane under a certain level of 

pressure (Joscelyne et al. 2000). A variety of membranes have been developed for 

membrane emulsification with the basis of different materials, such as glass membranes, 
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ceramic membranes and metal membranes (Charcosset 2009). Monodisperse emulsion 

droplets can be regulated by changing the used membrane with different porous size. 

 

In recent, membrane emulsification has been investigated for the preparation of 

particulate systems with narrow size distribution based on solid particle-stabilized 

emulsions (Wu et al. 2016). In this study, a traditional membrane emulsification called 

direct membrane emulsification (DME) was applied. DME usually requires the 

dispersed phase to be pressed or injected through the membrane into the continuous 

phase under a specific critical trans-membrane pressure. However, the preparation 

process is proven to be time-consuming and this technique is only suitable for materials 

with low viscosities, which greatly limits its applications. Thereafter, based on DME, 

stirred cell membrane emulsification (SCME) that is assisted by mechanical stirring at 

different rates has been developed with improvements. By using SCME, modified 

polystyrene nanoparticles (PS)-stabilized emulsions of 44-269 μm in size and 

colloidosome microcapsules were successfully prepared (Thompson et al. 2011). It was 

resulted that the application of an annular ring membrane with a mean pore diameter of 

5 μm and a mean pore spacing of 200 μm could lead to the fabrication of emulsion 

droplets with relatively narrow size distribution. The average droplet diameter could be 

controlled by changing the stirring rate in a suitable range. In addition, by adding 

crosslinker in the oil-phase before injecting it into the continuous phase, microcapsules 

coated by crosslinked modified PS nanoparticles with low polydispersity were obtained.  
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Instead of injecting the dispersed phase into the continuous phase, premix membrane 

emulsification (PME) technique has been developed by pressing the premix emulsion, 

i.e. coarse emulsion through the membrane and was afterwards broken into uniform-

sized droplets under high trans-membrane pressure. Based on PME, chitosan-coated 

alginate nanoparticles were used to prepare PLGA colloidosome microparticles with a 

mean particle size of around 10 μm (Nan et al. 2014). The yield of collidosomes was 

achieved by first preparing uniform alginate nanoparticles. Solid alginate nanoparticles 

crosslinked by Ca2+ were fabricated in different size ranged from 300 to 400 nm by 

using Shirasu Porous Glass (SPG) membranes with average pore sizes of 1.4 μm, 2.8 

μm and 5.2 μm based on surfactant-stabilized emulsions via PME. Afterwards, driven 

by the electrostatic attraction, chitosan was coated on the alginate nanoparticles and 

lead to uniformed solid chitosan-coated alginate nanoparticles. Monodisperse emulsion 

droplets that were stabilized by chitosan-coated alginate nanoparticles were obtained 

via a SPG membrane with a mean pore diameter of 25.9 μm. In comparison with PVA-

stabilized PLGA microspheres, relatively monodisperse PLGA microparticles coated 

by chitosan-coated alginate nanoparticles performed a significantly reduced burst 

release of loaded insulin, which indicated themselves as potential oral drug delivery 

carriers. 
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Rather than being stationary, rotational membrane emulsification (RME) rotates to 

induce the detachment of droplets from the membrane. Generally, it was reported that 

the setup of RME is conducted by using a cylindrical stainless steel membrane (Yuan 

et al. 2010). The membrane was mounted on an overhead stirrer and carefully 

positioned in the center of a stationary cylindrical container with specific design 

containing the continuous phase. By optimizing the rotation rate and pressing pressure, 

injection rate of the dispersed phase and flux rate of the continuous phase, microspheres 

with highly narrow size distribution were fabricated based on silica nanoparticle-

stabilized emulsions via RME. Comparing with systems fabricated from conventional 

high-shear homogenization, the improved control over size distribution is available 

from the RME technique. Additionally, in order to obtain monodisperse particles from 

RME, kinetics of particle adsorption has to be understood. A critical droplet detachment 

time should be controlled for the formation of stable emulsions. Coalescence of 

emulsion droplets will occur once the adsorption of particles is longer than its critical 

detachment time. The resulting particulate systems will therefore be coalesced with a 

high polydispersity (Manga et al. 2012). 

 

Comparing to conventional Pickering emulsions that mostly assisted by a high-pressure 

valve homogenizer, enhanced manipulation on particle monodispersity can be achieved 

by using either microfluidic techniques or membrane emulsification techniques. 

However, it is noteworthy that not only the channels of microfluidic devices, but also 
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the pore size of membrane emulsification devices, can be only prepared in micro-scale. 

Of which are inevitably restricted by the current fabrication method for such devices 

and the resulting particulate systems based on solid particle-stabilized emulsions are 

mostly within micro-sized. Moreover, as noticed, the obtain of systems with desirable 

particle size cannot achieved without the use of customized accessories, which could 

be high cost and could bring complexities to fabrications. Besides, the dependency of 

the particle size and particle size distribution on the used solid stabilizers is still high. 

The yield of smaller size of particulate systems and lower polydispersity requires the 

successful preparation of monodisperse solid stabilizers, which introduces further 

difficulties for the whole fabrication. 

 

2.4 Challenges and Development Trend 

In summary, challenges of the existing fabrication methods for particles as DDSs 

mainly lay on (i) the inevitable use of molecular surfactants, (ii) the dependence of bulk 

or customized devices for improved performance and (iii) the lack of efficient control 

on polydispersity of resulting systems. 

 

Currently, Pickering emulsions are commonly regarded as a good candidate for 

overcoming the abovementioned challenges. Although the development of soft 

material-based emulsions is a late-starter in comparison with solid particle-stabilized 

emulsions, attention has already shifted to soft materials including polymers and 
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proteins as stabilizers (Bouyer et al. 2012;Li et al. 2015). One of the most important 

reason is that soft material-based Pickering emulsions are capable in circumventing one 

of the limitations, the lack of good biodegradability, of solid particle-stabilized 

Pickering emulsions for biomedical applications. Similar to solid particulate stabilizers, 

soft materials such as responsive microgel, as a new class of stabilizers, can anchor to 

the oil-water interface irreversibly to form stable emulsions. Many soft materials 

themselves can bring intrinsic functionalities such as surface responsiveness including 

thermo-sensitivity and pH-sensitivity as the coating of the resulting systems, which 

cannot be easily incorporated without chemical modifications of most solid particulate 

stabilizers.  

