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Thesis abstract 

This thesis presents a study towards a new concept which would use inter-crosslinked 

microgels to prepare double crosslinked hydrogels with high internal porosity. In the 

initial research a convenient method to form the doubly crosslinked pH-responsive 

colloidosomes was demonstrated. The colloidosomes were made by functionalised 

microgels of particles poly(ethylacrylate-co-methacrylic acid-co-1,4-butanediol 

diacrylate)-glycidyl methacrylate (GMA-MG). First of all, the non-functionalised 

microgels particles poly(ethylacrylate-co-methacrylic acid-co-1,4-butanediol 

diacrylate) (MGs) and GMA-MGs were prepared used emulsion polymerisation. The 

latter were then used to stabilise emulsions particles preparing the colloidosomes. The 

oil/water interface promoted sufficient microgel deformation and interpenetration to 

enable covalent inter-linking of peripheral vinyl groups on the microgel particles via 

free-radical coupling using UV light. Uniquely, our method for DX MG-colloidosome 

preparation used only one type of (colloidal) building block for shell assembly. It also 

showed that the doubly crosslinked pH-responsive colloidosomes had similar pH-

responsive swelling properties as the GMA- MGs. 

The initially established method for pH-responsive colloidosomes preparation was not 

compatible with scale up, which limits its potential for use. Therefore, in the next 

research, we established the best conditions to prepare the stable Pickering emulsion 

which used an ethylacrylate based microgels (EA-MGs) system. Furthermore, we 

demonstrated a general, gram scale method, which used high shear rate and thermal 

reaction to form the smallest pH-responsive microgel colloidosomes yet reported. It 

also showed that the doubly crosslinked pH-responsive colloidosomes had a selective 

pore size, which could be varied with pH. The properties of these microgel 
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colloidosomes dispersions imply that they have good potential for future application 

as injectable gels for release and delivery applications. 

After the research of colloidosomes, because of the limitation of the mechanical and 

release property of the colloidosomes, we required more stretchable particles while 

the gels used above in the colloidosmes were brittle. Accordingly, new particles were 

synthesised by emulsion polymerisation of methyl methacrylate, methacrylic acid and 

without any crosslinking monomer. This is a new nanogel-based approach for 

preparing highly stretchable -COOH-rich hydrogels. The NGs had very high MAA 

content (84 mol. %). And the latter were vinyl functionalised and gave dispersions 

that could be crosslinked to form highly stretchable gels. The gels could form any 

shape and could be tied in knots and stretched considerably without damage. The DX 

NG gel prepared at pH 10 could be stretched to more than 250% of its original length. 

The maximum compressive strain for the covalent interlinking of these NGs prepared 

at pH 10 was 93 % without breaking. This is the highest value reported for a DX NG 

system to date. It also gave highly-stretchable pH-responsive DX NGs with a 

stretchability of up to 520%. The results of this study provide design tools for 

improving DX NG ductility and hence increasing the range of potential applications 

for this new class of hydrogel and DX pH-responsive NG-colloidosomes in future. 
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Chapter 1: Introduction 

1.1 Motivation 
 

According to the previous studies of our group, it has been investigating many 

different types of microgel based materials, especially it also has been shown that the 

pH-responsive doubly crosslinked microgel (DX MG) system can be applied as an 

injectable gel to restore the mechanical properties of the degenerated intervertebral 

disc (IVD). However, the increasing modulus leads to the DX MG becoming brittle. 

An idea overcomes to how to increase the ductility of these high modulus DX MGs. 

Furthermore, the DX MGs are not internally porous and are not well designed for 

release in vivo. In this project we aimed to demonstrate a new concept in preparing 

DX MGs with high internal porosity and aim to prepare covalent hydrogels with 

improved mechanical performance. The plan was to construct DX MG colloidosmes 

and then interlink them to obtain highly porous gel. However, due to lack of time and 

concerns about brittleness, the focus was on the colloidosomes and in proving gel 

ductility. 
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1.2 Survey of thesis 

The research conducted in this project is demonstrated in three experimental chapters. 

The literature review was performed and presented in Chapter 2. In the literature 

review the fundamentals and theories, which were related to different aspects of this 

project, were considered. 

In Chapter 3, The colloidosomes were made by functionalised microgels particles 

poly(ethylacrylate-co-methacrylic acid-co-1,4-butanediol diacrylate)-glycidyl 

methacrylate (GMA-MGs). First of all, the non-functionalized microgels particles 

poly(ethylacrylate-co-methacrylic acid-co-1,4-butanediol diacrylate) (MGs) and 

functionalized microgels particles (GMA-MGs) were prepared. The uniform spherical 

pH-sensitive DX MG-colloidosomes were constructed by a simple, one-component 

method and had a good morphology with high yield (see Scheme 1.1). The pH-

triggered swelling properties of DX MG-colloidosome were also investigated. 

 

Scheme 1.1 Illustration of DX MG colloidosome preparation using pH-responsive 

MG particles. 

 

In Chapter 4, firstly, we optimised microgel-stabilisation of oil-in-water emulsions. 

Secondly, we studied a new method to prepare DX MG colloidosomes with high 
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shear and very high shear (see Scheme 1.2). The DX MG-colloidosomes have been 

scaled up to the gram scale. Thirdly, the pH triggered swelling and permeability 

properties of the DX MG-colloidosomes were investigated. 

 

Scheme 1.2 Preparation of pH-responsive colloidosomes using microgels. Poly (EA-

MAA-BDDA)-GMA MGs stabilized ethylacetate-in-water emulsions containing 2,2′-

azobis(2-methylpropionitrile) (AIBN) and were heated to covalently interlink the 

MGs via free-radical coupling of surface vinyl groups. High shear (HS) or very high 

shear (VHS) mixing was used to control the emulsion and colloidosome size. The 

removal of ethylacetate formed crumpled colloidsomes that subsequently swelled 

when the pH was increased to above the pKa. 

 

In chapter 5, a new nanogel-based approach for preparing highly stretchable -COOH 

rich hydrogels has been established. This work aimed to reduce the brittleness of DX 
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MGs. The new type of nanogels was made using methyl methacrylate and methacrylic 

acid without adding crosslinker via emulsion polymerisation. They were subsequently 

vinyl functionalised by reaction with glycidyl methacrylate (GMA) (see Scheme 1.3). 

In this chapter, we first characterise the NGs and show that they were only weakly 

self-crosslinked. The morphology and mechanical properties of the new DX NGs are 

then investigated. 

 

Scheme 1.3 Depiction of lightly self-crosslinked pH-triggered nanogel particle 

disassembly and DX NG formation. 

 

1.2 Aim and objective of the thesis 
 

First of all, the goal is to establish a new type of colloidosomes (hollow particles) 

which is constituted by microgel particles as the sole unit of its shell. This 

colloidosome has good cargo and release properties, which can carry tissues, cells, 

drugs into designated locations for release, treatment and repair of intervertebral disc 

disease (IVDD). Secondly, we expect to improve the mechanical properties of the 

microlgel/nanogel and develop a new generation of biodegradable, highly stretchable 

microlgel/nanogel as the treatment and repair of IDDD. Finally, we hope to combine 

the colloidosome and microlgel/nanogel together to form an injectable multifunctional 

new material for the treatment of IVDD. 
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Chapter 2. Literature review  
 

2.1 Hydrogels 
 

A hydrogel is a network of polymer chains that are swollen in water. It could be found 

as a colloidal gel. In 1960, Wichterle and Lim
1
 were the first to make a crosslinked 2-

hydroxyethyl methacrylate (HEMA) hydrogel
1
. Hydrogels have been of an interest as 

a biocompatible material for a long time. Researchers have achieved a lot of success 

in using hydrogels in cell encapsulation
2-4

. Most recently, hydrogels have been used in 

the field of  ‘tissue engineering’, and were used as the matrices for regenerating and 

repairing a wide variety of tissues and organs
5
. The properties of hydrogels can be 

changed by pH, light, solution, temperature, and other methods
6
.  The objective of 

research was to use simpler chemistry to control complex biological processes and 

synthesize the hydrogels. Hydrogel should be cheap and biocompatible materials for 

use in humans. 
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2.2 Microgel 
 

A microgel particle is a crosslinked polymer particle which could be swelled in a 

suitable solvent
7
(see Fig. 2.1.). The microgels could be made as a colloidal material, 

with a size of between 100 – 1000 nm
7, 8

. The term microgel has also been used to 

describe crosslinked polymer particles with sizes in the range of 10s of micrometres
9
. 

Dispersions of microgel particles with sufficiently high concentrations have the ability 

to swell to a point where they can form a physical gel. This swelling can occur due to 

stimulation by an external ‘trigger’. The most common triggers used in microgel 

systems are temperature
10

 and pH
11

. Microgels have been investigated as colloidal 

hydrogels
12

 and used widely in different areas. Recently, research has begun to use 

these materials as biomaterials
13

.  

 

Figure 2.1 Depiction of a microgel particle at (a) collapsed state and (b) swollen 

state.
7
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2.2.1 Coreshell model of microgel particle structure 

 

The preparation techniques used have been shown to result in a microgel structure, 

which can be designed by the ‘core‐shell model’. Poly(N-isopropylacrylamide) 

(PNIPAM) microgels have been shown to fit this model by Varga, et. al.
14 

and 

poly(ethylacrylate-co-methacrylic acid-co-1,4-butanediol diacrylate) 

(EA/MAA/BDDA) microgels were shown to be core-shell by Rodriguez, et al.
15

. The 

later particles were prepared by seed-feed emulsion polymerization. This model is 

shown diagrammatically in Fig. 2.2 and indicates a central region (the core) of 

densely packed polymer chains of uniform structure and mesh size. They are 

surrounded by a less dense region of polymer chains (the shell), again of uniform 

structure and mesh size, but different to those at the core
10

. 

 

Figure 2.2 Diagrammatical representation of the core‐shell structural model for a 

microgel particle.
 12
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2.2.2 pH-responsiveness in microgels 

 

The pH‐responsive microgel particles used in this study contained three main 

monomers: a crosslinking monomer (e.g. BDDA), structural monomer (e.g. EA), and 

ionic monomer (e.g. MAA). Researchers have investigated that pH-responsive 

microgels could be swollen when the pH reached the pKa of the ionic monomer 

incorporated within the particles
8
. It is the presence of the ionic comonomer which 

dictates the swelling behaviour of the microgel, with the behaviour being determined 

by whether the monomer is anionic or cationic, and also by the extent of 

neutralization. The microgels used in this study contained COOH groups. As the pH 

approaches the pKa, the COOH groups will deprotonate, forming      within the 

microgel particle. This leads to electrostatic repulsion between the neighbouring 

polymer chains and particle swelling
12

. At pH values greater than the pKa (i.e. as 

approaches 1.0), the particles become fully swollen
16

. 

The interactions between particles in microgel dispersions are functions of the 

polymer volume fraction (  ),and therefore the interactions are also a function of the 

swelling ratio, Q (as Q = 1/  )
12

. The Q volume can be controlled by design of the 

microgels by considering the below equation, derived by Flory
17

. 

    
  

     
 

 

  
 
   

            (2.1) 

Where: MA is the molar mass of monomer A, which is the monomer of highest weight 

fraction in the microgel (i.e. the structural monomer); f is the number of effective 

chains formed per crosslinking monomer (i.e. the functionality of the crosslinking 

monomer);    is the density of monomer A;    is the mole fraction of crosslinking 

monomer; Vu is the molar volume of the structural unit and equal to VA/Xi, where VA is 
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the molar volume of the structural monomer, and Xi is the mole fraction of the ionic 

comonomer. This term is therefore a measure of the ionic group concentration
8
. 

α= degree of neutralisation (i.e. the fraction of the original COOH groups that exist in 

the anionic       form) 
12

. 

  
 

                             (2.2) 

Equations (1) and (2) show that Q increases with decreasing of   , and that the pKa 

also plays a major role in particle swelling. These are important factors to be 

considered during designing of a microgel. The equations are only an approximation, 

useful for simple estimations of the difference in swelling ratio likely to arise from a 

change in formulation of the microgel, or from the extents of swelling that can be 

expected at different pHs for one formulation. It is an approximation because it 

requires the assumptions that the Flory Huggins interaction parameter, χ≥0.3 and that 

the electrolyte concentration of the external phase is much lower compared to the 

concentration of fixed ions in the microgel
8
. 
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2.2.3 Microgel synthesis techniques 

 

Accordingly, to make a stable microgles dispersion needs colloidal stability by steric 

stabilization, electrostatic stabilization, or a combination of both of them, which is the 

– electrostatic stabilization
8
.  

In this study microgels were synthesised using emulsion polymerisation which can be 

considered as a homogenous nucleation mechanism. Rodriguez had investigated a 

type of pH-responsive microgel--poly(EA/MAA/BDDA)
15

. This method requires the 

mixing of monomers, surfactant and initiator in water. The water-soluble initiator 

would initiate the polymerization once the surfactant led to the formation of the 

emulsion of monomer. The growing microgels particles without a surfactant would 

coagulate and then the interfacial area would be reduced. Therefore, the most 

important factor in this method is to ensure the presence of a surfactant to prevent 

coagulation. 
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2.2.4 Emulsion polymerisation 

Goodyear Tyre and Rubber Company was developed the emulsion polymerisation in 

the 1920’s.
18

 Emulsion polymerisation is used widely in the plastics, paints and 

construction materials. A produce a huge range of products
19

 are developed using 

them. Emulsion polymerization is in the emulsion of water or other liquids as medium, 

and the isolated latex particles are produced by the micelle mechanism or the 

oligomer mechanism. In addition, free radical polymerization or ionic polymerization 

is used to produce polymers during the emulsion polymerization. The emulsion 

polymerization system has low viscosity, easy heat dissipation and high reaction rate 

and high molecular weight. In the process of emulsion polymerization, although the 

viscosity of the latex particles is very high, the viscosity of the whole system is not 

high due to the continuous period of being in water. The water as medium is low in 

cost and less in environmental pollution. In emulsion polymerization, the average life 

span of the free radical chain is longer, and the free radical has sufficient time to 

increase to a high molecular weight. Importantly, the equipment used for emulsion 

polymerization is simple and easy to operate. 

There are two types of emulsion polymerisation mechanism. The type of mechanism 

usually depends on the concentration of surfactant currently in the system
20

. When the 

concentration of surfactant is lower than its critical micelle concentration (CMC), free 

radicals from the initiator react with the monomer in aqueous phase and create 

oligomeric nuclei. During propagation of these nuclei the surfactant molecules adsorb 

to the surface and causes colloidal stabilization. During this route, larger particles 

usually with narrow size distribution are achievable
20

. When the concentration of 

surfactant is higher than its CMC, the micellar nucleation will be occurred. In this 

case monomers diffuse into the micelles first and then polymerisation begins once 
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free radical initiators are absorbed into the micelles (see Figure 2.3). The particles 

formed via this method are usually smaller than those produced by the surfactant free 

emulsion polymerisaion but may have a broader size distribution
21

. 

 

Figure 2.3 The three intervals of a typical emulsion polymerization reaction, showing 

surfactant molecules (      ), large monomer droplets, micelles (indicated by clusters of 

surfactant molecules within Interval I), radicals (  ), initiator (I) and surfactant-

stabilized latex particles
21

 

 

In this work emulsion polymerisation was conducted using a seed-feed method. In 

this method, very small particles are formed (called seed) at the first step of the 

reaction by addition of small portion of total monomer; hence the number of particles 

increases during this step. The rest of the monomer is then added as a feed with a 

certain rate to the reaction, gradually. By utilising this method, ideally, the particle 

nucleation occurs only in the seed step and particle growth occurs during the feed step. 

This means that particles grow at a constant rate and also there will be a uniform 

distribution of polymer segments within the particles. 
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2.3 Colloidal stability: DLVO theory 

The DLVO theory is named after Derjaguin, Landau, Verwey and Overbeek
23-25

, 

which is a theory to explain the stability of aqueous colloidal dispersion. The DLVO 

theory involves attractive van der Waals forces and repulsive double layer interactions, 

which will be discussed in the following segments. 

2.3.1 Van der Waals force 

Van der Waals forces include permanent and induced dipoles which are the attractive 

forces between molecules. London dispersion forces describe the effects of the outer 

electrons of two molecules, which have the result of causing fluctuating dipoles to 

form. The forces discussed are addiction and are modelled considering two particles 

of similar radius, a, and separated by a distance H, as shown in Figure 2.4.  

 

Figure 2.4 Schematic diagram of two particles in a medium. 

 

The Van der Waals attractive force,     , can be calculated from equation 2.3
26

. 

      
    

  
 

 

      
 

 

      
    

      

      
            (2.3) 
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Where      is the Hamaker constant,   is a function of the size and a is the separation 

distance of the particles as shown in Equation 2.4. 

  
 

  
                                                                    (2.4) 

These equations show that these forces are directly related to the distance between the 

particles. The attractive forces greatly increase when they are closer. When H is 

smaller than a, the equation can be simplified to equation 2.5
24

. 

      
     

   
                                                         (2.5) 
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2.3.2 Electrical double layer 

The surfaces of colloids will have a net surface electric charge (either positive or 

negative). Changes affect the distribution of opposite (counter-ions) or similar charges 

(co-ions) near to the surface. The effect of the surface charge on the nearby ions leads 

to the formation of an electric double layer, a diagram of which is shown in Figure 2.3 

for a negatively charged particles. Here it can be seen that the electric double layer is 

made up of two regions, the Stern layer and the diffuse layer. This model was 

proposed by Stern
27

 in 1924, where the two regions are separated by the Stern plane, 

which is located approximately one hydrated ion radius from the surface
28

. 

 

Figure 2.5 The different planes and potentials at the double layer
28
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The Stern layer, closest to the particle surface, is made up mainly of counter-ions, 

some of which are adsorbed to the surface. The diffuse layer contains ions which are 

affected by the electric forces of the particle as well as random thermal motion
28

. The 

thickness of the Stern layer is defined as 1/  which is the distance away from the 

surface that the electrostatic interactions caused by the surface charges are 

significant
28

.      represents the energy contributed by electrostatic repulsion and 

opposing aggregation.      can be calculated from Equation 2.6 for spherical particles 

at 25 ˚C
30

. 

 

     
    

 

 
 ln[1+exp(- H)]     (2.6) 

 

Where   is the dielectric constant of the solution and    is the surface potential 

energy at the Stern layer (shown in Figure 2.5). The  value, which is also shown in 

Figure 2.5, is the potential at the shear plane and is discussed later. 
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2.3.3 Combined interparticle Interactions 

Figure 2.6 shows the potential energy curves for monodispersed spherical particles. 

The total energy of interaction (  ) is given by: 

                           (2.7) 

Where      is originated from attractive van der Waals forces and      results from 

electrical double layer forces. The potential energy profile can be obtained by 

calculating    as a function of interparticle distance (H).  

 

 

Figure 2.6 Schematic diagram of potential energies versus distance of two particles
30

 

 

When there is a larger distance between particles, both      and Vrep are negligible 

(region A in Figure 2.6). At lower distance (region B), both     and      will be 
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increased. The      term will increases at a higher rate than that of     . Therefore, 

there is a slight domination of attractive forces which results in the appearance of a 

weak secondary minimum in    curve. The aggregation of the particles in this 

situation is reversible and is termed flocculation. When particles approach more 

closely (region C in Figure 2.6), the      becomes the dominant term. This causes the 

appearance of a large energy barrier which prevents the further approach of particles. 

If the kinetic energy of the particles is high enough then they may pass a critical 

distance, where the attractive van der Waals forces increase substantially and 

dominate repulsive forces (D region in Fig. 2.6). This results in a strong and 

irreversible aggregation which is termed coagulation. 
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2.3.4 Steric stabilisation 

When polymeric particles are at the stabilising polymer chain of the periphery and are 

in a good solvent, the chains extend outward. This situation results in a positive Gibbs 

free energy of polymer chain which prevents the approach of particles and therefore 

increases the stability of the colloid system
28

. This repulsive force should be added to 

the total energy of interaction as displayed in Equation (2.8) 

                         (2.8) 

For pH responsive microgels used in this study, the electrostatic stabilisation 

originates from surfactants or neutralised acid groups and the steric stabilisation 

occurs when particles are swollen and chains at the periphery of the particles are 

expanded. 

Combinations of steric and electrostatic stabilizations are also possible which is 

termed electrostatic stabilization. Fig. 2.7 illustrates the three general mechanisms 

of stability imparted by polymers. The MG particles used in this thesis are 

surrounded by the negative charge and the particles swell and therefore the 

electrosteric stabilisation contributes to the stability of MG dispersion. Moreover, the 

value of      also approaches DLVO for stable MGs
32, 33

. 

 

Figure 2.7 Mechanisms of polymeric stabilization
28
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2.4 The swelling of microgel particles 

2.4.1 Theory of Swelling and Elasticity of pH-Responsive microgels  

The equation of swelling of microgels is determined by the balance between the 

osmotic pressure inside and outside the microgels as described by Equation 2.9
34

: 

               (2.9) 

Where the     and     indicate the osmotic pressures of mobile ions inside the 

nanogels and in the bulk solution, respectively
35

,       is the elastic pressure of the 

polymeric network described by Equation 2.10
36

:  

     
    

            (2.10) 

where               the swelling ratio of microgels,    is the crosslink density, 

and    is the polymer concentration in the particles in a collapsed state.    represents 

the hydrodynamic radius of the particle at a particular   and      represents the 

hydrodynamic radius of the uncharged (  = 0) particle. Both are measured using the 

DLS technique. The terms      and    can be described by:  

        =RT              (2.11) 

where     and      are the concentrations of the ions inside and outside the nanogels.  

Recently, Cloitre and coworkers showed that the theoretical prediction of the relative 

swelling of polyelectrolyte nanogels agreed with experimental data 
35

. In the absence 

of salt, that is,      = 0, all the counter-ions associated with the ionized units are 

trapped inside the polymeric network by electrostatic attraction exerted by fixed 

charges,  

                 (2.12) 
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where    is the polymer concentration inside the particles at collapsed state,   is the 

molar fraction of acidic units, and   is the neutralization degree. By combining 

Equations 2.9 to 2.11, the swelling ratio   of the nanogels relating to the degree of 

neutralization,  , and crosslinked density,    can be described by the scaling relation 

below:  

        
        (2.13) 

Which assumes that all the counter-ions are trapped inside the nanogels. They 

compared this prediction with the experimental data and showed that the data 

measured for different crosslinked densities collapsed onto a master curve, in good 

agreement with theoretical prediction in Figure 2.8. 

 

 

Figure 2.8 (a) Variation of the swelling ratio at maximum swelling versus the 

crosslinked density. (b) Variation of the swelling ratio with the neutralization degree 

for   =140 (filled circle),   =70 (filled diamond),   =28 (filled triangle)
34
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2.4.2 pH-responsive doubly crosslinked microgels as gels 

The doubly crosslinked microgel (DX MG) hydrogels are of particularly of interest 

for biological tissue engineering or biomedicine applications because of their 

similarity to tissues
37

. Conventional hydrogels are normally prepared by crosslinked 

microgels to form the stable macroscopic gels. They are easy to make but are 

generally not suitable for formation in vivo. In this thesis, we used the doubly 

crosslinked (DX) MGs which were formed by the covalent interlinking of swollen 

crosslinked MG particles.  

The first example of a DX microgel in this literature is from Hu et al
38

. Their DX 

microgel was made from hydroxypropyl cellulose nanoparticles and exhibited much 

faster swelling/de swelling rates than conventional homogeneous hydrogels. They 

developed another DX MG-temperature responsive gel, from temperature responsive 

MG particles of N-Isopropylacrylamide (NIPAM) copolymerized with 2-

hydroxyethyl acrylate (HEA) 
39

. Since this work, most DX microgels studied both by 

this group and others around the world have been temperature responsive
40

. However, 

the team in Manchester were the first to publish details about pH responsive DX 

microgels
41

, and it is the continuation of this work which forms the experimental part 

of this project. 

 

2.4.3 Construction of pH-responsive doubly crosslinked microgels. 

Liu et al
41

 first reported the double crosslinked pH responsive MGs. The term “double 

crosslinked” is used to describe and distinguish between two types of crosslinking: the 

intra-crosslinking of particles provide a spherical internal networks and particles here 

are termed as singly crosslinked particles. When adjacent particles close enough (i.e. 

swelling), inter-crosslinking can be achieved to form external covalent between 
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particles via a free-radical reaction between vinyl groups on particles surfaces. Thus, 

they are called DX MG particles. The construction of the DX MG is shown in Fig. 2.9.  

 

Figure 2.9 The schematic diagram of DX gels formation. In step A the surface of MG 

particles modified by vinyl groups. In step B the particles swell and make contact. 

The final step is the formation of DX MGs of covalent inter particles linking
40

 

 

The main advantage of this DX gel system is that there is no extra small molecule 

(monomer or crosslinker) needed during covalent macroscopic gel formation. The 

irreversible DX process provide the possibility for an injectable dispersion to form a 

load bearing gel in vivo for dam aged soft tissues
36

. 

 

 

 



University of Manchester                                                              Student ID: 8366313 

46 

 

2.5 Colloidosomes 

Colloidosomes are micrometer-sized hollow particles that have shells consisting of 

coagulated or fused colloid particles
31

. They were first reported by Velev et al
42

.
 

Colloidosomes have been of great focus over the last decade
43, 44

. They have capsules 

comprising of polymer latex
45-47

, and nanocomposite particles
48

. Fig. 2.10 shows 

different colloidosomes obtained with soft particles templates. Many examples of 

colloidosomes have been reported. Fig. 2.10 (a) and (b) show polystyrene/melamine-

formaldehyde composite
50

 and polystyrene particles
45

 assembled on an oil-in-water 

droplet. Amine polystyrene particles were assembled on a water-in-sunflower oil 

droplet (Fig. 2.10c)
51

. Poly(DVB-55) porous particles were also assembled on a p-

xylene-in-water droplet (Fig. 2.10d)
52

.  Polymeric microrods were assembled on an 

agarose gel bead in tricaprylin (Fig. 2.10e)
53

. Polystyrene(PS) particles were 

assembled in a Janus arrangement (Fig. 2.10f)
54

.  

 

Figure 2.10 Different colloidosomes obtained with the soft template method step--

adapted from Rossier-Miranda et al
48

. 
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Depending on the different colloids particles on the shell of colloidosomes, they have 

potential applications in catalysis, electronic materials, lightweight fillers, artificial 

cells and vessels for confined reactions. Other uses may be in encapsulation of 

cosmetics and paints, coating manufacture. Particularly in biological system, the 

colloidosomes have the potential to help control the release of an encapsulated active 

drug species in pharmaceutical applications and may improve the handling and 

delivery of materials. They also have potential to aid the formation of highly porous 

scaffolds, which allow the ingrowth of tissue and aids nutrient transport in vivo
55-60

 

 

2.5.1 Colloidosomes synthesis techniques 

Colloidosomes can be prepared by a simple method. Fig. 2.11. shows a general 

methodology to produce colloidosomes. There are three main steps. Firstly, the 

colloidal particles adsorb on the surface of the emulsion droplets. Secondly, the 

colloidal particles which were adsorbed form an unstable shell that should be locked. 

The final step is to remove the fluid interface by exchanging the external fluid with 

the fluid inside the hollow particles. 

 

Figure 2.11 General methodology to produce colloidosomes
35
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2.6 Pickering Emulsion 

The emulsion is a dispersive system consisting of two insoluble liquid phases, one of 

which is dispersed in the form of droplets in the other phase. However, if only 

droplets and continuous liquids are used, the interface of the system can be large, and 

the droplets will quickly get together and eventually make the two phases separate. 

Therefore, to obtain a stable emulsion, a class of material, emulsifier, must be added 

to the system. In 1903, Ramsden found that colloid particles could be used as 

emulsifiers when studying the protein dispersion system
62

. In 1907, Pickering 

undertook systematic research on the solid emulsion and stabilized emulsion. So the 

emulsion which is used to stabilise the solid particles of emulsion is called Pickering 

emulsion
61

. 

The hydrophile-lipophile balance (HLB) of the amphiphilic molecular surfactants 

shows in whether a particular surfactant stabilises oil-in-water (o/w) or water-in-oil 

emulsions (w/o). The packaging parameters have a definite effect on the solvent water 

of the polar head group of water on the oil / water interface and the oil phase of the 

hydrophobic tail
63

. For hydrophilic surfactants, the polar head group tends to occupy 

more space than the oil around the chain and the monolayer curve, giving a O / W 

emulsion. The case of hydrophobic surfactants is the opposite, and their lipophilic 

chain occupies more space than the head group, thus providing W / O emulsion.
63

.  

Compared with the traditional surfactants, the colloid particles adsorbed on the oil or 

air / water interface are not two parents, but surface active. For solid particles sitting 

on the oil and water interface, it is determined that the type of emulsion is the 

wettability of the particles.  
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The wettability of the particle is measured by the three-phase contact angle (θ) that 

the particle makes at the oil/water interface (see Figure 2.12). For hydrophilic 

particles, (θ < 90°) the majority of the particle is absorbed in the water phase
64

, thus 

stabilising o/w emulsions. For hydrophobic particles, (θ ˃ 90°) and the majority of the 

particles are absorbed in the oil phase. Importantly, when the oil/water volume 

fraction is 0.50, the relationship between θ and emulsion type (o/w or w/o) could be 

applied on the cases. However, the changing of the θ leads to the phase inversion
64

. 

 

Figure 2.12 Homogeneous spherical particles at the oil-water interface. They can be 

hydrophilic (left), hydrophobic (right) and can have intermediate hydrophilicity 

(middle). Their contact angles depend on their surface hydrophilicity
64

. 

 

2.6.1 Influence of Solution pH Affecting Responsive Emulsions Stabilized by 

Microgel Particles 

 

Richtering’s group has built up a widely used of the PNIPAM-based microgels as 

stabilizers to prepare the responsive emulsions. Furthermore, they figured out the 

main effect of the pH environment on emulsion stability.
66-75

 The PNIPAM-MAA 

microgel particles with both acidic and basic conditions were prepared by 

Richtering’s group. The effect of polymer residue on the stability of the emulsion was 

also investigated. They found that the raw microgel particles synthesized under basic 

conditions would be more stable in a purified condition on the octanol-in-water 
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emulsions
73, 74

. There is only a small amount of MAA monomers could be 

incorporated the microgel particles when the microgel particles was prepared at high 

pH condition. Conversely, the MAA could be incorporated in to the micogel particles 

easily in low pH condition. This performance shows that the preparation of the 

efficient stimuli-responsive emulsion stabilisers needs the microgels particles with a 

suitable amount charges.
74

 

 

Figure 2.13 Decay of interfacial tension of a heptane–water interface as microgels 

adsorb at pH 3 and 9.
71

 

 

Brugger and Richtering, mainly focused on PNIPAM-MAA microgel particles at 

heptane–water interfaces
72

. The interfacial tension was lowered by the microgel 

particles at both pH 3 and 9. It could be found that the emulsions prepared at high pH 

were more stable than those prepared at low pH. The results also indicated that the 

instable emulsion at low pH was not caused by desorption of microgel particles from 

the water–oil interface (Fig. 2.13). 
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2.8 Measurement Techniques  
 

2.8.1 Dynamic Light Scattering (DLS) 

 

Dynamic light scattering (DLS) is a technology to get the information of sample size 

by measuring the fluctuation of scattered light intensity. It is called "dynamic" 

because the molecules in the sample do not stop Brown movement. It is this motion 

that causes the scattering light to produce Doppler shift. A part of light is absorbed 

and part of the light is scattered when it comes to particles when it is propagated. If 

the molecule still does not move and the scattering light is elastic scattering, the 

energy frequency is constant, but the molecule is constantly undergoing a disorderly 

Brown movement. Therefore, when the molecules of the scattered light move towards 

the monitor, it is equivalent to sending the scattered photon to the monitor for some 

distance, so that the scattered light generated by the photon when the molecule is 

stationary is early enough to arrive at the monitor. That is, the frequency of scattering 

light increases in the view of the monitor. If the scattering light moves reversely to the 

monitor, it is equivalent to pulling the scattered photon away from the monitor, which 

results in the decrease of the frequency of the scattered light. Light scattering is to 

measure the diffusion rate of molecules in a solution based on this small frequency 

change. 

The basic principle of particle size measurement based on the principle of dynamic 

light scattering is: The laser emitted by the laser irradiates the particles in the sample 

pool through the incident light path. The scattered light of the particles enters the 

photodetector by the receiving light path. Then the autocorrelation function of the 

light intensity is obtained by the digital correlator      . The formula is: 
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      =       
 

 
           

 

 
       (2.14) 

Where, I(t) and I(t+   are scattered light intensity at t and t+  time, respectively. And 

  is the delay time. For the stationary process, it is advisable for t=0. According to the 

Siegert relation of Gauss beam, the relationship between the light intensity 

autocorrelation function       and the light field autocorrelation function         can 

be obtained: 

      = A [1+β |         ]     (2.15) 

Where A is the value of the light intensity autocorrelation function, when    , it is 

often called the baseline and can be measured directly in the experiment. β is a 

parameter that reacts to the spatial coherence of the entire optical system, known as 

the spatial coherence factor, which is mainly determined by the optical properties of 

the system. For monodisperse particles, 

      = A [1+ β exp(-2  )]       (2.16) 

Where,   is the characteristic decay rate,   is the delay time. The relationship between 

  and scattering vector (q) can be described: 

     
      (2.17) 

Where:    is diffusion coefficient. The scattering vector (q) can be described: 

q=
   

  
    

 

 
          (2.18) 
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Where λ is the wavelength of the light in the medium, n is the refractive index of 

suspension medium and θ is the scattering angle. The relation of diffusion is 

coefficient to particle size and can be achieved using the Stokes-Einstein Equation: 

   
  

    
             (2.19) 

Where, k is the Boltzmann’s constant, T is the absolute temperature,   is the viscosity 

of the suspension liquid and d is the diameter of particles. Finally, the diameter of 

particles (d) can be described:  

d =
        

    
  

     
 

 
          (2.20) 

 

Figure 2.14 Apparatus for dynamic light scattering is illustrated schematically above. 

Label each of the components. 

 

Usually, the measurement results obtained by DLS have smaller errors. The main 

reasons for the error are as follows: 1. The power output of a He-Ne laser is not 

constant. 2. The sample pool is not an ideal Colossus, therefore, the adjacent sides are 
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not completely vertical. 3. After adding a self focusing lens to the receiver, the light 

intensity can be increased, but due to the increase of the receiving surface, all light 

near 90 degrees is received, resulting in a certain error. 4. The change of indoor 

temperature also has a great influence on the experimental results. The change of 

temperature is mainly affected by the refractive index and viscosity of the solution. 

 

2.8.2 Zeta potential measurement 

 

The zeta potential is a measure of the electrostatic potential that resides in the 

electrical double layer surrounding the surfaces of particles in an aqueous dispersion
77

. 

The electrical double layer balances the surface charge of dispersed particles and 

consists of two regions: an inner Stern
78

 layer where oppositely charged counter ions 

are effectively bound to the surface of the material in dispersion and an outer diffuse 

layer in which ions are associated with the surface but have mobility
77, 79

.  

 

Colloidal solution is a polyphase system. Dispersed phase-colloidal particles and 

dispersed medium are equal in numbers and opposite sign charge. Therefore, a double 

electric layer structure is established on the interface. When the colloid is relatively 

stationary, the whole solution is electrically neutral. However, under the influence of 

the external electric field, the potential difference is produced when the colloid 

particles and the dispersive medium move in reverse direction. This is called the zeta 

potential (ζ). The zeta potential (ζ) is one of the most important physical quantities 

that characterises the properties of the colloidal particles. 

 

The electric potential is closely related to the stability of the colloid. The larger 

absolute value of zeta potential |(ζ)| shows that there is more particle charge and 
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greater repulsion between colloids and more stable colloids. The boundary of the 

dispersion stability of the particles in the aqueous phase is generally considered to be 

in +30mV or -30mV. If all the particles have a zeta potential of higher than +30mV or 

less than -30mV, the dispersion system should be more stable. When the zeta 

potential (ζ) is zero, the stability of the colloid is at its worst, and the precipitation can 

be observed at this time (see Table. 2.1). Therefore, it is necessary to understand the 

zeta potential (ζ) of the colloid. 

 

Table 2.1 A standard of zeta potential ranges for colloidal particles in dispersed 

medium
79

 

 

Under the action of external electric field, if the dispersed medium moves relative to 

the static dispersed colloidal particles, it is called electroosmosis. If the dispersed 

phase colloid moves relative to the dispersed medium, it is called electrophoresis. In 

essence, both electroosmosis and electrophoresis are the directional movement of 

charged particles under the action of an electric field. The zeta potential (ζ) can then 

be determined using the Henry equation:  

   
        

  
            (2.21) 

which relates the electrophoretic mobility (  ), the dielectric constant (ε), the absolute 

zero-shear viscosity of the dispersion (η), the Henry function (     ) and the ratio of 
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the particle radius to the Debye length (κα)
77

. The Henry function is either taken as 

1.5 or 1.0 according to the Schmoluchowski approximation, or using the Huckel 

approximation
81

. 