 

One of the most well-known and widely studied examples is the case of pNIPAM 

microgels. As a kind of temperature-sensitive polymers, pNIPAM microgels that 

composed of weakly crosslinked three-dimensional network can become swollen in 

water below its volume phase transition temperature (VPTT = 33 ℃) but shrink under 

higher temperature due to a change of polymer-solvent affinity (Destribats et al. 2014a). 

Being as emulsion stabilizers, the emulsification ability of pNIPAM microgels were 

revealed to be affected by its particle size (Destribats et al. 2013). Being varied from 

250 to 760 nm, it was discovered that the larger the microgels, the more bridged droplets 

with heterogeneous monolayer occurred due to the high deformability of larger 

microgel. Whereas droplets with homogeneous monolayer occurred in the use of 
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smaller microgels. Therefore, in microgel-stabilized emulsions, stable emulsions prefer 

to be prepared by using small sized microgels instead of large microgels that would 

easily induce flocculation. On the other hand, by keeping the particle size in constant, 

it was revealed that the deformability is of importance in obtaining fully-covered 

droplets. The use of microgels with higher deformability and elastic interfaces could 

results in emulsions with high stability. This leads to a fact that the emulsion stability 

can also be governed by the level of crosslink degree of the used microgels as stabilizers. 

Since deformation of highly crosslinked microgels is more difficult than microgels with 

lower level of crosslink degree, the stabilization efficiency is greatly reduced and 

droplets tend to bridge together in order to be fully covered. Aside from material 

properties, by remaining the original particle size and the level of crosslink degree 

unchanged, changes in processing parameters also impact on the formations of 

microgel-stabilized emulsions. As temperature-sensitive systems, pNIPAM microgels 

become larger when the temperature is lower than its VPTT. Sharing the same 

mechanism, microgels with larger particle size under low temperature tend to induce 

flocculation and instable emulsions. Likewise, in comparison with higher input of 

stirring energy is input, microgels under lower stirring energy are more likely to remain 

their original shape and therefore droplets are covered more completely.  

 

As stimuli-sensitive emulsions have attracted considerable interest, core/shell poly(N-

isopropylacrylamide-co-methacrylic acid) [p(NIPAM-co-MAA)] microgels that are 
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both temperature and pH-sensitive have been applied on the study of the influences of 

the presence of the charges in the emulsion formation (Schmidt et al. 2011). Systems 

with different structures, one was composed of P(NIPAM)-core/P(NIPAM-co-MAA)-

shell (MS) and one was composed of P(NIPAM-co-MAA)-core/P(NIPAM)-core (MC), 

were prepared in order to study the effect of the particle charge within different position. 

Since MAA groups can be negative charged at pH 9 but become uncharged at pH 3, by 

converting the pH, the charge of the shell of MS and the core of MC can be tunable. It 

was illustrated that, the presence of charges in microgels was of significant importance 

in the successful preparation of microgel-stabilized emulsions, no matter the location 

of charges. Moreover, in contrast to the solid particle-stabilized emulsions, the type of 

formed microgel-stabilized emulsions can be determined by the presence or absence of 

surface charges. As reported, by using octanol as the oil phase, O/W emulsions were 

formed by using MS microgels at pH 9 but W/O emulsions were obtained by using MC 

microgels at pH 3. 

 

To improve the ability on size control and to narrow the particle size distribution, 

SCME was also applied on microgel-stabilized emulsions (Sun et al. 2014). Like wise, 

typical SPG membranes with average pore size varied from 2.5 μm to 9.2 μm was used 

to fabricate monodisperse pNIPAM-co-MAA microgel-stabilized emulsion droplets 

with diameter in between 10.1 μm to 50.9 μm. 
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Despite the use of polymeric microgels, protein microgels had been prepared for 

Pickering emulsions as well (Destribats et al. 2014b). Nevertheless, current microgel-

stabilized emulsion droplets are all in micronized as well. Comparing with solid 

particle-stabilized emulsions, the control of the droplet size and size distribution is even 

harder than in microgel-stabilized emulsions. From the perspective of material 

properties, in solid particle-stabilized emulsions, the droplet sizes can be controlled by 

manipulating the particle size and size distribution of the stabilizers. While in microgel-

stabilized emulsions, to achieve the same goal, not only the size of stabilizers need to 

be controlled, but also their crosslink degree as well as their particle charges have to be 

monitored. Most importantly, the fabrication of microgels frequently require the use of 

molecular crosslinkers. Such process may easily introduce additives to the systems and 

the merits of Pickering emulsions, as surfactant free-emulsions, will be vanished. 

 

Indeed, microgels enable the resulting system to inherent their distinct characteristics 

directly, which is worthy to conduct further explorations for the fabrication of advanced 

functional systems. On the other hand, to circumvent their limitations but keep the best 

of their advantages, polymeric colloids as another kind of soft materials are emerged as 

a potential stabilizer. Chitosan as a kind of polysaccharides have shown great potential 

in preparing Pickering emulsions (Liu et al. 2012;Wang et al. 2016). By simply tuning 

the pH, chitosan can become chitosan colloids that are insoluble in water via the 

aforementioned protonation-deprotonation process. Based on this fascinating property, 
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chitosan colloid-based Pickering emulsions were firstly reported as a pH-sensitive 

stabilizers for the stabilization of reversible O/W emulsions (Liu et al. 2012). Without 

the use of any additives, chitosan colloids were obtained by simply varying the pH over 

its pKa based on the addition of NaOH. After hand-shaking for 5 min, O/W emulsions 

based on chitosan colloids were formed but deformed by lowering the pH of the systems 

based on the addition of HCl. Emulsions could experience at least 5 circles of 

formation-deformation in responsive to the pH. It is noteworthy that chitosan itself is 

seldom adopted as an emulsifier (Rinaudo 2006). Lately, it has been demonstrated that 

CS colloids are excellent stabilizers for the fabrication of drug carriers via Pickering 

emulsions. Under a similar protocol, chitosan-coated PLGA microcapsules with model 

drug loaded as DDSs were fabricated for the first time (Wei et al. 2012b). Furthermore, 

degradable microspheres based on pH-responsive chitosan colloid-stabilized emulsions 

were obtained under homogenization via photopolymerization. On the same footing, 

under ultra-violet (UV) irradiation, model drug-loaded solid chitosan coated-

degradable microspheres with a particle size in around several micrometers were 

successfully fabricated by the first time via colloid-stabilized emulsions (Liu et al. 

2014). In addition, it also revealed that the pH-responsive chitosan coating enabled the 

resulting system to release relatively slower in low pH value compared but quicker 

under higher pH value.  
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In polymer colloid-stabilized emulsions, most limitations of solid particle-stabilized 

emulsions and microgel-stabilized emulsions were overcome. Benefiting from the 

material characteristics, chemical pretreatments that are commonly required in those 

emulsions are replaced as described. Moreover, biodegradability of the resulting 

systems can be achieved without the use of non-degradable or non-biodegradable 

materials. Colloid-stabilized emulsions are therefore competitive to fulfill the 

requirements of fabricating desirable drug delivery systems. However, as revealed, the 

demand for monodisperse polymeric systems composed of biodegradable polymers 

with tunable size ranges on the nano-scale via such an attractive strategy has remained 

unfulfilled. In this study, to address these problems, a modified fabrication method 

based on colloid stabilized-Pickering emulsion and solvent evaporation was proposed. 

The high-intensity ultrasonication (HIU) as a cost-effective technique has been 

successfully applied in O/W Pickering emulsion for the preparation of PLGA-CS core-

shell DDSs in which the PLGA core was stabilized by chitosan colloids formed by 

simple sol-gel transition. 

 

2.4.1  High Intensity Ultrasonication (HIU)-assisted Pickering Emulsions for 

Preparing Monodisperse Composite Nanospheres 

In light of that, HIU-assisted Pickering emulsions were proposed to overcome the 

limitations of the existing fabrication methods and solid-particle stabilized Pickering 

emulsions, the fabrication process of the proposed method was revealed in Figure 4. By 
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adopting the proposed method, the use of chemical additives and complicated devices 

can be ridded for the fabrication of monodisperse composite nanospheres. The proposed 

fabrication process is mainly based on the following two aspects: (i) depolymerization 

of carbohydrates by using HIU and (ii) dispersion of emulsions via HIU. Moreover, due 

to the use of soft colloids as stabilizers, applications of different materials with pendent 

amino and/or other functional groups that can experience protonation and deprotonation 

is broadened in Pickering emulsions by being adoptable as stabilizers. 

 

Figure 4 Schematic illustration of the preparation of PLGA-CS 

 

2.4.1.1  Depolymerization of Carbohydrates via HIU 

HIU has been widely used in various applications such as food industry to destroy 

microorganisms and homogenize emulsions (Roberts 1993). As a kind of mechanical 

waves, high intensity ultrasound is propagated by generating intensive compression and 

shear waves which thereafter become shock waves (Price et al. 1995). A typical and 

important phenomenon in HIU is cavitation. Cavitation is a process where cavities are 
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collapsed and lead to the changes of environmental conditions. Commonly, small 

cavities are induced by the rapid changes in pressure of the shock waves. Such cavities 

are capable in further producing turbulent flow conditions, extra-high temperature and 

pressure by collapsing under a positive pressure cycle (Leighton 1995). Under such 

phenomenon, in a very short period, it was theoretically estimated that the temperature 

and the pressure inside the cavitation bubbles can be raised to 5000 K and 1200 bar, 

respectively (Bernstein et al. 1996). 

 

On account of the cavitation effect, HIU has been frequently applied in depolymerizing 

carbohydrates (Price et al. 1995). Basically, the induced high temperature can result in 

thermolysis and the existed mechanical forces is capable in inducing hydrolysis and 

cleavage of a wide range of polysaccharides (Kardos et al. 2001). For example, by 

applying HIU, starch with shorter molecular chains was obtained (Tomasik et al. 1995). 

After treated by HIU, it was found that pectin can result in less stronger gel due to the 

reduction of molecular chain length (Seshadri et al. 2002). Chitosan, as an important 

material in biomedical applications, has been reported to be depolymerized via HIU for 

the study of the influence of HIU on its molecular weight and degree of acetylation 

(DA), two governed characteristics of chitosan polymer properties (Baxter et al. 2005). 

By using chitosan with an initial DDA of around 81% (DA，~19%) and an average 

molecular weight (Mw) of 880 kDa, acidic chitosan solution was prepared and studied 

by using HIU. Characterizations were carried out and it was concluded that after HIU 
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treatment, the DA of chitosan stayed the same while its Mw was reduced. It was 

therefore demonstrated that the application of HIU on chitosan is an easy and promising 

method to control and to tailor polymer properties.  

 

In addition, a recent study revealed the influence of HIU on chitosan solution under 

base environment, in comparison with acidic environment (Wang et al. 2016). Chitosan 

with different DDA and dynamic viscosity were prepared into solution with different 

pH and HIU treatment was applied under varied durations and amplitudes. It was 

discovered that at pH 6.5, chitosan agglomerates were broken by HIU and self-

assembled into compacted chitosan nanoparticles. As discussed in the previous session, 

chitosan can be protonated and therefore dissolvable when the pH of environment is 

lower than its pKa but deprotonated and insoluble in water when it is beyond its pKa. 

Aside from that, neither its surface charge nor its DDA was changed due to the 

application of HIU under varied conditions, which further indicated that chitosan with 

different morphology under different pH can be depolymerized by HIU effectively with 

its other properties remained unchanged. It is therefore hypothesized that insoluble 

HIU-treated chitosan colloids are potential candidates in preparing soft material-based 

Pickering emulsions with smaller droplet sizes. 
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2.4.1.2  Dispersion of Emulsions via HIU 

Although HIU has been extensively applied in emulsion dispersions (Abbas et al. 2013), 

few studies have been reported by using it for the fabrication of systems without the 

use of molecular surfactants and crosslinkers.  

 

Different types of oil/water emulsions stabilized by surfactants had been reported to 

study the influence of different conditions of HIU on emulsion formations (Gaikwad et 

al. 2008). Relevant studies had been conducted, such as using oil with increased density 

(soybean, groundnut and paraffin) and applied them as oil phases for investigations. It 

was observed that by increasing the ultrasonication power and duration, the size of the 

produced micro-droplets based on different oil phase could be effectively decreased. 