In this thesis, Zeta potential measurement applied to microgels/nanogels particles with 

fluffy surface in dispersion should be considered using Ohshima’s electrokinetic 

model as being covered by an ion-penetrable polyelectrolyte layer
82-84

. This model 

refers to latex particles with a core-shell structure. When being applied to microgel 

structures, this implies a conformation consisting of a relatively densely crosslinked, 

ion-impenetrable core and a lightly crosslinked polyelectrolyte surface layer that 

contains a higher proportion of ionic groups
83

.  
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2.8.3 Fourier Transform Infra-Red (FTIR) spectroscopy 

 

FTIR spectroscopy is a form of vibrational spectroscopy used to characterise 

materials by identifying the types of bonds present in the material. The FTIR involves 

five parts: the light generation system, which is composed of a light source, beam 

splitter, sample and so on to produce analysis of light loaded with sample information. 

The function of the interferometer is to make the light emitted by the light source be 

divided into two beams, resulting in a certain optical path difference. This is then used 

to generate the analytical light expressed in the spatial domain, that is, the interference 

light. The detector is used to detect interfering light. The sampling system, digitizing 

the interfering light detected by the detector through a digital to analog converter, and 

transfers this to the computer system. The computer system and display is used to 

transform the sample interference light function and the interference function of the 

light source to the intensity frequency distribution map. 

Almost all organic compounds have an absorption in the infrared spectral range in 

addition to the single atom and the mononuclear molecules such as Ne, He, O2, H2, 

and et. Even if any materials are made by two compounds with different structures, 

they will not have the same infrared spectra, except for optical isomers, some high 

molecular weight polymers, and compounds with only slightly different molecular 

weights. Generally, the wavelength position and the intensity of the absorption band 

reflect the characteristics of the molecular structure, which can be used to identify the 

structure of unknown substances or determine their chemical groups. The absorption 

intensity of the absorption band is related to the content of molecular composition or 

chemical group, which can be used for quantitative analysis and purity identification. 

Because of the strong characteristic of infrared spectrum analysis, gas, liquid and 
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solid samples can be measured, and it has less consumption and fast analysis speed 

and does not destroy the characteristics of the samples. 

The infrared spectrum belongs to the frequency doubling and main frequency 

absorption spectrum of the molecular vibrational spectrum, mainly due to the 

nonresonance of molecular vibration, which makes molecular vibration generated 

from the ground get to a high energy level state, and it has a strong ability to penetrate. 

Infrared light is mainly the frequency doubling and frequency absorption of the 

vibration of XH (X = C, N, O) containing the hydrogen group, which contains 

information about the composition and molecular structure of most kinds of organic 

compounds. Types of bond deformations include stretching, bending, scissoring, 

rocking and wagging
85

. Planck’s equation defines this frequency as ν = ΔE/h, where 

ΔE is the difference in energy between the upper and lower vibrational energy levels 

of the bond deformation and h is Planck’s constant
86

. 
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2.8.4 Scanning Electron Microscopy (SEM)  

 

SEM images were obtained using the Philips FEGSEM XL30 instrument. The 

scanning electron microscope is composed of an electronic optical system, a signal 

collection and display system, a vacuum system and a power supply system. The 

basic principle of scanning electron microscopy is to scan the surface of the sample 

with a focused electron beam. First, the electron gun launches the electron beam. 

Then the electron beam is focused by three magnetic lenses. The function of the 

magnetic lens is to converge the electron beam, which reduces the beam spot of the 

electron beam. The electron beam then passes the scanning coil in the last stage lens 

through the device. The scanning coil scanned the incident electron beam onto the 

surface of the sample and made the picture tube synchronously scanned on the screen. 

When the electron beam is directed at the surface of the sample, a part of the energy is 

converted into heat energy, which may cause radiation damage to the sample. Another 

part of the energy reflects all kinds of useful information because of interaction 

between high-energy electrons and matter. A variety of information is generated on 

the sample, such as secondary electron, backscattered electron, Auger electron, X-ray, 

cathodoluminescence, absorbing electron and transmission electron (see Fig. 2.15). 

There are two main electron: secondary electrons and backscattered electrons. 

Secondary electrons: the incident sheet makes the sample yard excite the electrons 

that are produced, and their energy is very low. Backscattered electrons: part of the 

incident electrons collide with the sample atoms and two change the direction of 

motion. They are scattered by the surface after repeated collisions, and they are 

therefore called backscattered electrons. Its energy is close to the energy of the 

incident electron. Finally, we detect the physical signals generated by the sample 

under the action of the incident electrons (mainly secondary electrons and 
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backscattered electrons), and output modulated signals onto the surface of the reaction 

samples. After the signal processing is amplified, the signal is transported to the 

kinescope. An information map that corresponds to the surface features of the sample 

is obtained on the screen. 

In this thesis, SEM is used to observe the morphologies and size of samples, including 

MG particles, freeze-dried DX MGs and DX MG-colloidosomes. There are three 

major limitations to the application of SEM on these samples
87

. Firstly, most of the 

polymers have low electron density, and hence display at low contrast. Secondly, the 

polymers are poor in propagating the negative charges which significantly decrease 

the resolution. Thirdly, the incident beam will damage the soft surface of the samples. 

Therefore, all organic sample mentioned in this thesis are coated by a thin metal film 

(platinum or carbon) to increase the conductivity. 

 

Figure 2.15 Schematic diagram of the SEM
87

. 
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2.8.5 Transmission Electron Microscopy (TEM) 

 

TEM is an electronic optical instrument with high resolution and high magnification, 

which is based on the electron beam with a short wavelength and illuminated by an 

electromagnetic lens. TEM is composed of three parts: The electronic optical system, 

the vacuum system and the power supply and control system. The electronic optical 

system is the core of the transmission electron microscope, and the other two systems 

provide support for the smooth running of the electronic optical system (see Fig. 2.16). 

The electron optical system is usually called the lens barrel. It is the core of the 

transmission electron microscope. Because of the same working principle, there are 

great similarities between the electron microscope and the optical microscope on the 

optical path structure. It is only in the electron microscope that the high energy 

electron beam is used instead of the visible light source, and the electromagnetic lens 

is replaced by the optical lens, and then the higher resolution is obtained. The 

electronic optical system is divided into three parts, that is, the source formation, the 

optics and the display section.  

The function of the source formation is to provide an illuminated electron beam with 

high brightness, good coherence and stable beam flow. The electrons emitted by the 

thermionic cathodes move through the anode hole at high speed under the action of 

anode accelerating voltage and are gathered into a certain diameter spot by the 

concentrator in order to find the sample. It is composed mainly of an electron gun that 

emits electrons and accelerates electrons, condenser lenses converge electron beam 

and electron beam translation and tilt adjusting device. The imaging part is mainly 

composed of an object lens, a condenser lens, a projection lens, an object lens 

diaphragm and an electoral diaphragm. The condenser lens is used to shape the 

original electron beam. The objective lens is used to focus the electron beam through 
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the sample or to focus the electron beam through the sample. The projection lens is 

used to project the electron beam onto a fluorescent screen or to other display devices, 

such as the film. Display in part by the fluorescent screen and camera. After multiple 

magnifications of the lens, a high magnification image on the screen is displayed on 

the screen. The application of TEM in this thesis is to observe the size and structure of 

MG/NG particles and colloidosomes. 

 

 

Figure 2.16 Schematic diagram of the TEM
87

. 
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2.8.6 Confocal laser scanning microscopy (CLSM) 

 

The invention of the confocal microscope originated in 1957. Minsky first expounded 

some basic principles of laser scanning confocal microscopy in his patent for the first 

time
17

. Because there was not enough intensity of the light source at that time, the 

image quality was not so ideal, so it was not brought to the attention of too many 

people at that time. In 1967, Egger successfully produced an optical cross-section 

with a confocal microscope for the first time
89

. In 1977, Wilson first described the 

nonlinear relationship between light and the atoms of the illuminated object and the 

Raman spectroscopy of the laser scanner
90

. In 1978, Brankenhoff invented a lens with 

high numerical aperture and applied the high numerical aperture lens to the laser 

confocal microscope
91

. In 1987, White and other immunofluorescent labelling 

methods were successfully uses to display the large molecular substances of embryos. 

This meant indicates that LSCM has become an important tool for scientific 

research
92

.  

A complete CLSM system consists of a major hardware and some imaging analysis 

software. The hardware includes a surface fluorescence microscope, laser source and 

cooling system, a positioning and scanning device, a resolution system, a computer 

control system and display and image output printing equipment. The software is 

composed of a three-dimensional image analysis system and three-dimensional image 

file management system. 

CLSM uses a monochromatic laser as a light source and is attached to a light pinhole. 

In addition, there is a pinhole in front of the detector. Pointolite scanned the 

photoelectric points after every pinhole was tested on the specimen focal plane. The 

spots on the specimen were detected in the pinhole and received as dots or lines by the 
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multiplier tube or cold electric coupler. The fluorescent images were quickly 

displayed on the computer’s monitor screen. The position of the pinhole of the light 

source and the pinhole is conjugated to the focal plane of the objective lens. The point 

on the focal plane is focused on the pinhole of the light source and the pinhole. The 

points outside the focal plane are not detected in the pinhole imaging. This is called 

"confocal". The confocal image thus obtained is the optical cross section of the 

specimen, which overcomes the shortcomings of the blurred image of the ordinary 

microscope. Multi-channel CLSM can also display 3 different fluorescent light 

emitting wavelengths of fluorescent colors and 1 of mixed color images on the same 

screen, which has obvious advantages for studying the coexistence of 2 or more than 

2 substances. By adjusting the Z value of the loading platform (the minimum distance 

is 0.1 M), the focal plane is located at different levels of the specimen, and the images 

of each optical cross-section of the specimen can be obtained by layer by layer, so as 

to achieve the purpose of optical sectioning. It is one of the most important functions 

of CLSM that a three-dimensional image of a thick specimen can be obtained through 

the optical slices produced by different focal plane surfaces. This technology will be 

used in the third and fourth chapters to verify whether the DX MGs-colloidosomes are 

hollow. 
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Chapter 3: Doubly crosslinked microgel-colloidosomes for 

pH-responsive capsule assembly using microgels as macro-

crosslinkers 

Abstract 

In this chapter, it had mainly demonstrated is a general, convenient method to form 

the doubly crosslinked pH-responsive colloidosomes, which could lead to a new 

injectable cell delivery system or injectable scaffolds for intervertebral disc repair in 

the future. The colloidosomes were made by functionalized microgels particles 

poly(ethylacrylate-co-methacrylic acid-co-1,4-butanediol diacrylate)-glycidyl 

methacrylate (GMA-MGs). First of all, the non-functionalized microgels particles of 

poly(ethylacrylate-co-methacrylic acid-co-1,4-butanediol diacrylate) (MGs) and 

functionalized microgels particles (GMA-MGs) were prepared using emulsion 

polymerization and characterized by titration, scanning electron microscopy (SEM) 

and dynamic light scattering (DLS). Ethyl acetate was used at the oil phase. The 

oil/water interface promoted sufficient microgel deformation and interpenetration to 

enable covalent inter-linking of peripheral vinyl groups on the microgel particles via 

free-radical coupling using UV light. Uniquely, our method for DX MG-colloidosome 

preparation uses only one type of (colloidal) building block for shell assembly. The 

DX MG-colloidosomes were characterized using optical microscopy, confocal laser 

scanning microscopy (CLSM), transmission electron microscopy (TEM), DLS, and 

SEM. The morphology and the pH-triggered swelling properties of the DX MG-

colloidosomes were investigated.  
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3.1 Introduction 
 

The aim of this chapter was to develop a new concept which would use vinyl-

functionalized single cross-linked microgels to prepare double crosslinked hollow 

particles with high internal porosity. Singly crosslinked pH-responsive microgel 

particles (SX microgels) have been studied extensively. Proof-of-principle studies 

have involved injection of IVDs with physically gelled singly cross-linked (SX) 

poly(ethylacrylate)-based microgel dispersions. More recently, those studies have 

involved double crosslinked microgels (DX MGs) form hydrogels with high modulus
1, 

2
. DX MGs are hydrogels composed of MG particles that are covalently interlinked. A 

MG particle is a crosslinked polymer colloid particle that swells when the pH 

approaches its pKa
3
. The DX MGs can be injectable and may support biomechanically 

meaningful loads
2
. However, as their modulus increases they become more brittle. A 

challenge that must be overcome is to increase the ductility of these high modulus DX 

MGs. Furthermore, the DX MGs are not internally porous and are not well designed 

for release. In this project we aimed to demonstrate a new concept in preparing DX 

MGs with high internal porosity. Here, DX MGs comprise of many interconnected 

voids and are connected using a Pickering emulsion approach
4
. The building block 

will be a MG colloidosome. Colloidosomes are a subgroup of microcapsules whose 

shells consist of coagulated or fused colloid particles
5
. The DX MG is related to, but 

different from, the DX hollow particle gels recently prepared by Bird et,al
6
.  
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In Chapter 3, The colloidosomes were made by functionalized microgels particles 

poly(ethylacrylate-co-methacrylic acid-co-1,4-butanediol diacrylate)-glycidyl 

methacrylate (GMA-MGs). First of all, the non-functionalized microgels particles 

poly(ethylacrylate-co-methacrylic acid-co-1,4-butanediol diacrylate) (MGs) and 

functionalized microgels particles (GMA-MGs) were prepared. The uniform spherical 

pH-sensitive DX MG-colloidosomes were used as a simple, one-component method 

to prepare via UV initiation, which had a good morphology with high yield (see 

Scheme 3.1). The pH-triggered swelling property of DX MG-colloidosomes were also 

investigated.  

 

 

Scheme 3.1 Illustration of DX MG colloidosome preparation using pH-responsive 

MG particles. 
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3.2 Materials and Experimental Methods 
 

3.2.1 Materials  
 

Ethyl acrylate (EA, 99%), methyl methacrylate (MMA, 99%), methacrylic acid 

(MAA, 99%), 1-4 butaendiol diacrylate (1,4-BDDA, 90%), ethyleneglycol 

dimethacrylate (EGDMA, 98%), glycidyl methacrylate (GMA, 97%) and 2-hydroxy-

4′-(2- hydroxyethoxy)-2-methylpropiophenone (photoinitiator, 98%) were purchased 

from Sigma-Aldrich and used as received. All water was of ultrahigh purity and was 

distilled and de-ionised. 

 

3.2.2 Synthesis MGs using emulsion polymerisation. 
 

A SDS solution (0.35 wt. %) was made using 1.81 g SDS in 517.52 g DI water. This 

was placed in a round bottomed flask fitted with a reflux condenser and mechanical 

stirrer. The solution was heated to 80°C in a water bath and purged with nitrogen gas 

for 30 min. A 289.85 g monomer mixture containing 66 wt.% EA (189.90 g), 33 wt.% 

MAA (97.06 g) and 1 wt. % BDDA (2.88 g) was made. A K2HPO4 solution (7 wt.%) 

was prepared using K2HPO4 (0.22 g) in water (2.94 g). An APS solution (5 wt.%) was 

prepared using APS (0.18 g) in water (3.33 g). 31.5 g of the mixture solution was 

added to a flask, and 3.15 g of K2HPO4 solution and 3.5 g of APS solution were then 

added. The temperature of the water bath was increased to 85°C and the mixture 

stirred for a further 30 minutes. Then 218.5 g of the monomer mixture was added at a 

constant rate using a pump over about 90 min. The reaction was continued with 

mechanical stirring in a nitrogen atmosphere at 85°C for a further 2 hours. The 

product was cooled in ice cold water, filtered through a 53 μm mesh and dialyzed in 

water for a total of 14 days, changing the fresh DI water twice daily. 
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3.2.3 Synthesis GMA-MGs 
 

The functionalised MGs were made by adding the glycidyl methacrylate (GMA, 97%) 

into the E-BDDA microgels . The E-BDDA microgel dispersion had a polymer 

volume fraction of 22 wt. %. Microgel dispersion (100g, 10.0 wt.%) was prepared by 

mixing 45.2 g of EBDD microgel dispersion with 54.8 g of water in a round bottomed 

flask. GMA (16.77 g) was added to the flask. Due to the high concentration of the 

mixture, 50mL water was added after the adding the GMA. The pH was controlled 

before adding the alkaline solution. The mixture was then heated to 50°C in an oil 

bath and mechanically stirred for 8 hours. After the reaction, the mixture was taken 

out and filtered through a 53 μm mesh and diluted to an approximately 300 mL total 

volume with water in a separating funnel. Adding the same volume of chloroform into 

the separating funnel, the mixture was ‘washed’ by shaking the funnel for about 5 

minutes. The funnel was suspended over an empty beaker for a few minutes to allow 

the mixture to separate before opening the tap to drain off the chloroform. Another 

roughly equal volume of chloroform was added to the separating funnel, and the 

procedure was then repeated twice more. After the final chloroform wash, the contents 

of the separating funnel were placed in another round bottomed flask and attached to a 

rotary evaporator. This was used to remove the rest of the chloroform at room 

temperature. 
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3.2.4 Preparing colloidosomes 
 

The pH-responsive vinyl-functionalised microgels used in this study were 

poly(ethylacrylate-co-methacrylic acid-co-1,4-butanediol diacrylate)-glycidyl 

methacrylate (poly(EA-co-MAA-co-1,4-BDDA)-GMA). The GMA-MGs particles 

were used to stabilise ethyl acetate-in-water emulsions (Scheme 1), which contained a 

UV photoinitiator (2-hydroxy-4′-(2-hydroxyethoxy)-2-methyl- propiophenone). The 

role of the photo initiator was to covalently “stitch together” the MG building blocks 

at the oil-water interface. After UV irradiation the ethyl acetate was removed by 

rotatory evaporation at room temperature to give DX MG-colloidosomes. 

 

3.2.4.1 Method 1: Preparation of MG-stabilised emulsions using low 

photoinitiator concentration 

 

Photoinitiator (2.0 mg, 0.0089 mmol.) was dissolved in ethylacetate (2.0 ml) and the 

oil phase added to 4.0 ml of water and 0.3 ml of GMA-MG dispersion (5.0 wt.%). 