Additionally, in spite of the conditions of HIU, the oil phase with higher density was 

revealed to enable the formation of larger size of emulsion droplets. This could be 

contributed to its higher viscosity and interfacial tension and therefore under the same 

conditions of HIU, emulsion droplets with bigger size were obtained. Recently, a study 

on HIU assisted chitosan-based Pickering emulsions was reported (Wang et al. 2016). 

At different oil/water volume ratio, it was demonstrated that emulsion droplets with 

sizes around 2 μm could be collected under pH 6.5. In addition, under pH 6.5, the HIU-

treated Pickering emulsions were capable to maintain stable for over 5 months. 

Although the droplet size is still on micro-scale and its size distribution is not clearly 

studied, in comparison with other studies based on soft material-stabilized Pickering 
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emulsions that are homogenized by simple hand-shaking(Chaoyang et al. 2008;Liu et 

al. 2012), this further indicates that the application of HIU is effective in dispersing not 

only conventional but also Pickering emulsions. 

 

HIU has been currently recognized as one of homogenization techniques that could 

offer several desirable advantages: (i) emulsions with smaller droplet size, (ii) 

providing energy-efficient and facile process, (iii) low production cost and (iv) less 

chances of contamination (Abbas et al. 2013). Based on these previous studies, it is 

hypothesized that HIU can become an effective technique in assisting chitosan-based 

Pickering emulsions for facilely preparing biodegradable nanospheres with narrow size 

distribution to overcome the current limitations of DDSs. 

  



 64 

Chapter 3 Fabrication and Characterization of PLGA-CS by HIU-

assisted Pickering Emulsions 

3.1 Materials 

As discussed and illustrated in session 2.2.1.1 and 2.2.1.2, PLGA and chitosan are both 

commonly applied biodegradable polymers for not only experimental but also 

commercial use. Besides, as chitosan is a kind of typical polymers with pendent amino 

groups that can undergo reverse protonation and deprotonation process, it is therefore 

suitable to be chosen as the representative soft colloid as stabilizers in the demonstration 

of the feasibility of the proposed method. 

 

In this study, chitosan with Mw of 50,000 and 500,000 (DDA ≥ 95%) and with Mw of 

3000 to 6000 (DDA ≥ 90%) were purchased from HeFei BoMei Biotechnology (China). 

PLGA 50:50 (Mw = 50,000) was obtained from Jinan Daigang Bio-Technology (China), 

ibuprofen was purchased from Wuhan Biocar Bio-Pharmaceutical, dichloromethane 

(CH2Cl2) was purchased from Sigma Aldrich, acetic acid (AA) and sodium hydroxide 

(NaOH) were supplied by the International Laboratory (United States), and ethanol was 

purchased from Merck. All chemicals and reagents were of analytical grade and used 

without further purification. The water used in all experiments was purified by 

deionization and filtration with a Millipore purification apparatus to a resistivity greater 

than 18.0 MΩ cm. 

 



 65 

3.2 Fabrication of PLGA-CS by HIU-assisted Pickering Emulsions 

3.2.1 Preparation of CS Colloids 

Chitosan colloids were prepared by dissolving the chitosan powder in a 1% (v/v) 

aqueous solution of AA to form chitosan solutions with magnetic stirring at a rate of 

600 rpm for 12 hours and stored overnight to allow complete hydration and dissolution. 

The pH of the chitosan solutions was adjusted to 6.5 with NaOH solutions (1 M) and 

stirred at 600 rpm for 15 minutes. HIU-treated chitosan solutions at a pH of 6.5 were 

produced with a high-intensity ultrasonic processor (SKL-250W, Ningbo HaiShu Sklon 

Electronic Instrument Co) equipped with an ultrasonic probe (SKL-IIN, φ 6), under 40% 

amplitude for 8 minutes, using an ice bath to avoid overheating during the 

ultrasonication (Figure 6). The concentrations of the prepared chitosan colloidal 

solutions were 0.1% w/v. Unless otherwise specified, all chitosan colloids were 

prepared under the same conditions, and the HIU treatments were conducted with the 

same equipment as described above. 

 

3.2.2 Preparation of CS Colloid-Stabilized Pickering Oil-in-Water (O/W) 

Emulsions 

Oil-in-water (O/W) emulsions stabilized by HIU-treated chitosan colloidal particles 

were prepared by mixing 0.1% w/v chitosan colloidal solution with 2% w/w 

PLGA/CH2Cl2 at an oil volume fraction (Φ) of 0.05, with magnetic stirring for 15 
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minutes at 600 rpm. The prepared coarse emulsions were homogenised with a high-

intensity ultrasonic processor at different amplitudes (20%, 40% and 60%) for 8 

minutes in an ice bath to form fine emulsions. A schematic illustration is shown in 

Figure 4. 

 

3.2.3 Fabrication of Monodisperse PLGA-CS Core-Shell Composite 

Nanospheres with Tunable Sizes 

The prepared HIU-treated emulsions were stirred at 600 rpm for 3 hours in a 37°C water 

bath to remove volatile solvents. The resulting particles were collected after suspension 

and purification with at least three centrifugation-redispersion cycles in deionised water. 

Each centrifugation was conducted at 12,000 rpm for 10 minutes. Drug-loaded particles 

were prepared by the same method except that PLGA/CH2Cl2 solution containing the 

model drug (ibuprofen, a standard anti-inflammatory drug; 3% w/w) was used. A 1% 

(v/v) aqueous solution of AA was used to treat and dissolve the chitosan coating from 

the resulting particles. The treated particles were collected after purification with three 

centrifugation-redispersion cycles in deionised water and each centrifugation was 

conducted at 12,000 rpm for 10 minutes. 
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3.3 Characterizations of PLGA-CS Composite Nanospheres 

3.3.1 Particle Size Determination 

To understand the influence of different applied amplitude of HIU and different 

molecular weight of materials on the resulting particle size and size distribution, 

investigation of determination of particle size was conducted. 

 

The hydrodynamic particle size and polydispersity were determined using Zetasizer 

Nano ZS (Malvern Instruments, Malvern, UK). The Stokes-Einstein equation was used 

to calculate the hydrodynamic diameters from the diffusion coefficient. Relevant 

analyses were conducted with software supplied by the manufacturer. The 

polydispersity was derived from the cumulant analysis method. Each measurement was 

performed in triplicate, and the obtained values were averaged to obtain a mean value. 