The emulsion was sheared at 9,500 rpm for 30 s using a Silverson L4R high shear 

mixer equipped with a micromixing head and it was kept cool in an ice-water bath. 

 

3.2.4.2 Method 2: Preparation of MG-stabilised emulsions using high photo 

initiator concentration 

 

Photoinitiator (10.0 mg, 0.045 mmole) was dissolved in ethylacetate (1.0 ml) and the 

oil phase added to 3.5 ml of buffer solution (pH = 6.8) and 0.5 ml of GMA-MG 

dispersion (5.0 wt.%). The emulsion was sheared at 10,500 rpm for 120 s using and 

Silverson L4R high shear mixer equipped with a micromixing head and till keep in 

ice-water bath cooling. 
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3.2.4.3 Preparation of doubly crosslinked microgel colloidosomes 

 

Both of Method 1 and Method 2 emulsions were placed in a petri dish (diameter ~ 5 

cm) which was sealed with parafilm and the sample was UV irradiated for 10 min at 

254 nm using a UV Crosslinker instrument (Ultra-violet Products LtD). Then 

ethylacetate was subsequently removed by rotary evaporation at room temperature to 

give a dispersion of DX MG-colloidosomes. 

 

3.2.5 Physical Measurements 
 

Optical images were obtained using an Olympus BX41 microscope. Titration 

measurements were performed using a Mettler Toledo titration unit in the using a 

supporting electrolyte (0.1 M NaCl). Dynamic Light Scattering (DLS) measurements 

were obtained using a Malvern Nano ZS instrument. All measurements were 

conducted using 0.1M buffer solutions. SEM measurements were obtained using a 

Philips XL30 FEG SEM instrument. Dispersions of particles were deposited on SEM 

stubs at room temperature. The samples were coated by platinum or carbon. The 

number-average particle sizes were measured with Image J software (National 

Institutes of Health) and at least 100 particles were measured. Confocal laser scanning 

microscopy (CLSM) images were obtained using Broadband Confocal Leica TCS 

SP5. The DX MG-colloidomes were labelled by Rhodamine B. Rhodamine B was 

dissolved in water (at a concentration of 2*10-9 M). DX MG-colloidosomes were 

then dispersed in the Rhodamine B solution before being examination. 
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3.3 Results and Discussion 
 

3.3.1 Singly crosslinked microgel characterization and pH- 

dependent swelling 
 

It is possible to study the morphology of microgel particles by SEM. Fig. 2 shows 

SEM images of microgel particles before and after being functionalized. High 

magnification SEM images of both MGs and GMA-MGs (Fig. 3.1) show that the 

particles are spherical. It has been shown previously
3
 that polystyrene microgel 

particles dispersed in an organic solvent can deform to give a “pancake” morphology 

as described by Saunders et，al.
7
 When observed under SEM. However, this particle 

deformation was not apparent for either of these microgels in any of the SEM images 

obtained obviously in this work. But only SEM at side angle could support this. The 

number-average particle size of MGs (Fi|g. 3.1a) from SEM was 72 nm (coefficient of 

variation, CV = 15%). The number-average particle size of GMA-MGs (Fig. 3.1(b) 

from SEM was 73 nm (CV = 12%). The morphology of particles for MG can be 

compared before and after functionalisation as well. It is important to ensure that 

functionalisation does not affect the morphology and size of particles too much. 

 

Figure 3.1 (a) SEM image of dried MGs. (b) SEM images of dried GMA-MGs. 

Microgel concentrations before drying were control at 5 x 10
‐6

 wt.%. The scale bars 

are 500 nm. 
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3.3.2 Measuring microgels particle size using DLS 
 

DLS was used to determine the z-average diameter (dz) of SX MG particles at 

different pHs before and after functionalisation. The variation of dz with pH can be 

seen in Fig. 3.2. The particle size increased with increasing pH, which is expected for 

pH responsive microgels containing carboxylic acid groups.  

 

Figure 3.2 (a) showed the DLS results of an average hydrodynamic diameter vs. pH 

of MGs and GMA-MGs. (b) The average swelling ratio vs pH for MGs and GMA-

MGs. 

 

The pH-dependence of the mean diameter and the mean volume swelling ratio (Q) of 

the MGs and GMA-MGs was shown in Fig. 3 (a) and (b), respectively. Significant 

pH-triggered swelling occurred of MGs and GMA-MGs at a pH 6.5 and 6.4, 

respectively. Then pH-triggered swelling of MGs and GMA-MGs became almost 

constant after pH=7.4. When the pH value was above 9, they continued to show a 

slight increase in dz with pH increased (Fig. 3.2). As a result of this, the swelling 

ratios of MGs at pH values above ~6.5 were greater than those of the GMA-MGs (Fig. 

3).  
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3.3.3 Potentiometric titration 
 

The titration data for these two microgels (Fig. 3.3) showed that the mean MAA 

content of MGs was 35.64 % and GMA-MGs was 27.16 % (Table. 1). Potentiometric 

titration data also showed that the GMA-MGs particles contained 8.5 mol. % of GMA. 

These results were expected, as the GMA reacts with the –COOH groups of some of 

the MAA molecules at the surface of the MGs particles. This functionalises the 

particles, reducing the total number of ionic –COOH groups with the microgel 

particles and thus reducing the titration value of MAA for GMA-MGs. However, this 

decrease in the number of ionic groups in GMA-MGs meaning that there were fewer 

groups within the particles to be ionized from pH changes, and the particles do not 

decrease in size as much or as the non-functionalised MGs particles with high 

concentrations of –COOH (Fig. 3.2).  

 

Figure 3.3 Potentiometric titration data for MGs (black) and GMA-MGs (red). 
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It was expected that the pKa would increase for GMA-MGs due to more hydrophobic 

group (GMA) and less polar microenvironment. However, the pKa for GMA-MGs 

slightly decreased after functionalization (Table. 3.1). This is possibly due to after 

functionalisation changes in complex thermodynamic factors, which facilitate 

deprotonation of carboxylic acid groups.  

 

Table 3.1 Compositions and characterisation data of microgels  

Particles Mol % 

GMA
a
 

dn(SEM)
b
/

nm 

d(4.8)/nm dh(10)/nm Q (10)
 c
 pKa Mean 

MAA
a 
% 

MG —— 72 [15]
d
 78.64 ± 0.89 245.4 ± 1.39 30 6.5 ± 0.1 35.64 ± 1.14 

GMA-MG 8.5 73 [12]
 d
 80.35 ± 1.02 234.4 ± 2.54 25 6.4 ± 0.1 27.16 ± 0.88 

 
a 

Calculated from the difference in the mol. % GMA and MAA before and after 

functionalisation. 
b 

Number- average diameters determined from SEM images. 
c 

The 

swelling ratio of MG and GMA-MG at pH10 determined from DLS. 
d 
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3.3.4 DX MG-colloidosomes prepared using method 1. 
 

Under the optical microscope, the spherical particles were found (Fig. 10a). The 

swelling DX MG-colloidosomes were confirmed as well (Fig. 10 (b) (c) and (d)). 

 

Figure 3.4 (a) Optical micrographs of DX MG-colloidosomes; (b) to (d) are optical 

micrographs of swelling DX MG-colloidosomes (pH 9.0). The scale bar in (a) and (b) 

are 20 μm; both scale bars in (c) and (d) are 10 μm. 

 

Spherical particles were confirmed, whereas the MGs-based shell and hollow central 

were not to be found clearly in Fig. 5 (a). According to optical microscopic images, 

the average diameter of the DX MG-colloidosomes was 2.0 um. When the pH of DX 

MG-colloidosomes dispersion was increased to 9.0, there were some of the DX MG-

colloidosomes that were clearly swollen Fig. 3.4(b). According to these images, the 

swollen hollow particles had an average diameter of ~8.7 μm. The hollow center and 

the thickness of shell could be viewed more clearly in Fig. 3.4(c) and (d). The 

thickness of the shell was around 2.0 μm. In summary, the yield of swollen 

colloidosomes was low, which could be viewed from Fig. 3.4(c) and (d)was low  and 

the pH-responsive swelling property was not good using method 1 of forming DX 

MG-colloidosome. A challenge had to be overcome was to improve the high yield of 
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the colloidosomes. The key aim was to increase the adsorption capacity between 

GMA-MGs and the oil/water interface. 

 

3.3.5 A brief study of Pickering emulsion with pH-Responsive 

Behaviors. 
 

Following the reasoning of method 1, a primary study of Pickering emulsion was 

conducted. here, we use method 2 without adding the photo initiator. This involved 

addition of the GMA-MGs particles to ethyl acetate and different buffer solution 

mixtures followed by high shear which resulted in stable oil-in-water emulsions with 

pH-dependent colloidal stabile (Fig. 3.5). 

    

Figure 3.5 Optical micrographs (a) to (d) of pickering emulsions prepared by 1.0 ml 

ethyl acetate oil and 4.0 ml of 0.63 wt% aqueous GMA-MGs with buffer (a) pH 5, (b) 

pH 6.8, (c) pH 7.4 and (d) pH 10 buffer, respectively. The mixtures were 

homogenized for 2 minutes at 10500 rpm and allowed to stand for 10 min before 

optical micrographs and digital photographs of the vials were recorded as inset. The 
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scale bars were 10 μm. 

The surface charge and partial wettability of the Pickering emulsifier are key 

parameters that control the type and stability of the Pickering emulsions
8
. In the 

discussion on emulsion stability, only coalescence that leads to phase separation is 

considered to be destabilisation of the emulsion droplets. Therefore, the responsive 

properties of modified particles were correlated to the dispersion pH, which can be 

exploited for stabilizing emulsions.
 9,10, 11

 

 

As a reference, we prepared the four different Pickering emulsion (Fig. 3.5). At lower 

pH 5 (Fig. 3.5(a)) the emulsions formed the cream rapidly and the droplets aggregated. 

It had a poor stability when the microgel particles were in the collapsed state as had 

been reported
12

. However, at pH of 6.8 the GMA-MG-stabilised O/W droplets were 

colloidally stable (Fig. 6 (b)) and did not cream over 24 h. The average droplet 

diameter for the emulsion droplets at pH 6.8 was 3.5 μm (CV = 36%). At pH values 

greater than 7.4 the smaller droplets became less visible (Fig. 3.5(c)) and at pH 10 

droplets were not able to be visualised clearly by optical microscopy (Fig. 3.5(d)). At 

high pH the GMA-MG particles were too hydrophilic to adsorb strongly into the 

interface. At pH 6.8 the MG particles were less hydrophilic due to a lower extent of 

GMA-MG neutralisation (Fig. 3.5) and they provided good emulsion stability (Fig. 

3.5(b)). The latter emulsions did not phase separately over a period of 24 h. In 

summary, we selected pH 6.8 buffer to prepare the DX MG colloidosomes due to the 

good stable condition of the precursor emulsions and the higher yield of 

colloidosoemes. 
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3.3.6 Morphological Characterisation of DX MG-colloidosomes 

prepared by method 2. 
 

The morphology of the DX MG-colloidosomes was probed using several 

complementary microscopy techniques (Fig. 7 to Fig. 11). DX MG-colloidosome 

morphology was probed directly by optical microscopy (Fig. 3.6(a)). 

3.3.6.1 Optical microscope 

 

Firstly, optical micrographs obtained at pH 6.4 (Fig. 3.6(a)) revealed the 

colloidosomes were hollow. The number-average diameter of colloidosomes was 

measured as 1.7 μm (CV = 22 %). Secondly, by contrast, the number-average size of 

parent MG-stablised emulsion (Fig. 3.5(b)) was larger, which was 3.5 μm (CV = 

36%). A reason for this may be that following the double crosslinking reaction. The 

pH of colloidosomes would be slight decreased from 6.8 to 6.4 after the DX MG-

colloidosomes formation. The final of pH 6.4 was equal to the pKa of GMA-MG. The 

pH decreased to 6.4 corresponding to a major decrease in the diameter of the MG 

particles (Fig. 3a). Another reason was that the oil phase was removed by rotary 

evaporation. Consequently, the diameter of final DX MG-colloidosomes (1.7 μm) was 

smaller than before UV crosslinking (d=3.5 μm). This topic is also considered in 

chapter. 4. 
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Figure 3.6 (a) Optical microscope of DX MG-colloidosomes prepared by method 2. 

(b) SEM image of DX MG-colloidosomes prepared by method 2. 

 

3.3.6.2 Confocal laser scanning microscope  

 

DX MG-colloidosomes morphology was probed using a confocal laser scanning 

microscope (CLSM) with Rhodamine B labelling (Fig. 3.7 and Fig.3.8). We used 

confocal laser scanning microscopy images to get evidence that the particles were 

hollow and also of the thickness of the shell. The DX MG-colloidosomes were made 

by poly (EA-MAA-BDDA) as written in Scheme. 1. Then the functionalised MG was 

used to covalent inter-linking of the peripheral vinyl group on the microgels particles 

via free-radical coupling initiating by the photo initiator (Scheme. 1). According to 

the chemical structure of microgels particles, they had COOH in the chain of MAA 

with some -COO
-
. The Rhodamine B would have the positive charge, which would 

have been adsorbed by the COO
- 
groups. 

From the CLSM images in Fig. 3.7, first of all, the DX MG-colloidosome particles 

using (method 1 (Fig. 3.7(a) and (b)) and method 2 (Fig. 3.7(c) and (d)) were 

spherical. Both method 1 and method 2 of the DX MG-colloidosomes (Fig. 3.7) were 

confirmed that they were hollow particles. The microgel-based shell of the DX MG-

colloidosomes could also be confirmed clearly under the CLSM as well. Method 1, 
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from Fig. 3.7(a) and (b), showed the number average diameter of the colloidosomes 

was 1.96 μm and the thickness of the shell was ~0.12 μm. The number average 

diameter of the GMA-microgel particles was 73 nm by SEM in Fig. 3.1. It was not 

clear whether the shell of DX MG-colloidosome using method 1 consisted of multiple 

layers or of a single layer. For method 2, from Fig. 3.7(c) and (d), by contrast with Fig. 

3.7(a) to (b), it was not easy to see that all of the colloidosomes were hollow particles 

nature and measure the thickness of the shell. 

 

Figure 3.7 Images of confocal laser scanning microscopy (CLSM), which were dyed 

by Rhodamine B. (a) to (b) are prepared by method 1. (c) and (d) were prepared by 

method 2. 

 

Furthermore, the sequential z-scanning images of CLSM were obtained (Fig. 3.8) 

which showing that the thickness of the shell of DX MG-colloidosome was ~1 μm in 

pH 7.4 buffer using method 2. These images proved that the shell contained multiple 

layers of microgels particles and that they were hollow particles nature. It has to be 

mentioned that the sample in Fig. 3.8 had been swollen under the pH 7.4 buffer 

solution.  
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Considering the formative conditions used to prepare the DX MG-colloidosomes. 

Method 1 and method 2 used lower (0.15) and higher (0.40) mass ratio of the photo 

initiator to GMA-MGs, respectively. The method 1 and method 2 used water without 

added buffer and only buffer (pH 6.4), respectively. Interestingly, these different 

conditions between method 1 and method 2 led to the DX MG-colloidosome 

obtaining a thicker shell (Fig. 3.8(c) and (d)) and higher yields by using method 2.  

 

Figure 3.8 Sequential z-scanning CLSM images obtained for an individual DX MG-

colloidosome, which prepared by method 2. The top surface is shown in (a) and the 

image plane moves towards the bottom of the colloidosome from (a) to (p). The scales 

bars are 1 um. The pH during these experiments was 7.4. 
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3.3.6.3 Scanning electron microscopy 

 

DX MG-colloidosomes morphology was also investigated with a at higher 

magnification microscope using SEM (Fig. 3.9). According to the SEM images, first 

of all, the spherical morphology of DX MG-colloidosomes could be confirmed from 

both of the (Fig. 3.6(b) and Fig. 3.9 of method 2. The SEM images in Fig. 10 were 

taken using method 2. Compared with the method 1, method 2 had a lower 

polydispersity (Fig. 3.6(b Most of the microgles particles were formed the hollow 

particles. Colloidosome morphology was investigated at a higher magnification using 

SEM (Fig. 3.9(a)). The individual colloidosomes had a crumpled appearance. The 

highest magnification images clearly showed the presence of GMA-MG particles at 

the surface (Fig. 3.9(b)). Because the DX MG colloidosomes did not redisperse when 

the pH increased, it is certain that the MG particles were covalently inter-linked. 

These data confirm that the shells were comprised of MG particles. The fact that the 

colloidosomes retained significant three-dimensional morphology supports the view 

that the shells contained multiple layers of DX MGs. 

 

Figure 3.9 SEM images of dried hollow particles using method 2. 
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The high magnification images (Fig. 3.9(c) and (d)) clearly showed the formation of 

the shell. These images (Fig. 3.9(c) and (d)) were an incomplete particle. That was a 

very important evidence to prove that the particles what we made were hollow 

particles and how thick of the shell it was. The small particles were clearly found on 

the shell and the shell was calculated at about 700 nm.  

 

3.3.6.4 Transmission electron microscopy 

 

We further probed the morphology of DX microgel-colloidosome using TEM (Fig. 

3.10). A larger extent of electron scattering (and hence MG) density was evident at 

the colloidosome periphery. The microgels based shell of c the olloidosome was 

confirmed again by the individual colloidosome on the left bottom corner indicated by 

the red arrow. The colloidosome clusters (arrows) showed an elliptical interface 

(window) between two adjoining colloidosomes that confirmed the natural hollow 

particles morphology. At the same time, the size of colloidosomes can be measured 

which is around 1.5um as well. This value is similar to those obtained using an optical 

microscope ~1.7 μm (Fig. 3.6(a)) and SEM (Fig. 3.9). 

 

Figure 3.10 TEM images of E-BDD-GMA DX MG colloidosomes. The arrows (and 

inset) show a window formed by contact between two hollow particles. The red arrow 

indicates an individual colloidosomes. 
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3.3.7 Colloidosome swelling property characterisation. 
 

There are few literatures reported about the pH-responsive microgel colloidosome 

swelling properties of this type of microgel-colloidosome
13, 14

. Because the microgel 

particles had a strong pH-triggered swelling and the swelling property of microgels 

before and after being functionlised were investigated (Fig.3.1) using DLS. It is 

possible to study the swelling property of DX microgel-colloidosome particles by 

DLS, as with reports for related systems; both initially small particles and 

colloidosomes were present.  