 

3.3.2 Zeta Potential Measurement 

To investigate the surface potential of the resulting nanosphere, zeta potential 

measurement was carried out in this study. 

 

The zeta-potentials were measured at 25°C using Zetasizer Nano ZS. Three 

measurements were performed for each sample. 
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3.3.3 Fourier Transform Infrared Spectrometry (FTIR) 

To confirm the compositional information of the nanoparticles, a Fourier transform 

infrared spectrometry (Spectrum 100T, PerkinElmer) was used.  

 

The Fourier transform infrared spectra of the samples were measured with the KBr 

pellet method and taken from 4000 to 400 cm−1. 

 

3.3.4 Scanning Electron Microscopy (SEM) 

To observe the size and structure of the samples obtained by adopting the proposed 

method, a scanning electron microscopy SEM (TESCAN VEGA3) was applied.  

 

The specimens were prepared by first dispersing the prepared nanoparticles, dropping 

the aqueous suspension onto copper grids for solvent evaporation at room temperature 

and then being sputter-coated with gold. 

 

3.3.5 Determination of Loading Capacity and Encapsulation Efficiency of 

Model Drug 

In order to investigate the ability of acting as drug carrier of the resulting particles, their 

loading capacity and encapsulation efficiency of model drug (ibuprofen) were studied. 
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The supernatants of the first cycle of purification after solvent evaporation were 

collected, and their concentrations and volumes were used to estimate the amount of 

ibuprofen in PLGA-CS. The quantity of non-encapsulated ibuprofen was estimated on 

the basis of the fluorescence intensity at 272.5 nm of the supernatant solution as 

measured with an ultraviolet and visible (UV-vis) spectrophotometer (UV11, Shanghai 

Techcomp Instrument Ltd.). The loaded content was determined from the calibration 

curve, which was established from standard solutions of ibuprofen in deionised water 

(pH 6.5). Each experiment was repeated three times, and average values were calculated 

with the following formulas: 

 Drug loading capacity (DL %) = (
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
) ×  100% (1) 

 Encapsulation efficiency (EE %)  = (
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑 𝑑𝑟𝑢𝑔
) ×  100% (2) 

 

3.3.6 In vitro release 

To understand the drug release behaviour of the resulting systems, studies on in vitro 

model drug release were carried out. 

 

In fact, most of currently existing cancer drugs are hydrophobic (Popat et al. 2013). As 

one of the most commonly and frequently used standard clinical anti-inflammatory 

hydrophobic drugs (Harris et al. 2005), ibuprofen was selected to be the model drug. In 

view of its representativeness, it is therefore advantageous to use ibuprofen as a 

hydrophobic model drug. But since it is a kind of ionisable drugs, the dissolution of 
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ibuprofen in aqueous environment need the control of not only pH values but also 

additional sample treatments to facilitate the dissolution, such as the use of 

ultrasonication on samples for UV analysis (Levis et al. 2003;Hu et al. 2017). The in 

vitro drug release experiment was carried out by dispersing a certain amount of 

ibuprofen–PLGA-CS into test tubes with 20 ml of phosphate-buffered saline solution 

at different pH values (pH 5 or 7.4) at different temperature (37°C or 60°C) using a gas 

bath shaker at 100 cycles per minute. In order to simulate the normal temperature of 

human, 37°C was selected as one of the test temperature. In comparison, to mimic the 

diseased conditions in tumour therapy, the extreme temperature that could be induced 

by thermal therapy, such as thermal-based ablation of tumours (Chu et al. 2014) and 

photothermal chemotherapy using gold nanoparticles (Cheng et al. 2010), 60°C was 

selected as another test temperature. Therefore, the release behaviour of the resulting 

systems under normal and extreme therapeutic temperature can be learned. Besides, 

according to the temperature accuracy of the used gas bath shaker, the experimental 

temperature may be floatable within 0.5°C. Specifically, the pH values were selected 

in order to simulate the microenvironment of tumour (pH 5) and the intestinal juice of 

human (pH 7.4).  

 

At a predetermined time, 3 ml of the nanoparticle suspensions were extracted and 

centrifuged at 12,000 rpm for 10 minutes, and the supernatants were withdrawn from 

each sample for immediate analysis of the drug concentration with a UV-vis 
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spectrophotometer at 272.5 nm. After the UV analysis, the same volume of the 

resuspension was poured back into the corresponding test tube. The relationship 

between the fluorescence intensity and the concentration of ibuprofen is linear to the 

calibration curve established from standard solutions of ibuprofen in phosphate-

buffered saline solution. 
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Chapter 4 Results and Discussions 

4.1 Influence of Initial Molecular weight of Chitosan Colloids on Particle Sizes 

and Surface potential 

As discussed in session 2.2.1.2 and session 2.3.3, in conventional emulsions, chitosan 

itself is not a good emulsifier. Nevertheless, in Pickering emulsions, chitosan colloids 

formed via self-aggregation that induced by simply varying the pH value (as shown in 

Figure 5) is recently studied as effective stabilizers due to its tunable solubility. As 

illustrated in session 2.2.1.2, when the pH value is higher that its pKa, soluble chitosan 

will turn into chitosan colloids, which are insoluble neither in water phase or oil phase.  

 

 

Figure 5 The reaction scheme of chitosan with the changes of pH 

 

One of the dominant factor of the resulting system size is the size of the stabilizer in 

Pickering emulsions. Specifically, the application of HIU in this study is expected to 

conduct polymer depolymerization for reducing the size of the stabilizers, as shown in 

Figure 6. Therefore, in order to investigate the influence of the initial Mw of HIU-treated 

chitosan colloids on the resulting systems, stabilizers based on different initial Mw were 

prepared and results were collected for discussion.  
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Figure 6 Schematic illustration of (a) dissolved chitosan molecules under deprotonation, (b) self-

aggregated chitosan colloids obtained from protonation and (c) depolymerized chitosan colloids 

resulting from HIU-treatment. Photo (d) shows that the Tyndall scattering effect confirms the presence 

of chitosan colloids 

 

Figure 7 illustrates the resulting particle sizes when stabilizers based on the same 

polymers with different initial Mw were applied under the same HIU amplitude (40%). 

Notably, the size of the PLGA-CS increases as the initial Mw of the chitosan increases. 

This result further confirms the leading role of the size of the stabilizers in the 

relationship between the size of the resulting systems.  

 

 
Figure 7 Hydrodynamic diameter and polydispersity of PLGA nanoparticles coated by chitosan 

colloids based on chitosan with different Mw 
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Moreover, it can be observed that the prepared particles had a high degree of 

monodispersity (i.e., low polydispersity), which can be attributed to the HIU treatment. 

HIU is a technique that generate transient cavitational thermolysis based on the 

propagation of high-intensity ultrasound (Portenlänger et al. 1994;Cains et al. 

1998;Baxter et al. 2005;Wu et al. 2008;Wang et al. 2016). In fact, high-intensity 

ultrasound has proven its potential in pharmaceutical and biological applications for 

homogenising emulsions and depolymerising carbohydrates (Price et al. 1995;Mason 

et al. 1996). With such basis, the application of HIU on treating chitosan colloids enable 

the stabilizers to work with lower Mw. With low Mw, such stabilizer can capacitate a 

lower surface tension for the prepared Pickering emulsions due to their relatively lower 

steric hindrance, entanglements and intermolecular hydrogen-bond interaction, 

compare to stabilizers with high Mw (Schulz et al. 1998). More importantly, in 

Pickering emulsions, as the size of resulting systems is majorly dominant by the size of 

stabilizers, the collection of nanoscale systems can be hence attributed to the use of 

depolymerized stabilizers that are resulted by the use of HIU.  

 

Besides, as the depolymerized chitosan colloids can lead to a reduction of the emulsions 

droplet sizes. according to Stokes’ law, a reduction in the droplet size would lead to an 

increase in the emulsion stability since the creaming rate of an emulsion is proportional 

to the square of the droplet diameter (Brugger et al. 2008). As the elevation of emulsion 
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stability lay the foundation of good dispersibility of emulsion droplets, in combination 

with the size reduction of droplets, which are both induced by HIU, the particle sizes 

were therefore resulted in nano-scale sizes with narrow size distributions. It can hence 

be further controlled by altering the conditions of the applied HIU and the adopted Mw 

of stabilizers.  

 

Aside from the particle size, it is also important for the systems to maintain a certain 

level of surface potential, as discussed in session 2.2.2.2. In this study, the surface 

potential of the system is mainly dominant by the one layer coating of chitosan, which 

is constructed by the adsorbed chitosan colloids during Pickering emulsion stabilization. 

Furthermore, the ζ potential of stabilizers can be altered after deprotonation as well as 

the depolymerisation of chitosan, in which pH plays an important role. Therefore, to 

investigate the influence of both the Mw and processing condition, i.e. the applied 

amplitude on the surface potential of the resulting particles, a comparison of ζ potential 

between the protonated chitosan and the surfaces of the resulting systems was 

conducted.  
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Figure 8 ζ potential of chitosan with different Mw as precursors under pH of 4.5 and PLGA-CS 

nanoparticles coated by chitosan colloids based on chitosan with different Mw 

 

Figure 8 clearly shows that when chitosan was dissolved at pH 4.5, the ζ potential was 

highly positive (over 40 mV). On the other hand, under the same condition of HIU 

treatment (40% of amplitude), by using different stabilizers with corresponding initial 

Mw, the surface potential of the resulting PLGA-CS decreased by approximate 30 %. 

But still, this result indicates that the resulting surface of the systems maintained a good 

positive charge. The decrease of the ζ potential may be attributed to the protonation-

deprotonation process of chitosan. Because the preparation of insoluble chitosan 

colloids is based on the self-agglomeration of chitosan molecules that are induced by 

the deprotonation of the soluble chitosan molecules. Besides, another reason that it is 

necessary to ensure a certain level of surface potential of the resulting systems is that 

the stability of a Pickering emulsion can be controlled by the surface charges of the 

stabilizers. As the same charges are repellent, the affinity of each emulsion droplet can 
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be therefore lowered to avoid droplet coalescence, which base the establishment of 

stable emulsions (Brugger et al. 2008).  

 

Therefore, in summary, the depolymerized chitosan colloids with good positive charge 

enable them to become an effective biodegradable stabilizer for the preparation of 

stable O/W Pickering emulsions, which are suitable for the preparation of solid nano-

sized particulate DDSs. 

 

4.2 Influence of Amplitude of HIU on Particle Sizes and Monodispersity 

After confirming the feasibility of the proposed fabrication method for producing nano-

sized systems, compositional information of the resulting systems was thereafter 

collected. The Fourier transform infrared spectra of the pure chitosan, PLGA and 

ibuprofen are shown in Figure 9. The 3448 cm−1 peak is the characteristic adsorption 

peak of the hydroxyl groups of chitosan (Figure 9, Curve a). The representative 

absorbance of the carboxyl groups of PLGA can be clearly observed at 1760 cm−1 

(Figure 9, Curve b). In addition, the peak at 1721 cm−1 is ascribed to the infrared 

absorption of the carbonyl groups of ibuprofen (Matkovic et al. 2005) (Figure 9, Curve 

c). Based on these results, it can be confirmed that the chitosan colloids were 

successfully coated on the PLGA with the loading of the model drug (ibuprofen) onto 

the PLGA-matrix (Figure 9, Curve d), in contrast to the pure PLGA-CS (Figure 9, 

Curve e). 
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Figure 9 Fourier transform infrared spectra of (a) pure chitosan, (b) pure PLGA, (c) pure ibuprofen, (d) 

ibuprofen–PLGA-CS and (e) PLGA-CS 

 

To investigate the influence of the processing condition, i.e. the amplitude of the 

applied HIU on the control of the resulting size of PLGA-CS, different HIU amplitudes 

(20%, 40% and 60%) were applied to fabricate PLGA-CS using chitosan colloids based 

on precursor with the same Mw of 3000 to 6000 as stabilizers. Because as revealed in 

session 4.1, the lower the molecular weight of the used stabilizers, the more stable the 

emulsions, which is beneficial for the carry out of solvent evaporation to obtain solid 

systems.  
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Figure 10 Hydrodynamic diameter and polydispersity of PLGA-CS nanoparticles coated by chitosan 

colloids based on chitosan with Mw of 3000 to 6000 as precursor under different HIU amplitudes 

 