In Fig. 3.11(a), the DLS data was measured for the DX MG-colloidosomes 

dispersions at three different pH values. From top to bottom (Fig. 3.11(a)), they were 

pH 6.4 (blue curve), 8.0 (green curve) and 10 (red curve). All of the curves had a 

weak peak on the left and a strong peak on the right. The smaller peaks on the left 

were due to the GMA-MGs particles and the strong peaks on the right were due to the 

DX MG-colloidosomes. All the peaks were shifted by increasing the pH value (Fig. 

3.11(a)). Comparing the area of the small diameter and large diameter peaks, The 

results showed that only about 5% of the initially GMA-MGs particles still remained 

after the preparation of the DX MG-colloidosomes, meanwhile, the DX MG-

colloidosomes were present at the highest vol% (about 95%) at all pH values 

measured.  

In Fig. 3.11(a), the GMA-MGs had shown the pH-triggered swelling property when 

the pH was higher than pKa (6.4), which is indicated by the small peak. The strong 

peak shown on the top (blue curve) showed that the diameter of the DX MG-

colloidosomes was ~1440 nm, which was smaller than that shown under the optical 

microscope (Fig. 3.6(a) and Fig. 3.11(b)). The result is expected because the best 
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resolutions for the optical microscopy were in size range greater than 1 mm. But the 

light scattering technique of DLS is able to detect particles across the length scale of 1 

to 10 000 nm. The DLS was best suited to detect the smaller colloidosomes in this 

research. In Fig. 3.11(a), the large peak was shifted to 5310 nm (red curve) when 

increasing the pH of DX MG-colloidosomes to 10. The value of swelling ratio (Q = 

(dpH10/dpH6.4)
3
) could be calculated for DX MG-colloidosomes at about 50 at pH 10. 

This result could shows the DX MG-colloidosomes had a strong pH-triggered 

swelling property as well as GMA-MGs.  

 

Figure 3.11 DLS data measured at various pH values (a) for DX MG-colloidosomes. 

(b) and (c) show optical micrographs for the colloidosomes at pH 6.4 and 10, 

respectively. The arrows show colloidosomes that did not change position when the 

pH increased. Scale bar = 10 μm. 
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The pH-triggered swelling property of the DX MG-colloidosome was probed using an 

optical microscope directly (Fig. 3.11 (b) and (c)). In this experiment, a drop of DX 

MG-colloidosome dispersion (pH 6.4) was prepared on the glass slide and covered by 

a piece of glass under the optical microscope. Some droplets of pH 10 buffer solutions 

were added from the edge of the glass slide. Several DX MG-colloidosomes were 

washed out by the addition of the buffer solution. Some of the colloidosomes had 

adsorbed on the glass slide which prevented their motion upon addition of the buffer 

solution (Fig. 3.11(b)). These absorbed DX MG-colloidosomes provided a good 

chance to directly track their diameter changes with increasing pH. Compared to the 

DX MG-colloidosome in Fig. 3.11(b) and (c), the DX MG-colloidosome (Fig. 3.11(c)) 

became larger and more transparent. The large DX MG-colloidosome (inset) had a 

diameter of ~4.0 μm at pH 6.4 (Fig. 3.11(b)) and this increased to ~6.0 um at pH 10 

(Fig. 3.11(c)). Even though the relative diameter increase was lower than that under 

the DLS, the data had confirmed the pH-triggered selling property of the DX MG-

colloidosome. The totally time of swelling transition was 2s. This confirmed the DX 

MG-colloidosome could respond rapidly to pH increases at the same as the GMA-

MGs particles. Also, the DX MG-colloidosomes did not redisperse after increasing 

the pH above the pKa of GMA-MGs particles. This confirmed that the GMA-MGs 

particles were covalently inter-linked with an interfacial DX MG hydrogel layer. As a 

comparative control experiment, the non-vinyl funtionalised mirogel particles and 

non-crosslinking funtionalised microgel particles were used to form colloidosomes. 

These colloidosomes dispersed when the pH was increased above the pKa of microgel 

particles. 
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3.4 Conclusion 
 

In summary, we used a simple, one-component method to make uniform spherical 

pH-sensitive DX MG-colloidosomes, which had a good morphology and high yield. 

The DX MG-colloidosome had a strong pH-triggered swelling property and could be 

swollen when the pH value was changed to as the same as the microgle particles. In 

this study, this data could also confirm that the microgel particles peripheral chains do 

interpenetrate at the oil/water interface and could be interlinked directly if the 

peripheral chains have vinyl groups. The DX MG-colloidosome was stable and did 

not redisperse when the pH increased. Here, this study provided proof-of-principle 

design for pH-responsive DX MG-colloidosomes from microgels.  
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Chapter 4: Pickering emulsions stabilized by pH-responsive 

microgels and their scalable transformation to robust sub-

micrometer colloidoisomes with selective permeability 
 

In the last chapter, we prepared pH responsive DX MG-colloidosomes with a clean, 

simple and faster method. But it have following disadvantages: 1. we have not 

established the best condition for preparing pH responsive DX MG-colloidosomes. 2. 

the output of the experiment is very small, which is not suitable for the next 

application and research. 3. we have not studied the drug loading and release of the 

colloidosomes. Therefore, in this chapter, we mainly solve the above three problems. 

Abstract 
 

Colloidosomes are micrometer-sized hollow particles that have shells consisting of 

coagulated or fused colloid particles. Our method used covalent inter-linking of vinyl-

functionalised microgel particles adsorbed into oil droplets to form shells of doubly 

crosslinked microgels (DX MGs). The initially established method for pH-responsive 

hollow particle preparation is not compatible with scale up, which limits its potential 

for use. In this study, we established the best conditions to prepare the stable 

Pickering emulsion which used an ethylacrylate based microgels (EA-MGs) system. 

After that, we demonstrated a general, gram scale method to form the doubly 

crosslinked pH-responsive colloidosomes, which are strongly pH-responsive and 

exhibited a major pH-triggered swelling response in the physiological pH region. It is 

also shown that the doubly crosslinked pH-responsive colloidosomes have selective 

pore size, which can be varied by changing the pH environment. The properties of 

these microgel-colloidosomes dispersions imply that they have good potential for 

future application as injectable gels for release and delivery applications.  



University of Manchester                                                              Student ID: 8366313 

102 

 

4.1 Introduction 
 

MG particles are crosslinked polymer particles that swell when the pH approaches the 

pKa of the particles Richtering and Saunders 
1
. Colloidosomes are microcapsules 

whose shells are composed of colloidal particles
2-7

. The first report about the 

production of colloidosomes was the pioneering work of Velev et al
8, 9

, while 

Dinsmore et al
10, 11

 coined the phrase “colloidosomes”. In recent years, the release of 

larger encapsulated materials from such traditional colloidosomes relies on external 

triggers to break and open the shell of the colloidosomes. The limitations highlight the 

need for a flexible technique to fabricate colloidosomes that enables both control of 

the permeability to small species and a good sensitivity to a release trigger. While 

colloidosomes prepared using microgels have been reported
12

. There are very few 

examples where the pore-size can be controlled. The motivation for the present work 

was to demonstrate that scale-up of our previous microgel colloidsomes, which are 

termed as doubly crosslinked microgel (DX MG) colloidosomes, was possible and 

that they could provide size-selective permeation. The hypothesis tested in this study 

is that microgel colloidosomes  are highly permeable due to interstitial spaces for 

solutes that are smaller than the interstitial size.  

Microgel colloidosomes have been fabricated using microgels assembly at liquid-

liquid interfaces
2, 10, 13-16

. To be successfully prepare microgel colloidosomes,  

microgel-stabilised emulsions need to be prepared first
17

. However, a limitation of 

previous methods used to prepare microgel-colloidosomes
4, 13, 18

 was that the 

construction of microgel based colloidosomes needs more than one component
10

. The 

microgels on the oil-water interface need to be linked together by an additional small 

molecule or croslinker
13

. In previous work, we demonstrated that a pH-responsive 
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microgel-colloidosomes was prepared using vinyl functionalised microgel particles as 

the only (colloidal) building block via UV- irritation, because of the lower scale of the 

DX MG colloidosomes prepared by UV- irritation. In this study, we overcome the 

limitation of small-scale preparation and also demonstrate that the permeability of the 

microgel-colloidsomes with pH. The approach used to prepare our DX MG-

colloidosomes is shown in Scheme 4.1. This approach involves pH-responsive vinyl-

functionalised microgels as the same as the microgels in chapter 3. Our working 

hypothesis was that the oil/water interface would promote sufficient microgel 

deformation and interpenetration to enable covalent inter-linking of peripheral vinyl 

groups on the microgel particles via free-radical coupling. Uniquely, our method for 

DX MG-colloidosome preparation uses only one type of (colloidal) building block for 

shell assembly. And the key intermediate is microgel-stabilized emulsions
17

. 

Microgel-stabilized emulsions were first reported by Richtering. The term “Mickering 

emulsion” was introduced by Richtering in order to stress similarities and differences 

to Pickering emulsions stabilized by rigid particles
19

. The stabilization of the 

Mickering emulsions does not depend on electrostatic repulsion although the presence 

and location of charges are relevant. The stabilization of Mickering emulsions needs 

to the swollen microgels at the oil-water interface, which depends not only on the 

solvent’s polarity but also on microgel morphology
19

. 

In this study we have demonstrated construction of DX MG-colloidosomes without 

having to use an additional linking monomer. The DX MG-colloidosomes were 

strongly pH-responsive and exhibited a major pH-triggered swelling response in the 

physiological pH region which further supports the view that they have good potential 

for biomaterial applications.  
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The permeability of colloidosomes for encapsulated species, which is critically 

dependent on the size of the interstitial pores between the particles in the shell, can be 

made through the variation of the size of the colloidal particles on the shell
10, 20-23

. The 

ability to vary the pore size of the colloidosomes makes them suitable for a wide 

variety of applications in some industry area. In this study, we use only one type of 

microgel particles as the nature shell materials which have the strong pH-responsive 

property and that could lead to self-modified pore size of the shell of the 

colloidosomes. 

 

Scheme 4.1 Preparation of pH-responsive colloidosomes using microgels. Poly (EA-

MAA-BDDA)-GMA MGs stabilized ethylacetate-in-water emulsions containing 

AIBN and were heated to covalently interlink the MGs via free-radical coupling of 

surface vinyl groups. HS or VHS mixing was used to control the emulsion and 

colloidosome size. The removal of ethylacetate formed crumpled colloidsomes that 

subsequently swelled when the pH was increased to above the pKa. 
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4.2 Experimental  

4.2.1 Materials 

Ethyl acrylate (EA, 99%), methacrylic acid (MAA, 99%), 1-4 butaendiol diacrylate 

(BDDA, 90%), glycidyl methacrylate (GMA, 97%), 2,2′-azobis(2-methylpropionitrile) 

(AIBN, 98%) were purchased from Sigma and used as received. Rhodamine B, 

fluorescein, Nile Red, Coumarin 6 and all of the fluorescein isothiocyanate (FITC)-

labeled were purchased from Sigma and used as received. All water was of ultrahigh 

purity de-ionised quality. 

 

4.2.2 Synthesis reactions 
 

4.2.2.1 Synthesis of poly (EA-MAA-BDDA-GMA) microgel using emulsion 

polymerisation 

The synthesis of this microgel was conducted using the emulsion polymerisation 

method according to a previously published method
24

. Briefly, a mixed solution (250 

g) containing EA (167 g, 1.88 mol), MAA (83 g, 0.83 mol), BDDA (2.5 g, 0.01 mol) 

was prepared. A total of 31.5 g of the co-monomer solution was used for the seed 

formation. The latter solution was added to water (518 g) containing SDS (1.8 g, 6 

mmol) and then K2HPO4 (3.15 g of a 7 wt.% aqueous solution) and APS (10 g of a 2 

wt.% solution) were added. The seed was prepared at 80 ˚C with mechanical stirring 

under nitrogen for 30 min. The remaining monomer solution was added at a uniform 

rate over a period of 2 h. The reaction was continued for a further 2 h. The product 

was purified by extensive dialysis using water. Vinyl-functionalization of the microgel 

also followed a method described earlier
24

. Briefly, GMA (16.66 g) was added to the 

microgel dispersion (100 g, 10 wt.%) and the reaction performed at pH 5.2 for 8 h. 
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Excess GMA was removed by repeated washing with chloroform. Residual 

chloroform was removed using rotary evaporation. The GMA-functionalized microgel 

is referred to as MG. 

 

4.2.2.2 Preparation of MG-stabilised emulsions 

The following preparation method was used to investigate the stability of MG-

stabilized emulsions. An aqueous phase (4.0 ml) was prepared that contained buffer at 

specific pH values and MG dispersions with a range of particle concentrations. Ethyl 

acetate (1.0 ml) was added to the aqueous phase (to give an oil phase volume fraction 

of 20 vol.%) and the mixture was sheared at 10,500 rpm for 120 sec using a Silverson 

L4R high shear mixer equipped with a 3/8” Mini-Micro tubular mixing unit. 

 

4.2.2.3 Small-scale DX MG colloidosome preparation 

AIBN (0.01 g, 0.061 mmol) was dissolved in ethyl acetate (1.0 ml). An aqueous phase 

(4.0 ml) was prepared that contained buffer (pH 6.4) and MG dispersion (0.60 wt.%). 

The AIBN / ethyl acetate solution was added to the aqueous phase and the mixture 

sheared at 10,500 rpm for 120 sec to give using a Silverson L4R high shear mixer 

with the geometry described above. The emulsions were placed in a round-bottomed 

flask with a condenser and heated with an oil bath for 180 min at 50 
o
C. Ethyl acetate 

was subsequently removed by rotary evaporation at room temperature to give a 

dispersion of DX MG-colloidosomes. Excess AIBN was removed by chloroform 

washing. Residual chloroform was removed out using rotary evaporation. The yield of 

colloidosomes was 79%. Further details concerning the small-scale preparations are 

given in Table 1. 
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4.2.2.4 Large-scale DX MG colloidosome preparation 

AIBN (0.60g, 3.66 mmol) was dissolved in ethyl acetate (60.0 ml). An aqueous phase 

(240 ml) was prepared that contained buffer (pH 6.4) and MG dispersion (0.60 wt.%). 

The AIBN / ethyl acetate solution was added to the aqueous phase and sheared at 

10,500 rpm for 120 sec to give a MG-stabilised emulsion using a Silverson L4R high 

shear mixer equipped with a ¾” tubular work head and a square holed high shear 

screen. The emulsions were placed in a round-bottomed flask which was sealed and 

heated in an oil bath for 6 h at 52 
o
C. Ethyl acetate and AIBN were removed by rotary 

evaporation as described above. The yield of colloidosomes was 74% (Table 1). 

 

4.2.3 Characterization methods 
 

4.2.3.1 Physical Measurements 

 

Optical images were obtained using an Olympus BX41 microscope and white 

transmitted light. Titration measurements were performed using a Mettler Toledo 

titration unit with a supporting electrolyte (0.1 M NaCl). Dynamic Light Scattering 

(DLS) measurements were obtained using a Malvern Nano ZS instrument. All 

measurements were conducted using 0.1M buffer solutions. SEM measurements were 

obtained using a Philips XL30 FEG SEM instrument. Dispersions of particles were 

deposited on SEM stubs at room temperature. The samples were coated by platinum 

or carbon. The number-average particle sizes were measured with Image J software 

(National Institutes of Health) and at least 100 particles were measured. Confocal 

laser scanning microscopy (CLSM) images were obtained using Broadband Confocal 

Leica TCS SP5. The DX MG-colloidomes were labelled by Rhodamine B. 



University of Manchester                                                              Student ID: 8366313 

108 

 

Rhodamine B was dissolved in water (at a concentration of 2x10
-9

 M). DX MG-

colloidosomes were then dispersed in the Rhodamine B solution before examination. 

UV-vis spectroscopy was performed using a PerkinElmer Lambda 25 UV-visible 

Spectrometer. Surface tension was performed using a Krüss Drop Shape Analysis 

(DSA100). 

 

4.2.3.2 DX MG-colloidosome permeability studies 

Confocal laser scanning microscope (CLSM) was used to analyse capsule 

permeability towards fluorescein and different molecular weights of FITC-dextran. 

DX MG-colloidosome dispersions prepared using the large-scale method (1.0 mL, 

0.45 wt.%) were added to vials containing fluorescein or FITC-dextran aqueous 

solutions (1.0 mL) at a concentration of 0.10 wt.% and the diluted dispersions were 

imaged at specific time intervals. 
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4.3 Results and Discussion 
 

4.3.1 Study of GMA functionalised MGs 
 

The pH-responsive vinyl-functionalised microgels used in this study was poly(EA-co-

MAA-co-1,4-BDDA)-GMA. The number-average particle size from SEM (Fig. 4.1a, 

inset) was 84 ± 15 nm. It can be seen from Fig. 4.1a that the GMA-MGs particles 

showed a strong pH-triggered increase of the hydrodynamic diameter (dh). From this 

data an estimated volume-swelling ratio at pH 10 of ~ 34 was calculated using Q = 

(dh(pH=10) / dh(pH=5))
3
. Potentiometric titration data (Fig. 4.1b) showed that the GMA-

MGs particles contained 32.0 mol % MAA and 7.0 mol % of GMA and had a pKa of 

6.2. pH-dependent change of zeta potential () was measured (Fig. 4.1c). The zeta 

potential () of GMA-MGs increased sharply when pH achieved pKa of 6.2 and kept a 

constant value beyond a pH above 6.6. The MG particles were in their collapsed 

(latex) form at pH values less than their respective pKa values. The zeta potential () 

data (Fig. 1b) was used to qualitatively assess the change in the extent of charge at the 

periphery of the MGs. Accordingly, the MGs were negatively charged at all pH 

values studied. The  magnitude for the MGs increased when the pH increased and 

approached the pKa of 6.2 due to pH-triggered COO
-
 formation. The MGs became 

surface active as the pH approached the pKa (Fig. 4.1d). It followed that the MGs 

became more amphiphilic. These data are the first surface tension data reported for 

this class of MGs to our knowledge. The surface activity of the MGs was due to a 

combination of hydrophobicity from EA and the polymer backbone and polar groups 

from COO
-
 groups. The lowest  value obtained (44 mN/m at pH 6.6) is similar to 

surface tension values reported by Mourran et al.
25

 for poly(N-

vinylcaprolactam)/poly(N-isopropylacrylamide) microgels. 
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Figure 4.1 (a) z-average diameter (dz), (b) potentiometric titration data, (c) zeta 

potential (ζ), and (d) surface tension data (γ) for the GMA-MGs. The inset shows an 

SEM image of the GMA-MGs particles. 