As shown in Figure 10, PLGA-CS with different sizes and polydispersities (i.e., 255 

nm and 0.078 for 20%; 364 nm and 0.176 for 40%; and 422 nm and 0.207 for 60%) 

were obtained. This result further evidence that the incorporation of HIU treatment with 

soft colloid-stabilized Pickering emulsions can greatly reduce the resulting size of 

systems as compared with current existing Pickering emulsion-based method for the 

preparation of PLGA particles, which have a typical size range of 1 to 40 μm (Wei et 

al. 2012a;Liu et al. 2014;Wu et al. 2016). In fact, aside from material characteristics 

that we have discussed in the last chapter, one of the reason that the nano-scale systems 

can be obtained is that nano-sized emulsion droplets can be created by the high level of 

energy supplied from HIU. HIU has been demonstrated to be capable in overcoming 

the oil–water surface free energy and increasing the interfacial area of the two phases 

(Tadros et al. 2004;Ashokkumar 2011). As expressed in Equation 1, the required shear 
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energy, which is represented as Laplace pressure (p), for the continuous phase to break 

the droplets of the dispersed phase, is proportional to the interfacial tension (γ) of 

droplets but inversely proportional to the radius (R) of the curvature of ideally spherical 

droplets.  

 𝑝 =
𝛾

2𝑅
 (3) 

 

It has been reported that the use of soft gels as emulsion stabilisers, at a given 

concentration, leads to a decrease in the typical dynamic interfacial tensions (γt) as a 

function of time with the spontaneous adsorption of gels (Li et al. 2015). Therefore, 

according to equation 1, at a given amplitude of HIU, with the decrease of γt, the radius 

of the droplets would display a downward trend. The resulting well-dispersed nano-

droplets could thereafter lead to the formation of solid particles with smaller sizes and 

high level of monodispersity. This is in agreement with our results. 

 

Additionally, from Figure 10, another phenomenon can be observed is that, by using 

stabilizers with the same initial Mw, the lower the applied amplitude, the lower the 

polydispersity of the resulting solid system. In fact, despite the good stability of 

Pickering emulsions, mass transformation can still be induced by so-called Ostwald 

ripening between the droplets and the continuous phase (Binks et al. 2010;Whitby et al. 

2016). As a result, when a higher input power was used, the small droplets gave rise 

easily to limited coalescence due to Ostwald ripening and thus lead to an increase in 
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droplet size (Neuhäusler et al. 1999;Dickinson 2010). When the Pickering emulsion is 

restored from such a ripening process and remains stable, compared to other Pickering 

emulsions with a higher energy input, the particles obtained with a relatively lower 

energy input were smaller with narrower size distribution. 

 

 
Figure 11 SEM images of PLGA nanoparticle coated by different chitosan colloids based on chitosan 

precursors with Mw of 3000 to 6000 (a, b, c), 50,000 (d) and 500,000 (e), where (c) was treated with 

0.1% (v/v) AA solution 

 

 

Figure 12 Zeta potential of AA-treated PLGA-CS coated by chitosan with Mw of 3000 – 6000 as 

precursor 
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The morphology of the ibuprofen-loaded PLGA-CS is shown in Figure 11. Figure 11 

(a) reveals clearly the good monodispersity of the prepared particles and shows that 

most of the solid nanoparticles (fabricated from chitosan colloids based on chitosan 

with Mw from 3000 to 6000) were spherical with an average diameter of approximately 

200 nm. In order to further confirm the existence of the coating chitosan layer, the 

obtained particles were thereafter treated with a 1% (v/v) AA solution, and the 

morphology of the PLGA-CS is presented in Figure 11 (b). As shown in Figure 12, the 

ζ potential of the surface of the treated PLGA-CS indicates the loss in the positive 

charge of the coating from 30 mV to 16 mV. Besides, it can be observed that the treated 

PLGA-CS appeared to adhere to each other due to the dissolution of chitosan. 

Observations of particles resulting from different chitosan precursors with Mw of 3000 

to 6000, 50,000 and 500,000 are illustrated in Figure 11 (c), (d) and (e), respectively, 

which further supports the relevant Dynamic Light Scattering (DLS) results of the 

particle sizes. Furthermore, the particle size observed with SEM is smaller than the 

hydrodynamic particle size obtained from the DLS test because the DLS test is used to 

measure the hydrodynamic diameter, whereas the SEM image shows only the dry state 

of particles. It is worth mentioning that due to the softness of the chitosan self-

aggregates prepared via protonation-deprotonation, they might not appear as spherical 

solid particles at the adopted interface (Liu et al. 2012;Wei et al. 2012b). Deformation 

and structural rearrangement of chitosan occurs due to the chain adsorption and 
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interactions between polymers, which therefore prevents them from being recognised 

by their common shape (Dickinson 2015). Hence, based on the results, the proposed 

strategy of a combination of Pickering emulsion and solvent evaporation with HIU is 

practical to produce monodisperse rigid polymeric core-shell spherical systems with 

tunable size on the nano-scale and without the use of undesired chemicals based on a 

solid hydrophobic core stabilised with walls of self-assembled colloids. 

 

An investigation of the influence of different applied amplitudes on the surface 

potential of the resulting nanospheres based on chitosan colloids with the same Mw was 

carried out. Figure 13 shows the results of the ζ potential measurements of ibuprofen–

PLGA-CS resulting from different amplitudes based on the use of HIU-treated chitosan 

precursors with Mw of 3000 to 6000. As observed, their surface potential remains 

positive around 35 mV, which indicate that different applied amplitude on the 

preparation of Pickering emulsions has little impact on changing the surface charge of 

the resulting systems. Moreover, to assess the stability of the prepared PLGA-CS 

nanospheres in aqueous suspensions, the size distributions and surface charges of a 

batch of particles (prepared under 20% amplitude by using chitosan with Mw of 3000 

to 6000 as precursor) that had been stored for more than 90 days at ambient temperature, 

were monitored. As shown in Figure 14, the ζ potential and size are retained as 

compared with the data shown in Figures 8 and 10, respectively, which suggest a high 

colloidal stability of the prepared PLGA-CS. 
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Figure 13 ζ potential of solid PLGA nanoparticle coated by chitosan with Mw of 3000 to 6000 as 

precursor under different amplitudes 

 

 

Figure 14 Size distribution (a) over 90 days of storage under ambient temperature in aqueous 

suspension of solid PLGA nanoparticles coated by chitosan with Mw of 3000 to 6000 as precursor with 

photo showing Tyndell effect by illuminating with a laser beam and its zeta potential (b) 

 

4.3 Loading and In Vitro Drug Release Study 

Ibuprofen–PLGA-CS prepared under 20% amplitude and from the use of HIU-treated 

chitosan with Mw of 3000 to 6000 as precursors, were used to study the drug release 

behaviour. Ibuprofen possesses poor water-solubility and is one of the most broadly 
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used standard clinical anti-inflammatory drugs. In this study, ibuprofen was selected as 

a model drug and loaded into the particulate systems. To determine the DL and EE of 

the model drug in the nanocomposites, the differences between the total amount and 

the supernatants before and after the washing process were measured and compared by 

using UV-vis spectrometry. Ibuprofen–PLGA-CS with a DL of 13.8% and an EE of 

59.6%, with a DL of 28.2% and an EE of 75.1% and with a DL of 16.3% and an EE of 

70.4% were used to study drug release under the conditions of pH 7.4 at 37°C and pH 

5 at 37°C and 60°C. 