 

4.3.2 The effect of pH on MG-stabilised emulsion formation  

We first investigated the effect of pH on MG-stabilised emulsion formation. The 

conditions required to form stable Pickering emulsions using 84 nm GMA-MGs 

particles with ethyl acetate as the oil phase have been reported in pervious paper
24

. It 

was shown that the stability of Pickering emulsions depends on the solution pH. 

Richtering's group has extensively employed PNIPAM-based microgels as stabilizers 

for making responsive emulsions
12, 17, 19, 26-28

. They illustrated that microgel particles 

need to carry a certain amount of charges to be efficient stimuli-responsive emulsion 
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stabilizers. Schmidt et al. found that the presence of charges in the microgel particle is 

important for obtaining stable emulsions, whilst the location of charges is not 

relevant
19

. Whilst MG-emulsions related to those studied here were briefly 

investigated in the earlier study.
29

 In Chapter3, only studied at 3 pH values using a 

fixed MG concentration were studied. Here, we studied 8 pH values as well as the 

effect of shear. 

In this study, at above pH 6.4, stable emulsions were obtained with mean droplet 

diameters of approximately 3300 nm (Fig. 4.2 (c) to (h)). At below pH 6.4, unstable 

emulsions were obtained, as evidenced by the optical microscopy images in (Fig. 4.2 

(a) and (b), indicating that the emulsion destabilization at pH 6.0 and 6.2 resulted in 

the droplet diameters increasing. This was because the pH was below the pKa of 

GMA-MGs. Hence, the GMA-MGs is collapse due to less presence of charges, 

eventually leading to the breakage and coalescence of the emulsion droplets. However, 

at high pH, the stable emulsion droplets absorbed by swollen GMA-MGs particles 

would be under a balance between attractive and repulsive forces. According to 

Schmidt’s study, when the microgel particles were not strongly swollen and less 

deformable, no stable emulsions were formed. However, when the swelling and the 

deformability was enhanced, stable emulsions were obtained
19

. But in my study, with 

the increasing of pH, the yield of double crosslink colloidosoems would be decreased, 

due to the stronger electrostatic repulsion and deformability. The DLS (Fig. 4.1a) and 

zeta potential (Fig. 4.1c) data show that pH 6.4 corresponded to MG particles that 

were partially swollen with intermediate charge. We propose that these conditions 

resulted in inter-MG overlap for the MGs adsorbed to the droplet surfaces. 

Consequently, stable emulsions could not be prepared at pH values lower than 6.4 due 

to the lack of charge on the MGs as judged by the zeta potential data (Fig. 4.1c) and 
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their poor surfactant-like properties as judged by the surface tension data (Fig. 4.1d). 

Therefore, the best pH environment for stable emulsion droplets and double crosslink 

colloidosomes was 6.4. 

 

Figure 4.2 Optical micrographs of MG-stabilised EA-in-water emulsions prepared at 

pH values of (a).6.0, (b).6.2, (c).6.4, (d) 6.6, (e) 6.8, (f) 7.0, (g) 7.2 and (h) 7.4. The 

insets show expanded views of the emulsions. The MG concentration was 0.6 wt.% 

The scale bars are 10 μm. (i) shows the variation of the number-average diameter with 

pH values for the emulsions. 

 

The effect of pH Fig. 4.3 on the stability of the MG-emulsions to creaming and phase 
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separation was examined visually after 5 min, 1 h and 24 h. In all cases the droplets 

had creamed after 24 h. Importantly, there was no evidence of phase separation, 

which suggests that the MGs remained strongly adsorbed to the oil/water interface. 

Especially, from pH 6.8, the droplets had creamed easier after 5 min due to being the 

mostly swollen with intermediate charge (Fig. 4.1a) and stronger surface activity.    

 

 

Figure 4.3 MG stabilised ethyl acetate-in-water (oil phase volume fraction = 0.20) 

emulsions at different times. The MG concentration was 0.6 wt.% and the pH is 

shown above the vials. The times after emulsification when the images were taken are 

5 min (top row), 1 h (middle row) and 24 h (bottom) row. The tube diameters were 

23.12 mm. 
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4.3.3 The effect of concentration on MG-stabilised emulsion 

formation  

Having established that a pH of 6.4 was required to achieve a minimum emulsion size 

we then investigated the effect of MG concentration. The concentration dependence 

of the ethyl acetate oil droplet diameter was investigated using equal volumes of oil 

with aqueous dispersions containing various concentrations of particles at pH 6.4. Fig. 

4.4 shows the number-average emulsion droplet diameter obtained for a series of 

GMA-MG dispersions at concentrations of 0.024 wt. % to 1.32 wt. %, the droplet 

optical images in each case are displayed (Fig. 4.4a to h). At low particle 

concentrations, unstable emulsion droplets are formed with small quantities of excess 

particles present in the aqueous phase. The emulsion droplets size increased sharply 

with the decreasing of GMA-MGs concentration below 0.36 wt. % (Fig. 4.4i). The 

lower amount of GMA-MGs particles could not stay on the interface of oil and water 

due to the free oil droplets accelerating the coalescence of emulsion droplets. The 

emulsion droplets size becomes approximately constant (3300 nm) above particle 

concentrations of 0.36 wt %, with the excess GMA-MGs particles remaining in the 

lower aqueous phase. These observations are similar to those emulsions made by 

Fielding et al
30

. This conjecture raises the interesting question of the likely 

arrangement of the MGs at the ethylacetate/water interface. 
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Figure 4.4 Optical micrographs of MG-stabilised EA-in-water emulsions were 

prepared at MG concentrations of (a) 0.024, (b) 0.048, (c) 0.12, (d) 0.36, (e) 0.60, (f) 

0.84, (g) 1.08 and (h) 1.32 wt.% The scale bars are 10µm. (i) shows the average size 

data measured at various concentration of MGs. The cartoon depicts the proposed 

change from surface saturated to excess MGs with increasing MG concentration. 

 

The effect of concentration of MGs (Fig. 4.5) on the stability of the MG-emulsions to 

creaming and phase separation was examined visually after 5 min, 1 h and 24 h. In all 

cases the droplets had creamed after 24 h. Importantly, there was no evidence of 

phase separation, which suggests that the MGs remained strongly adsorbed to the 

oil/water interface. The aqueous phases (bottom of tubes) for the emulsions were 
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prepared using relatively high concentration GUOof MGs values (1.08 and 1.32%) and 

they remained turbid after 24 h (Fig. 4.5), which is attributed to residual MG particles.  

 

Figure 4.5 MG stabilised ethyl acetate-in- water (oil phase volume fraction = 0.20) 

emulsions at different times. The pH was 6.4 and the MG concentration is shown 

above the vials. The times after emulsification when the images were taken are 5 min 

(top row), 1 h (middle row) and 24 h (bottom) row. The tube diameters were 23 mm. 

 

Combining the DLS and vials data, they clearly show that the stabilization of the 

microgel-stabilized emulsions depends not only on the microgel surface charges and 

morphology but also on the concentration. The selected condition for preparing stable 

emulsion in the rest of the chapter is 0.6 wt.% GMA-MGs dispersed in pH 6.4. 
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4.3.4 Estimating the nominal fractional coverage of oil droplets by 

microgel particles 

An interesting fundamental question related to the emulsion stabilisation mechanism 

concerns the fractional coverage of droplet surface by the MGs. The nominal 

fractional coverage was calculated (cal) using a geometric approach. Each oil droplet 

was assumed to be covered by a MG particles that were spherical and had a contact 

angle of 90
o
 at the oil/water interface (See Fig. 4.6). 

 

Figure 4.6 Simplified model for MG particles adsorbed to an oil droplet. 

The approach used in order to derive an expression for cal was to: (a) obtain an 

expression for the total surface area of the emulsion droplets (AMGE(T); (b) obtain an 

expression for the total cross-sectional area of the adsorbed MG particles (AX,MG(T)) 

and (c) use the ratio of the expressions from parts (a) and (b) to arrive at the final 

equation for cal. 

For part (a), the parameter AMGE(T)) was calculated from the average droplet diameter 

(dMGE) and volume fraction of oil phase present (o) using 

                  
     (4.1) 
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Where nMGE is the number of emulsion droplets present. 

     
     

     
      (4.2) 

Where VE is the emulsion volume. Combining equations 1 and 2 gives: 

        
     

    
    (4.3) 

For part (b), the parameter AX,MG(T) was determined from the MG diameter at the pH 

of the emulsion (dMG) and the number of MG particles present (nMG) using 

           
    

 

 
     (4.4) 

The value for nMG can be determined from the total volume of MG present in the 

emulsion and the volume of a collapsed MG particle with a diameter of dMG(c) using 

    
          

   
     

       
    (4.5) 

Where CMG is the concentration of MG and the density of the MG particles present 

(w/w%). Inserting equation 4.5 into 4.4 gives 

       
          

   
        

 

       
   (4.6) 

For part (c), the ratio of equations (4.6) and (4.3) gives: 

     
 

 
 
   

     

      
   

    

  
  

   

   
   (4.7) 

We can then calculate a value for      of 1.18 using dMG = 178 nm (pH 6.4), dMG(c) = 

82 nm, dMGE = 3,420 nm, o = 0.20 and CMG = 0.60 wt.%. 
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4.3.4 Scale up of colloidosomes fabrication 

Due to the limitation of scaling up using UV-initiated, we needed to change from a 

UV-initiated approach to a thermal approach, which required use of AIBN in the ethyl 

acetate and heating of the emulsion to 55 
o
C. The following in Table 4.1 and Table 4.2 

shows the details of the scaling up of colloidosome fabrication. 

 

Table 4.1 Characterisation data for scaling up of colloidosome fabrication in this 

work. 

Code 
a
 

volume 

ml 

Initiator  

mass g 

Buffer 

volume ml 

Mass of 

MGs g 

Mixing speed 

rpm & time s 

Yield / g 

Small scale 

(HS) 

1.0 0.01 4 0.024 10000 & 120 

 

0.019 

Large scale 

(VHS) 

60.0 0.60 240.0 1.44 10000 & 120 1.071 

a
 HS and VS refer to high shear and very high shear, respectively. 
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4.3.4.1 Calculation of the shear rate during emulsification 

The following equation was used
31

 to estimate the rotor tip speed (V) for the mixer 

geometry used to prepare the emulsions. 

       (4.8) 

For the above equation D and n are the rotor diameter and rotational speed, 

respectively. The value for V together with the gap distance (g) was then used to 

calculate the shear rate (s) using equation (S2)
31

. 

  
 

 
   (4.9) 

Table 4.2 shows the values used for the parameters in order to calculate s for the two 

mixing geometries used in this study. 

 

Table 4.2 Parameters used for the calculation of shear rate 

Mixer type Code
a 

D / mm g / mm n / (rev s
-1

) V (m s
-1

) 
-1 

Mini-micro HS 7.64 0.26 175 4.2 16,150 

Tubular VHS 31.32 0.21 175 17.2 82,000 

a
 HS and VS refer to high shear and very high shear, respectively. 
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4.3.5 Morphological and swelling characterisation of DX MG-

colloidosomes prepared by small scale (HS) 
 

The morphology of the DX MG-colloidosomes was probed using several 

complementary microscopy techniques (Fig. 4.7a to d). DX MG-colloidosome 

morphology was probed directly by an optical microscope (Fig. 4.7c). The optical 

micrographs obtained at pH 6.4 (Fig. 4.7c) revealed that the colloidosomes were 

hollow. The number average diameter and the thickness of the shell of the 

colloidosomes in the same condition had been measured by ImageJ software was 1.8 

μm (CV = 21%) and was ~ 460 nm, respectively. DX MG-colloidosomes morphology 

was probed using CLSM with Rhodamine B labeling (Fig. 4.7a). We used CLSM 

images to get evidence that the particles were hollow and also to show the thickness 

of the shell. MG-colloidosome could also be confirmed clearly under the CLSM as 

well. It is interesting that the wall thickness of the DX MGs (460 ± 120 nm) is much 

larger than the diameter of MG particles (84 ± 6 nm, from Fig. 4.1). The individual 

colloidosomes had a crumpled appearance (Fig. 4.7(b)ii). The highest magnification 

images clearly showed the presence of MG particles at the surface (Fig. 4(b)i). 

Because the DX MG colloidosomes did not redisperse when the pH increased it is 

certain that the MG particles were covalently inter-linked. The high magnification 

images (Fig. 4.7b iii and Fig. 4.7(b) iv) clearly showed the formation of the shell. 

These images (Fig. 4.7(b) iii and iv) comprised of a folded colloidosome which 

enabled a clear view of the shell. This was very important evidence to prove that the 

particles what we made were hollow and it helped to determine how thick of the shell 

was. The small particles were clearly found on the shell and the shell was calculated 

at about 400 nm, which is similar to the measured thickness from optical images. The 

SEM image (Fig. 4.7(b) iv) clearly shows MG particles at the surface. Interestingly, 
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holes (or interstitial spaces) can be seen between the particles, which are potentially 

important as a means for permeability into and out of the colloidosomes.  

 

Figure 4.7 DX MG-colloidosomes prepared using the small-scale method. (a) CLSM 

images and (b) SEM images. The arrows in (iii) highlight small interstitial spaces 

between the MGs. (c) and (d) show optical micrographs for the colloidosomes at pH = 

6.4 and 10.0, respectively. (e) DLS data measured at various pH values for DX MG-

colloidosomes. 
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It was decided to study the swelling properties of DX microgel-colloidosome particles 

by DLS (Fig. 4.7e). The DLS data was measured for the DX MG-colloidosomes 

dispersions at three different pH values (Fig. 4.7e). From top to bottom (Fig. 4.7e), 

they were pH 6.4 (blue curve), 8.0 (green curve) and 10 (red curve). All of the strong 

peaks were indicated on the right for the DX MG-colloidosomes. When the pH 

equaled to 6.4, the diameter of the peak (blue) was 1.4 μm. With the pH increased, the 

green and red peaks were shifted to 4.8 μm and 5.0 μm, respectively. (Fig. 4.7e). The 

fast swelling of the colloidosomes to pH variation can be seen under the microscope 

which shows the response of the particles to a pH change (Fig. 4.7(c) and (d)). The 

colloidosome swelling was complete within 1 s, in which time there was an increase 

from ~ 6.4 to ~ 10. Furthermore, the pH-triggered swelling property of DX MG-

colloidosome was probed using an optical microscope directly (Fig. 4.7 (c) and (d)). 

In this experiment, a drop of DX MG-colloidosome dispersion (pH 6.4) was prepared 

on the glass slide and covered by a piece of glass under the optical microscope (Fig. 

4.7c). Some droplets of pH 10 buffer solutions were added from the edge of glass 

slide. Several DX MG-colloidosome were washed out by the addition buffer solution. 

Some of the colloidosomes had adsorbed on the glass slide which prevented their 

motion upon addition of the buffer solution (Fig. 4.7c). These absorbed DX MG-

colloidosomes provided a good chance to directly track their diameter changes with 

increasing pH. Compared to the DX MG-colloidosome in Fig. 4.7c and Fig. 4.7d, the 

DX MG-colloidosome (Fig. 4.7d) became larger and more transparent. 
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4.3.6 Morphological and swelling characterisation of DX MG-

colloidosomes prepared by large scale (VHS) 
 

After having established that pH-responsive DX MG colloidosomes could be prepared 

using a small-scale thermal approach (above) the ability to scale up the approach to a 

gram scale was investigated. Compared to the small scale, the gram scale method use 

60 times the amount of each original material (Table 4.1.). The morphology of the DX 

MG-colloidosomes was probed using several complementary microscopy techniques 

(Fig. 4.8 (a) to (d)). Comparison of Fig. 4.8(a) with Fig. 4.7(a) shows  that the average 

size of gram scale DX MG colloidosomes (820 ± 40 nm) is much smaller than that 

that of the small scale DX MG colloidosomes (1.8 μm, CV = 21%).  The diameter of 

gram scale DX MG colloidosomes have larger distribution range than small scale one, 

this result was confirmed by DLS measurement in Fig. 4.8(e) . That result is due to 

using the different shear mixing head during emulsion preparation. It is very 

interesting that the size of the DX MGs prepared by the large-scale method is much 

smaller than those prepared by the small-scale method. Furthermore, the large-scale 

DX MG colloidosomes have the smallest diameter of any microgel-based 

colloidosomes reported to our knowledge.  

DX MG-colloidosomes morphology was also investigated at higher magnification 

using SEM (Fig. 4.8b to d). The spherical morphology of DX MG-colloidosomes was 

confirmed in Fig. 4.8(b) and (d). The DX MG-colloidosomes was very small (~800 

nm ± 300 nm) and there is a broad distribution of size. This result is consistent with in 

CLSM images (Fig. 4.8a). The individual colloidosomes had a crumpled appearance. 

The highest magnification inset images in Fig. 4.8c clearly showed the presence of 

MG particles at the surface.  
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Figure 4.8 DX MG colloidosomes prepared using the large-scale method. (a) CLSM 

image. (b) and (c) show SEM images deposited at pH 6.4. (d) SEM image of DX MG 

colloidosomes deposited from the swollen state at pH 10. (e) DLS data measured at 

various pH values. 
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It was difficult to find cracked / broken colloidosomes to confirm the thickness of the 

shell and so we deposited colloidosomes from higher pH (Fig. 4.8d). The SEM 

images of swollen DX MG-colloidosomes could confirm whether the GMA-MGs 

successfully crosslink together. In Fig. 4.8d, the swollen DX MG colloidosomes with 

average diameter of about (~2000 nm ± 500 nm) were more transparent and had not 

dispersed when the pH was increased. It is certain that the MG particles were 

covalently inter-linked. This data confirms that the shells were comprised of MG 

particles in both Fig. 4.8(c) and (d). Due to the relatively brittle and swollen 

colloidosomes being under the high pressure, some cracked and broken swollen 

colloidosoems were found (Fig. 4.8(d)). The fact that is the colloidosomes retained 

significant three-dimensional morphology supports the view that the shells contained 

DX MGs. When deposited from the swollen state the colloidosomes were less robust 

and tended to collapse which showed the shells clearly.  

 

In Fig. 4.8e, the DLS data was measured for the DX MG-colloidosomes dispersions at 

three different pH values. From top to bottom (Fig. 4.8e), they were pH 6.4 (blue 

curve), 8.0 (green curve) and 10 (red curve). The peaks in each curve were indicated 

in relation to the DX MG-colloidosomes. The peaks shifted to a larger value with 

increasing the pH (Fig. 4.8e). The GMA-MGs had shown the strong pH-triggered 

swelling property when the pH was higher than pKa (6.2) (Fig. 4.1). The peak at pH 4 

(blue) showed that the diameter of DX MG-colloidosomes was 700 nm, which was 

similar to the size measured from SEM of 0.67 ± 0.17µm (Fig. 4.8b). The major peak 

was shifted to 1700 nm when increasing the pH of DX MG-colloidosomes to 8 or 10. 

The swelling ratio (Q = (dpH10/dpH6.4)
3
) data could be calculated for DX MG-

colloidosomes and it was about 14. This result provides strong evidence to prove the 
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DX MG-colloidosomes had a strong pH-triggered swelling property as well These 

results also show that the large-scale preparation method has provided DX MG 

colloidosomes with improved robustness to pH-triggered swelling. Furthermore, they 

were prepared at the gram scale (Table 1) which demonstrates good scalability. In the 

future, we can crosslink the neighbor colloidosomes after increasing the pH value to 

form super porous hydrogels. This hydrogel is used for better loading of drugs and 

tissue therapy for IVDD repair. 
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4.3.7 The permeability of DX MG colloidosome using largr scale 

(VHS) method. 

One of the advantages of colloidosomes is that they potentially offer selective shell 

permeability because of the interstitial sites between MG particles. Microgel-based 

colloidosomes also have the advantage of potentially providing tuneable shell porosity 

because the microgel particle size is itself tunable. Having established a scalable 

method for preparing robust DX MG colloidosomes their permeability to solutes was 

investigated. All data obtained from this point involved DX MG colloidosomes 

prepared by the large-scale method.  

 

Figure 4.9 CLSM images of DX MG-colloidosomes mixed with FITC-Dextran with 

various molecular weights at different times. The pH was 6.2. The mixing times are 

shown on the left-hand side and the identities of the solutes are shown. As the dye 

penetrated the DX MG colloidosome interior the contrast was progressively lost. The 

scale bars are 5µm. 

 



University of Manchester                                                              Student ID: 8366313 

129 

 

Fig. 4.9 probes the different permeabilities of the DX MG colloidosomes for FITC-

labeled dextran with increasing molecular weight. The permeability was probed at pH 

6.4 by mixing the colloidosomes with FITC-Dextran of different molecular weights 

using CLSM. It is interesting that the colloidosomes were permeable to dextran with a 

molecular weight less 40kDa immediately and were impermeable for dextrans with a 

molecular weight above 40 kDa. Thus, size-selective permeation was demonstrated at 

pH 6.2. The F-Dex 20k and F-Dex40 species correspond to a permeability / 

impermeability transition. The latter two species have hydrodynamic diameters of 6.6 

and 9.0 nm, respectively
32

. Therefore, we estimate the pore size for the VHS MG-

colloidosomes at pH 6.2 to be between 6.6 and 9.0 nm. The effect of pH on the 

permeability was also studied.  

 

Figure 4.10 CLSM images of DX MG-colloidosomes mixed with FITC-Dextran with 

various molecular weights at various times. The pH was 5.5. The mixing times are 

shown on the left-hand side and the identities of the solutes are given above the top 

row. All scale bars are 5 µm.  
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The first of all, when pH is 5.5, The colloidosomes were collapsed and impermeable 

to 70 kDa and 150 kDa FITC–dextrans, while becoming completely open to the 4 kDa, 

20 kDa and 40 kDa FITC–dextran (Fig. 4.10). Because the pH was below the pKa of 

the MGs hydrogen bonding between the fluorescein and MG –COOH groups can be 

expected, which is a likely mechanism for adsorption. Interestingly, adsorption also 

occurred for the F-Dex4k, F-Dex20k and F-Dex40k samples (Fig. 4.10), which again 

is suggestive of hydrogen bonding. However, this could be reversed when the pH was 

subsequently increased to 7.4, which supports the hydrogen-bonded mechanism 

proposed above.  

 

  

Figure 4.11 CLSM images of DX MG-colloidosomes mixed with FITC-Dextran with 

various molecular weights at various times. The pH was 7.4. The mixing times are 

shown on the left-hand side and the identities of the solutes are given above the top 

row. All scale bars are 5 µm.  
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Permeation tests were also conducted at pH 7.4 (Fig. 4.11). The colloidosomes were 

swollen and impermeable to Fluorescein and any molecular weight of dextran (Fig. 

4.11). These results can be understood by taking into consideration the interactions 

between the fluorescent dextran probe and the DX MG-colloidosomes shell under the 

studied conditions. FITC–dextrans used as fluorescent probes are anionic because of 

FITC which is an anionic dye used for the dextrans’ fluorescence modification
33

. The 

DX MG-colloidosmes were pH-sensitive and when the pH was above the pKa of MG, 

the shell surface of colloidosmes would be subject to strong negative charges and that 

would lead to the electrostatic repulses between –COO
- 
and FITC-dextrans. Therefore, 

the pores on the colloidosomes had been fully closed. According to the images 

showed in Fig. 4.11, the DX MG-colloisomes had been swollen at pH 7.4. It is 

proposed to say the FTIC-dextrans may be prevented solute prenetration the by fully 

inter-meshed effect of the swollen GMA-MG particles. 

 

4.4 Conclusion 
 

In this study, we investigated fully optimised microgel-stabilisation emulsion of EA-

in-water emulsions system. We also have shown that our novel single building block 

assembly method is general by using more than one initiator approaches (UV and 

thermal) to prepare DX MG-colloidosomes. Especially, the thermal approach enables 

the DX MG-colloidosomes to be scaled up to the gram scale. This DX MG-

colloidosoems enables control of the permeability of the colloidosome shell by 

changing the pH environment. The DX MG-colloidosoemes have the potential to be 

applied in a number of areas which include cosmetics and delivery. 
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Chapter 5: Highly-stretchable pH-responsive doubly 

crosslinked nanogels 
 

Abstract 

 

In this chapter, were studied by tuning the crosslinking monomers and we expected to 

have more stretchable hydrogels. The NGs were synthesised by emulsion 

polymerisation of methyl methacrylate and methacrylic acid and without any 

crosslinking monomer. Compared to the earlier chapters, this is a new nanogel-based 

approach for preparing highly stretchable -COOH-rich hydrogels. The NGs had very 

high MAA content (84 mol. %). The latter was vinyl functionalised and gave 

dispersions that could be crosslinked to form highly stretchable double crosslinked 

nanogels (DX NGs). The gels could be tied in knots and stretched considerably 

without damage. The DX NGs prepared at pH 10 could be stretched to more than 250% 

of its original length without the sample breaking. The compressive strain-at-break for 

the DX NGs prepared at pH 10 was greater than 93 % which is the highest value 

reported for a DX NGs system to date. The DX NGs was highly-stretchable with a 

stretchability of up to 520%. The results of this study provide design tools for 

improving DX NGs ductility and hence increasing the range of potential applications 

for this new class of hydrogel. 
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5.1 Introduction 
 

Hydrogel is a polymer with high water content and good water absorption, which can 

expand in aqueous solution and form three-dimensional network structure through 

intertwined and cross-linked
1
. Hydrogels are attracting large interest in biomaterial 

applications
2-4 

such as drug delivery
5
, regenerative medicine

6 
and soft tissue 

engineering
7, 8 

due to their strong property resemblance with native gel matrix
9
. The 

swelling and mechanical properties of hydrogels are directly related to the number-

density of elastically effective chains
10

. When compared to high ductility gels such as 

double network hydrogels
11

, our previous doubly crosslinked nanogels (DX NGs) 

were relatively brittle
12, 13

. However, a lack of ductility is a key limitation for the DX 

NGs systems. In this study, we aimed to design a new nanogel (NG) system to reduce 

the brittleness. The use of pre-formed nanogels for DX NG gel construction is a 

potential advantage for biomaterial applications because it decreases the assembly 

required in vivo. DX NGs have been shown to have potential application as injectable 

gels for load bearing tissue repair
14

. Heterogeneity of elastically effective chain length 

is common in hydrogels which results in brittleness because stress concentrates at the 

shortest chains. This approach is commonly used to prepare highly stretchable, tough, 

gels and usually involve making the elastically effective chains a similar length
15

 or 

introducing sacrificial crosslinks to dissipate energy
16

. Normally, the previous DX 

NGs consisted of inter-linked nanogels with two types of elastically effective chains; 

intra-nanogel chains and inter-nanogel chains. The intra-nanogel chains gave the 

stable network stability, but at the same time, it limited the swelling property of the 

nanogel particles. A nanogel is a crosslinked polymer particle with a swollen size of 

less than 100nm. Therefore, the previous DX NGs and DX MGs were brittle, due to 

most of the stress being focussed on the inter-nanogel chains. In recent research, the 
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highly hydrophobic crosslinker (DVB) was studied to prepare highly swellable MG 

particles and improve the DX MGs mechanical property
17

.  In this research, we expect 

to build up a new nano-particle which would be substantially decrease the population 

of intra-nanogel elastically effective chains by preparing nanogels without added 

crosslinker. It was assumed that if one major population of elastically effective chains 

were present then DX NG stretchability would increase. 

 

Scheme 5.1 depict the approach used in this study. The pH-triggered nanogels 

prepared in this study contained very high content of methacrylic acid (MAA) and did 

not add a crosslinker. The nanogels contained mostly MAA and a minor proportion of 

methyl methacrylate (MMA). They were subsequently vinyl-functionalised by 

reaction with glycidyl methacrylate (GMA). During the reaction, we used a relatively 

low temperature to avoid self-crosslinking. The nanogels then disassembled and were 

covalently interlinked to form DX NGs.  In this study we first characterise the NGs 

and show that they were only weakly self-crosslinking. The morphology and 

mechanical properties of the new DX NGs are then investigated. The results show that 

the pH used for DX NG preparation had a major effect on the mechanical properties. 

The gels prepared at pH 7.4 and 10 were by far the toughest and most stretchable DX 

NGs reported to date. 

 

Scheme 5.1 Depiction of lightly self-crosslinked pH-triggered nanogel particles 

disassembly and DX NG formation. 
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5.2 Materials and Experimental Methods 
 

5.2.1 Materials  
 

Methyl methacrylate (MMA, 99%), methacrylic acid (MAA, 99%), glycidyl 

methacrylate (GMA, 97%) and NaOH (97%), ammonium persulfate (APS, 98%), 

sodium dodecyl sulphate (SDS, > 92.5%) and N,N,N′,N′-tetramethylethylenediamine 

(TEMED, 99%) were purchased from Sigma-Aldrich and used as received. All water 

was of ultrahigh purity and was distilled and de-ionised. 

 

5.3.2 Nanogel synthesis using emulsion polymerisation 

The synthesis of the self-crosslinked nanogels which contained very high MAA 

contents was conducted using a modified seed-feed emulsion polymerisation method. 

In order to minimise self-crosslinking whilst achieving particle growth with colloid 

stability a seed-feed method was used in the presence of TEMED. Accordingly, a 

mixed solution (35.0 g) containing MMA (14.0 g, 0.14 mol) and MAA (21.0 g, 0.25 

mol) was prepared. A total of 5.0 g of the co-monomer solution was used for the seed 

formation. The latter solution was added to water (480 g) containing SDS (2.4 g, 

0.008 mol) and then TEMED solution (1.0 ml of 11 wt% solution) and APS (5 g of a 

11.0 wt.% solution) were added. The seed was prepared at 50 ˚C with mechanical 

stirring for 15 min. A total of 20.0 g of the co-monomer solution was added at a 

uniform rate of 0.5 ml/min over a period of 40 min and the temperature was increased 

to 60 
o
C. APS (2.75 g of a 11.0 wt% solution) was added and the remaining co-

monomer solution was fed into the mixture at the same rate. The particle growth was 

continued for a further 1 h. The product was purified by extensive dialysis using water. 

The vinyl functionalisation of the nanogel (NG) was synthesised using an epoxide 
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ring opening reaction using GMA as described earlier
12

 and is depicted in Scheme. 1. 

Briefly, GMA (1.25 g, 9.0 mmol.) was added to the purified precursor nanogel 

dispersion (100 g, 3.0 wt.%) and the reaction performed for 8.0 h at pH ~ 5.0. 

Unreacted GMA was removed by extensive dialysis using water. 

 

5.3.3 Hydrogel preparation 

Aqueous NaOH solution (4.0 M) was added to NG dispersion (4.0 g of 13.3 wt% 

dispersion) and the pH adjusted to the required pH (5.8, 7.4 or 10.0) to form a slightly 

viscous dispersion. DX NGs were formed by mixing APS solution (50 μL, 5.0 wt%) 

with the NG dispersion by stirring and subsequently heating the dispersions (10.6 

wt.%) in sealed molds at 50 
o
C for 24 h. 

 

5.3.4 Physical Measurements  

Dynamic light scattering (DLS) measurements were conducted using a 50 mW He/Ne 

laser operated at 633 nm with a standard avalanche photodiode (APD) and 901 

detection optics connected to a Malvern Zetasizer Nano ZS90 autocorrelator. 

Potentiometric titration was conducted using a Mettler Toledo DL15 titrator. The 

titrations were performed in the presence of aqueous NaCl (0.01 M) and the titrant 

was aqueous NaOH solution (0.1 M). TEM images were obtained using an FEI 

Tecnai Bio Twin instrument at an accelerating 100 kV voltage, and samples were 

supported by 300 mesh copper TEM grids. The MG dispersion concentration used 

was 0.001 wt,% and uranyl acetate staining was used. SEM measurements were 

obtained using a Philips XL30 FEG SEM instrument. Dispersions of particles were 

deposited on SEM stubs by evaporation at room temperature. The sample was coated 
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by platinum or carbon. Uniaxial compression measurements were performed using an 

Instron series 5569 load frame equipped with a 100 N compression testing head. 

Cyclic compression experiments were conducted at 10 mm/s. Gel samples for the 

qualitative tensile tests using a knot were prepared as described above using a 

cylindrical mold. Uniaxial tensile stress-strain measurements were conducted using an 

Instron series 5569 load frame equipped with a 10 N compression testing head at a 

rate of 10 mm/s. This was done using a dog-bone shaped sampled prepared using 

molds with a central rectangular region measuring a length of 20 mm. The width and 

thickness were both 4 mm. The paddle regions had a width of 17.5 mm. Gel swelling 

measurements were conducted using a by immersing gel samples in buffer for 24h.  
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5.4 Results and Discussion 
 

5.4.1 Nanogel particle size and pH-triggered swelling 
 

A new class non-crosslinker nanogel was prepared for this study. The SX nanogel 

were contained MAA (84.5 mol.%) and MMA (15.5 mol.%) (Table 5.1). In the 

following sections, the difference in swelling behaviour, morphology, mechanical 

properties of both singly crosslinked nanogels (SX NGs) and DX NGs were 

determined. 

5.4.1.1 Potentiometric titration 

 

The content of acid group (-COOH) and the content of GMA functionalisation of the 

SX NGs was determined by potentiometric titration data (Fig. 5.1). The –COOH 

contents were directly determined by the potentiometric titration data of SX NGs and 

the GMA contents were determined from the difference of MAA content in particles 

before and after GMA functionalisation (i.e. the mol. % of MAA consumed during 

GMA functionalisation). The measurements were performed in the presence of 

aqueous 0.01 M NaCl solution as electrolyte background. 
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Figure 5.1 Potentiometric titration data for MMA-MAA and GMA-MMA-MAA. 
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The calculated values from titration data were shown in Table 5.1. The -COOH 

content of SX NGs (about 84.5 mol.%) and the concentrations of GMA in the SX 

NGs were 8.6 mol.%, which was enough to achieve the DX gelation process. The pKa 

values of these NGs ranged from 5.6 to 5.8 (Table 5.1). Those pKa values are less 

than physiological pH (~7.4) which means that the nanogel particles (and respective 

DX NGs) would be swollen in such an environment. 

 

Table 5.1 Composition and properties of the nanogels 

Nanoparticles 

MAA
a
/ 

mol% 

MMA
a
/ 

mol% 

GMA / 

mol% 

pKa
b 

dTEM
c 
/nm

 

[CV] 

dz/ nm 

(pH 4.0) 

PMAA85-MMA15 84.5 ± 0.3 15.5 ± 0.3 - 5.6 ± 0.1 39.94 [78] 74.42  ± 1.35 

PMAA0.76-MMA0.15-

GMA0.09 

75.9 ± 0.2 15.5 ± 0.2 8.6 5.8 ± 0.1 32.59 [41] 66.60  ± 1.08 

a
 Calculated from potentiometric titration data shown in Figure S1. 

b
 Apparent pKa 

values were obtained from data (Figure S1). 
c
 Number-average diameters determined 

from TEM images. 

 

5.4.1.2 DLS and zeta potential measurements 

 

The hydrodynamic diameter (dz) of the non-GMA-NGs and GMA-NGs over a range 

of pH values was determined by DLS measurements (see Fig. 5.2). The dz values for 

the NGs and GMA-NGs were 74 nm and 67 nm at pH 4.0 (Table 5.1), respectively, 

which is in the collapsed state. The dz values of the NGs and GMA-NGs increased 

strongly once the pH exceeded the pKa and then passed through a maximum at pH 7.0 

which was followed by a subsequent decrease at pH 10. The dz values of both NGs 
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and GMA-NGs reached to the highest value of 6665 nm and 375 nm, respectively, at 

pH 7.0. 

To further investigate the disassembly process pH-dependent zeta potential (ζ / mV) 

measurements were conducted (Fig. 5.2). The magnitude of zeta potential (ζ / mV) 

increased when the pH exceeded the pKa. The latter was due to the neutralisation of -

COOH to form -COO
-
 groups. The similarity in the relative changes for dz and zeta 

potential (ζ / mV) confirms that the NGs disassembled because of pH-triggered 

increase in electrostatic repulsion. Interestingly, both zeta potential (ζ / mV) for NGs 

and GMA-NGs system reached a stable value of  ~ -55 mV when the pH was higher 

than 7.0, and even the dz decreased. These results indicate that the polyelectrolyte 

composition was constant even though the particles continued to disassemble. 