 

 

Figure 15 Cumulative model drug release from PLGA-CS nanoparticle under pH 5.0 at 60°C and 37°C 

and pH 7.4 at 37°C 

 

The release characteristics of ibuprofen from the PLGA-CS at different temperature as 

a function of time are shown in Figure 15; each point on the graph represents the 

average of three tests. The release behaviour of the resulting DDS was investigated by 

simulating the intracellular environment (Chu et al. 2014). The diagram clearly reveals 

that at the same pH, ibuprofen–PLGA-CS exhibited a much higher release rate at higher 



 86 

temperatures. At elevated temperatures, the rapid release of ibuprofen from the 

nanocomposites can be rationalised in terms of the accelerated decomposition of the 

consistent biodegradable polymers. At 60°C (pH 5), a rapid release in about 565 

minutes occurred during the initial stage and a slow release to a platform with a 

maximum release of 56.4%. In contrast, the drug release at 37°C (pH 5) showed a 

different release tendency, and it took around 1000 minutes to reach a stable release 

(with a maximum release of 51.7%). Under both conditions, the model drug continued 

to be released from the resulting PLGA-CS nano-particulate systems for more than 

1000 minutes. It therefore indicates that, the drug release behaviour of the resulting 

systems can be controlled under different temperature.  

 

The release rate was slightly affected by increasing the pH from 5 to 7.4 at the same 

temperature (37°C). As shown in Figure 15, the release rate of ibuprofen at pH 7.4 is 

slightly faster than that at pH 5. It is noted that the accumulated release reached 94.9% 

at a higher pH because the solubility of ibuprofen is greatly affected by pH due to the 

protonation-deprotonation process (Wang et al. 2010). The greater solubility of 

ibuprofen at higher pH (i.e., 7.4) created a larger concentration gradient that resulted in 

faster release. The results suggest that the release mechanism of IBU could be mainly 

due to the bulk erosion of the PLGA core. Nevertheless, to tailor the release profile of 

a drug, the properties of the coated shells (e.g., thickness, pore size and degradation 
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rate) can play important roles in addition to offering colloidal stability to the DDS. 

Therefore, future study of a more sophisticated design is needed (Abend et al. 1998). 
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Chapter 5 Conclusions and Statement of Originality 

5.1 Overall conclusions 

The objectives in this study were addressed by (i) designing and proposing the modified 

Pickering emulsions, i.e. HIU-assisted chitosan-based Pickering emulsion and solvent 

evaporation, (ii) demonstrating the feasibility of the proposed method by successfully 

fabricating monodisperse nanoshperes (PLGA-CS) and (iii) investigating the effect of 

the applied material characteristics of stabilizers and the processing conditions of HIU 

for the resulting drug-loaded systems. It was found that the introduction of the HIU 

technique enabled the control of size range within nanometer-scale and achieving a 

narrow size distribution of the resulting core-shell–structured particulate systems. The 

prepared ibuprofen–PLGA-CS exhibited different release behaviours of the model drug 

at different temperatures and pH levels. The requirements for the design of a nano-sized 

particulate delivery system were met in terms of tunable sizes, enhanced solubility and 

good potential for controlled and targeted delivery, as demonstrated. The proposed 

method therefore holds promising potential for the fabrication of DDSs for controlled 

drug release. 

 

5.2 Originality and contributions of the research work 

To our best knowledge, this is amongst the first study to fabricate monodisperse 

nanospheres composed of biodegradable polymers via a modified Pickering emulsion-



 89 

based method. This method offers the main advantages of (i) eliminating the use of 

molecular surfactants and crosslinkers by adopting Pickering emulsions, (ii) enabling a 

facile fabrication of nano-scale systems and (iii) getting rid of the use of bulky or 

custom-made auxiliary equipment for fabricating systems with high monodispersity. It 

is capable of preparing systems with controllable particle size on nano-scale with 

narrow size distribution in the range of 255 nm to 830 nm.  

 

Without using molecular surfactants or crosslinkers, systems produced via the proposed 

method may have a good potential for being applied in a variety of biomedical 

applications, such as the in vivo drug delivery for living cells or animals because all 

commonly used surfactants are toxic to a certain extend and systems fabricated from 

conventional surfactant-based methods may not be applicable. 

 

5.3 Suggestions for future work 

The release of drug from PLGA usually suffers from burst release at the initial stage. 

In fact, such burst release behavior cannot be eliminated by adopting the proposed 

method. As it has been shown that the release of model drug from the as-prepared 

PLGA-CS exhibits a typical two-stage release, which has been identified as a major 

hurdle for the present formulation approach to overcome. Besides, for the encapsulation 

of an environmental sensitive drug such as protein, whose nature could be affected due 

to the presence of high intensity ultrasonication, may be difficult by adopting the 
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proposed method, may be difficult by adopting the proposed method. The presence of 

high intensity ultrasonication does not only induce depolymerization for materials, but 

also generate heat during its operation. To circumvent such problem, the process 

conditions may need to be modified.  

 

Therefore, future work could be concentrated on overcoming the above-mentioned 

limitations. By studying the mechanism of drug release from PLGA and taking the 

advantages of PLGA-CS, improvement of the proposed method may be made to 

formulate layer-coated systems for providing viable regulation of its release profile and 

protection of the encapsulate materials. Benefits including the realization of facile 

fabrication of DDSs with the ability of controlled release of a wide range of drugs may 

be resulted.  
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