 

 

Figure 5.2 Hydrodynamic diameters and zeta potential of (a) Non-GMA nanogels 

particles and (b) GMA- nanogels particles at pH 4 to pH 11 measured at various 

values.  
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DLS diameter distributions (Fig. 5.3) revealed profound changes occurred for both 

NGs and GMA-NGs particles. As the pH increased the distributions changed from 

monomodal to multi-peak. For GMA-NGs (see Fig. 5.3b), at pH 7.4 there was clear 

evidence of species that were both smaller and larger than the initial NGs present at 

pH 4.0. These changes are attributed to pH-triggered swelling and disassembly of the 

NGs. This process led to considerable fragmentation as well as also left some larger 

species present where self-crosslinking and entanglements prevented complete 

disassembly. 

 

Figure 5.3 DLS size distributions for the (a) NGs and (b) GMA-NGs dispersions 

measured at various pH values (shown). 
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5.4.2 NGs and GMA-NGs morphology by TEM  
 

The TEM images of NGs and GMA-NGs were obtained in Fig. 5.4 and Fig. 5.5 at 

different pH values. The particles had high polydispersity (see Fig. 5.4a and b) and 

the number-average diameters from TEM (dTEM) at pH~5.0 of NGs and GMA-NGs 

were 40 nm [CV=78] and 33 nm [CV=41], respectively (Table 5.1). They were 

significantly different to the hydrodynamic diameter (dz) in the collapsed state at pH 

4.0 (Table 5.2). Compared to the respective hydrodynamic diameter (dz) in the 

collapsed state, the dTEM values are smaller and the coefficient variation is higher. This 

is due to the strong dependence of dz on light scattering from the largest particles are 

not being totally “dry” in water as in previous  reports
18

. 

 

Figure 5.4 Lower magnification TEM images for (a) PMAA0.85-MMA0.15 at pH ~5; 

PMAA0.76-MMA0.15-GMA0.09 nanoparticles obtained when the dispersions had pH 

values of (b) ~ 5, (c) 7.4 and (d) 10. The red arrows highlight nanogels that have not 

fully disassembled when pH > pKa. 
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The reason for the large particle size polydispersity is the low temperature emulsion 

polymerisation method employed. Following earlier reports
19

, we sought to decrease 

self-crosslinking with N,N,N′,N′-tetramethylethylenediamine (TEMED) and used a 

low temperature (60 
o
C) during emulsion polymerisation. It appears that particle 

nucleation was not short-lived as judged by the significant polydispersity evident. 

During the low temperature polymerisation with the TEMED, the polymer chains of 

the NGs would be relatively short. Furthermore, the use of a re-add addition of APS 

during growth may have occurred during secondary nucleation. 

The TEM images showed that the NGs morphology changed dramatically when the 

dispersion pH was increased to 7.4 and 10.0 (Fig. 5.5(b) and (c) as well as Fig. 5.4(c) 

and (d)). With the increasing pH, the particles became more transparent.  They did not 

fully disassemble, however the disassembled polymer can be found on the 

background (Fig. 5.4(c) and (d). These images (Fig. 5.5) showed considerable debris 

(yellow arrows) from disassembled NGs, which was most significant at pH 10. There 

was also clear evidence of occasional incompletely disassembled NGs (red arrows), 

which were most prevalent at pH 7.4 (Fig. 5.5). The latter was due to self-crosslinking. 
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Figure 5.5 TEM of the NGs at pH ~ 5.0 (a), 7.4 (b) and 10.0 (c). Scale bars: 100 nm. 

The red and yellow arrows show, respectively, NGs that have not fully disassembled 

and disassembled polymer. Scale bars: 100nm. 
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5.4.3 DX GMA-NGs morphology by SEM 
 

The morphology of DX GMA-NGs were assessed by SEM images as shown in Fig 

5.6. The images of freeze-dried DX MGs showed typical hydrogel structures
20

 which 

are highly porous. The pores were formed during the rapid ice formation. Interestingly, 

an obvious difference between Fig 5.6 (a) to (c) is that with the pH increasing during 

preparation of the DX GMA-NGs, the average pore size of DX GMA-NGs becomes 

larger. The following average pore sizes were determined by measuring at least100 

pores at the value of pH 5.8, 7.4 and 10.0 (Fig. 5.6a – c), respectively. They were 4.0 

± 0.9, 7.2 ± 1.5 and 15.4 ± 4.5 μm, respectively. Whilst it is understood that the pores 

were evidently from a freeze-dried origin during ice-formation
21

, useful qualitative 

mechanical property information can still be obtained from the SEM images. For 

example, in previous work for conventional DX NGs it was shown that the pore size 

increased as the gel modulus decreased
17

. Here, the average pore-size increased with 

increasing preparation pH suggesting that the gel modulus decreased. This trend is 

supported by the tensile data (below). 

 

 

Figure 5.6 SEM images of freeze-dried gels prepared at (a) pH 5.8 (b) pH 7.4, and (b) 

pH 10. The insets show digital photographs of the gels. Scale bars: SEM 10 µm; Gel 

images 5 mm. 
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Such porous materials have been considered as potential materials for tissue scaffold 

applications
21, 22

. Moreover, the previous work gives a possible method in tuning the 

pore size of the freeze-dried hydrogel by selection of the crosslinking monomers
23

. 

Now, a new class non-crosslinker NG gave a larger pore size than that within the 

crosslinker and good mechanical properties.  
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5.4.4 FTIR spectra of freeze-dried gels. 
 

The FTIR spectra was used to probe neutralisation of the freeze-dried gels (Fig. 2d). 

FTIR spectra reveal the appearance of stretching vibration of hydrogen bonded -

COOH pairs at 1710 cm
−1

 and -COO
-
 at 1544 cm

-1
, respectively

24, 25
. The absorbance 

area ratio of the peak of -COO
-
 and -COOH were calculated (see Fig. 5.7). The 

relative absorbance ratio for the -COO
-
/-COOH peak increased from 0.3 (pH 5.8) 

through 1.5 (pH 7.4) to 4.0 (at pH 10.0) when the pH increased. Hence, the extent of 

neutralisation increased for the gels as the pH increased. This data showed that 

neutralisation was not complete at pH 7.4 even though the pH was 1.6 pH units more 

than the pKa. Interesting, the similar performance occurred and was confirmed in 

TEM imaged (Fig. 5.4 and Fig. 5.5). The NGs particles are not fully swollen and 

disassembled (Fig. 5.5b). We attribute this delayed neutralisation to electrostatic 

repulsion between mobile OH
-
 (from NaOH) and the fixed -COO

-
 groups on the gel 

network. 

 

Figure 5.7 FTIR spectra of freeze-dried gels prepared at various pH values 

(shown).  
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5.4.5 Uniaxial compression of the DX NGs 
 

Static uniaxial compression tests were performed for all DX NGs. The stress vs. strain 

data of selected representative measurements are shown in Fig. 5.8. The compression 

modulus (E) was calculated from the slope of the initial 10% part in the total curves 

before failure. The strain-at-break (b) was determined when the curve started to fail 

and the associate stress at this point is the stress-at-break (b). The previous DX NGs 

it was reported that they were prepared using MAA and MMA and had limited 

ductility when compressed
24

. In contrast, the present gels had remarkable ductility, 

especially those prepared at pH 10. Those gels could be strongly (and reversibly) 

compressed without breaking (Fig. 5.8b). Uniaxial compression data (Fig. 5.8 and 

Table 5.2) were obtained for the gels prepared at pH 5.8, 7.4 and 10.0. With the 

increasing of the preparation pH, the modulus and extension ratio-at-break (b = 1 - b, 

where b is the strain-at-break) both decreased. In here, a low b value equates to a 

high b and ductility.  

Table 5.2 Compression properties for the DX NG gels studied 

pH Vol. %
a 

Compression 

modulus (kPa) 

Compression stress 

at break b (kPa) 

Compression extension 

ratio at break b 

5.8 16.9 ± 0.6 35.6 ± 0.2 133 ± 2 0.34 ± 0.02 

7.4 17.2 ± 0.3 21.1 ± 0.1 215 ± 3 0.28 ± 0.01 

10.0 17.8 ± 0.2 3.09 ± 0.1 > 1170 ± 5
b 

< 0.07 ± 0.01
c 

a
 Measured polymer volume fraction in the as-prepared state (Vol. %). 

b
 Gel did not 

break at maximum compression stress. 
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Firstly, the modulus (and b) values were 35.6 (0.34), 21.1 (0.28) and 3.09 (< 0.07) 

kPa, respectively. Hence, the gels became more ductile as their stiffness decreased. 

The DX NGs at pH 10 was much more ductile than DX NGs at pH 7.4 and pH 5.8 

systems.  The average value of b for the DX NGs at pH 10 was 93.0 % which is an 

outstanding improvement compared to the largest b of 49.0% reported for a DX 

PMMA-MAA-EGD gel
26

.  The E value showed the opposite behaviour and increased 

in the order DX NGs at pH 10 < DX NGs at pH 7.4 < DX NGs at pH 5.8. (Table 5.2). 

This trend follows the observation of pore size in Fig 5.7 and supports the view that 

the stiffer gels formed the smaller pores.  

The compression data trends for stiffness (E) and ductility (b) matched those 

observed with them from tensile test as measured by the Young’s modulus (E) and 

tensile extension ratio-at-break (b(T)) (see Fig. 5.9), respectively. Moreover, the 

stress-at-break (b) for the present DX NG gel prepared at pH 10.0 was > 1170 kPa. 

This minimum value is by far the largest b reported to date for DX NG gels.  In fact, 

the average b value of 93.0% for DX NGs is a record for DX NGs prepared using 

GMA functionalisation
12, 17

. 

Cyclic compression measurements were determined of the gels prepared at pH 5.8, 

pH 7.4 and 10.0 for the mechanism responsible of stiffness and ductility (Fig. 5.8b). 

For each system, there was a relatively low hysteresis. But there is no any residual 

strain for each system. If a major contribution to crosslinking was contributed by 

reversible or dynamic crosslinks one would expect much higher hysteresis and 

significant residual strain
26

. Therefore, covalent crosslinking is the main crosslinking 

type responsible for the mechanical properties of these gels 
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Figure 5.8 (a) Uniaxial compression stress - extension ratio data for the gels. 

 

5.4.6 Stretchable propertied test of the DX NGs 
 

The present DX NGs at pH 10 are not only having very impressive compressive 

properties but also they are remarkably stretchable. The DX NGs strings could 

be tied in knots and stretched considerably without damage (Fig. 5.9b). The DX 

NG gel prepared at pH 10 could be stretched to more than 250% of its original 

length without the knot or sample breaking (Fig. 5.9b). 

 

Figure 5.9 Images of DX NGs prepared at pH 10 with good ductile mechanical 

property (a) and stretchable property (b). The scale bars are 1 m. 
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5.4.7 Tensile test of DX NGs 

The tensile data were obtained for all of the gels (Fig. 5.10). These data represent the 

first tensile data reported for this class of gels which was first introduced in 2011
11

. 

The static tensile tests were performed for all DX NGs. The stress vs. strain data of 

selected representative measurements are shown in Fig. 5.10. The Young’s modulus 

(E) was calculated from the slope of the initiate 10% part in the total curves before 

failure. The strain-at-break (b(T)) was determined when the curve started to fail and 

the associate stress at this point is the stress-at-break (b(T)). The extension ratio-at-

break (b(T) = 1 + b(T)). First, the modulus (and b(T)) values of the gels prepared at pH 

5.0, pH 7.4 and 10.0 were 19.2 ± 0.1 (2.0), 17.4 ± 0.1 (3.4) and 2.37 ± 0.1 (5.2) kPa, 

respectively. The DX NGs prepared at pH 5.8, 7.4 and 10 stretched to 200, 340 and 

520% of their original lengths. Hence, the gels have better stretchability as their 

stiffness decreased. The DX NGs at pH 10 was much more stretchable than DX NGs 

at pH 7.4 and pH 5.8 systems.  

 

Figure 5.10 (a) Uniaxial compression stress - extension ratio data for the gels. 
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Interestingly, the Young’s modulus of the gels prepared at pH 5.0, pH 7.4 are very 

similar. But the respectable b(T) value for the gel prepared at pH 7.4 together with its 

high toughness (49.4 ± 0.5 kJ/m
3
, Table 5.3), which is even higher than the DX NGs at 

pH 10 (20.3 ± 0.3 kJ/m
3
, Table 5.3) are encouraging for future biomaterial applications. 

Moreover, the stretchability for the gel prepared at pH 10 compares favorably to other 

advanced gels.
27, 28

 

 

Table 5.3 Tensile properties for the DX NG gels studied 

pH 

Tensile 

modulus (kPa) 

Tensile Stress at 

break b(T) (kPa) 

Tensile extension 

ratio at break b(T) 

Toughness 

(kJ/m
3
) 

a 

5.8 19.2 ± 0.1 17.4 ± 0.2 2.0 ± 0.1 9.19 ± 0.2 

7.4 17.4 ± 0.1 45.8 ± 0.2 3.4 ± 0.1 49.4 ± 0.5 

10.0 2.37 ± 0.1 10.6 ± 0.1 5.2 ± 0.1 20.3 ± 0.3 

a
 Determined from the area under the tensile stress-strain curve. 

 

The most important question about the mechanical properties of this new gel is what 

the reason of their high scalability is. First of all, we need to know the relationship 

between the structure and the properties of the polymer hydrogel. There are 

approximately four factors directly affecting its mechanical properties showing the 

following. 1. The density of high molecular polymers. 2. The uniformity of the 

network structure of the hydrogel. 3. The degree of freedom of the crosslinking point. 

4. The flexibility of the polymer chain. The nanogels used in this study had two key 

differences compared to the previous works. They are (I) Increasing in the use of 

MAA content. (II) Omission crosslinking monomer. Therefore, the nanogel particles 

can swell much stronger when the pH value increased more than pKa. This leads to 

decrease density and increase the flexibility of the polymer chain of nanogel particles.  
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In general, the crosslinking of polymer hydrogels through monomer polymers 

inevitably leads to the inhomogeneity of the network structure and the 

inhomogeneous crosslinking point. But this new nanogels are proposed to lead to the 

functionalized vinyl groups on the chain can be more evenly distributed. This 

increases the uniformity of the network structure of the hydrogel and the distance 

between the crosslinking points. These may improve the ability to absorb external 

stress.  
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5.5 Conclusion  
 

In this study a new nanogel-based approach for preparing highly stretchable -COOH-

rich hydrogels has been established. Without adding crosslinker and relying on self-

crosslinking very high MAA-content nanogel particle dispersions were prepared (with 

up to 84 mol. % MAA). The latter were vinyl functionalised and gave dispersions that 

could be crosslinked to form highly stretchable gels. The present DX NGs at pH 10 

are not only having very impressive compressive properties but also they are 

remarkably stretchable. The DX NGs strings could be tied in knots and stretched 

considerably without damage. These NGs gave highly-stretchable pH-responsive DX 

NGs with a stretchability of up to 520% and compression of up to 93% without 

damage. This ability benefits for designing and preparing improved injectable pH-

responsive DX MG systems in future and these materials may provide a promising 

route for fabrication soft tissue engineering or degenerative medicine application
29

. 
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Chapter 6. Conclusion and future work 
 

6.1 Conclusion  
 

At the beginning of the project, we used a simple, one component method to make 

uniform spherical pH sensitive DX MG colloidosomes, which had a good morphology 

as was described in Chapter 3. The DX MG colloidosome had a strong swelling 

property triggered by its pH. It could be swollen when the pH value aligned with that 

of the microgel particles. The calculated volume swelling ratio (Q) for the 

colloidosomes was about 50. This confirms that the microgel particles peripheral 

chains did not interpenetrate at the oil/water interface and could be interlinked directly 

if the peripheral chains have vinyl groups. The DX MG colloidosome were stable and 

did not re-disperse when the pH increased. This work showed for the first time, 

construction of pH responsive DX MG colloidosomes using only microgels. 

 

In Chapter 4, firstly, we fully investigated optimised microgel-stabilisation emulsion 

(mickering emulsion) of the EA-in-water emulsions system. Through the analysis and 

the results of the experiments, we established an optimised microgel concentration 

(0.6 wt.%) for the preparation of  stable microgel-stabilised emulsions and 

colloidosomes. We also investigated the effect of the pH on the microgel, microgel-

stabilisation emulsion, and established an optimized pH valueof 6.4 for preparing the 

microgel-stabilisation emulsion and DX MG colloidosomes. Importantly, the thermal 

irritated DX MG-colloidosomes have been scale up to the gram scale. This means it 

could potentially be used for future industrial production. In addition, the DX MG-

colloidosoems enables control of the permeability of the colloidosome shell by easily 

changing the pH environment. The DX MG-colloidosomes could potentially be used 
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in a number of areas which include cosmetics and delivery. 

 

Because of the limitation of the microgels, the DX MG colloidosomes are relatively 

brittle. In chapter 5, a new nanogel-based approach for preparing highly stretchable –

COOH rich hydrogels was discussed. Without adding crosslinker and relying on self-

crosslinking very high MAA-content nanogel particle dispersions were prepared (with 

up to 84 mol.% MAA). The latter were vinyl functionalised and gave dispersions that 

could be crosslinked to form highly stretchable gels. The present DX NGs at pH 10 

not only had outstanding compressive properties but also were remarkably stretchable 

properties. The DX NGs could be made into many shapes and be tied in knots and 

stretched considerably without damage. These NGs gave highly-stretchable pH-

responsive DX NGs with a stretchability and compression of up to 520% and 93% 

without damage, respectively. This will benefit the design and preparation of 

improved injectable pH-responsive DX NGs systems in future.  Flexible DX NGs 

colloidosomes may be useful in future soft tissue engineering or for application in 

medicine. 
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6.2 Future work 
 

In the future research, we can pay attention to study the conditions and methods for 

the synthesis of pH responsive DX MGs colloidosomes by different microgels. 

Because of the difference of functional groups, the surface activity and surface 

tension of different microgels will be different. Therefore, when selecting the oil 

phase solution of preparing the Pickering emulsion and further reaction of the 

colloidosomes, we may to find a rule or find a universal oil phase solution that can be 

applied to many kinds of pH responsive microgels. Furthermore, for the new type of 

nanogels in chapter 5, the biggest problem of these nanoparticles is that there was no 

uniform size. Rather, they were polydisperse. So in the future experiments, we hope 

to improve the method of synthesis, to a greater extent, and to improve the size 

uniformity and surface integrity of nanogels. This would then lead to new DX NG 

colloidosomes that may be highly deformable. In future experiments, we can consider 

using this degenerate and super deformed nanogels to form colloidosomes. Even this 

nanogel and colloidosomes can be combined to form super stretchable, degenerated 

and porous hydrogels. 
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