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Abstract 

This thesis presents a study of pH-responsive nanogel (NG) or microgel (MG) based 

systems, which aimed to achieve improved functionality and gel performance for future 

biomedical applications. Doubly crosslinked (DX) MGs have already been studied and 

suggested in the recovery of degenerated intervertebral discs. The next generation of 

gel could focus on the improvement in therapeutic and diagnostic treatment. In the first 

study of this thesis, gold nanoparticles (Au NPs) were synthesised to generate the 

localised surface plasmon resonance (LSPR) property for NGs using core-shell 

approaches. The colloidal stability of Au NPs relies on the electrostatic repulsion due 

to a citrate reduction. Therefore, the aggregation of Au NPs is unavoidable for the 

preparation of DX MGs. This result was observed in the study of poly(ethyl acrylate-

methacrylic acid-divinylbenzene) MGs (poly(EA-MAA-DVB) MGs). Precipitation 

polymerisation is a powerful method to construct a temperature-responsive poly(N-

isopropylacrylamide) copolymer shell for Au NPs. However, a functionalisation step is 

usually required to facilitate shell growth. I evaluated three core-shell approaches and 

created a new methodology of precipitation polymerisation without using any pre-

functionalisation steps. Finally, a well-defined core-shell structure was synthesised by 

constructing a NG shell of poly(methyl methacrylate-methacrylic acid-ethylene glycol 

dimethacrylate). Those new core-shell particles had excellent colloidal stability in 

electrolytes. LSPR properties of the Au NP core-shell dispersion were restorable from 

salt-triggered sediments or oven-dried solids. 

The facile methodology of core-shell syntheses allowed the investigation of pH-

response and shell thicknesses dependent LSPR properties in the second study. I 

synthesised five types of acrylic-based core-shell particles with tuneable shell 

thicknesses. The shell composition was mainly varied by the content of either 2-

carboxyethyl acrylate (CEA) or methacrylic acid (MAA). The resultant NG shells were 

thin and ranged from 2 – 18 nm based on measurements from TEM. All swelling and 

LSPR properties were recorded and compared for the analysis. LSPR peak wavelengths 

were strongly dependent on the NG shell thickness. The maximum peak wavelength of 

core-shell particles achieved 529 nm, which had a 10 nm red-shift compared to the 

parent Au NPs. The spectral change and near-field map were subsequently provided 

using finite difference time domain (FDTD) simulations. The experimental data of 



24 
 

LSPR properties fitted well with those predictions. The pH-dependent change of LSPR 

peak wavelengths was also found in a highly swellable MAA-containing core-shell 

particle. A visible colour transition was observed from pH 6 to pH 11. Importantly, pH-

triggered reversible aggregation existed in a CEA-containing core-shell particle. Their 

thin NG shells provided an effective coupling effect for the Au cores. The 

internalisation study of HeLa cell culture further proved CEA-containing core-shell 

particles have the potential in sensing the intracellular pH for future biomedical uses.  

The mechanical property of DX MGs is not ductile enough to enable a useful 

investigation of core-shell particles (e.g. a remote probe of gel environments or 

mechanics). The development of the gel network is also important. Therefore, the last 

piece of work focused on the generation of new gel using pH-responsive poly(EA-

MAA-DVB) MGs. I developed a new methodology by constructing a physical gel 

network with branched polyethyleneimine (PEI). A complex coacervate was formed 

due to a strong interaction between anionic MGs and cationic PEI. This polymer/MGs 

complex coacervate (PMCC) system showed outstanding gel property performance, 

including super-stretchability, self-healing, super-swellability and strong adhesion. A 

highly deformable and injectable pre-gel could be transformed to an elastic and stable 

gel by simply tuning the annealing temperature (≥ 37 °C). Moreover, the stiffness of 

elastic gel can largely increase up to 34 MPa after introducing Ca2+ crosslinking. The 

work provides the basis for new gels, which could be used to monitor biomechanical 

properties remotely.    
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Chapter 1: Introduction 

1.1 Motivation 

In the past decades, stimuli-responsive polymers have been widely explored in 

biomedical applications due to their superior performance for drug release, sol-gel 

transition and bio-sensing.1–5 Microgels (MGs) or nanogels (NGs) composed of stimuli-

responsive polymers have a pre-formed particulate gel phase with tuneable size, large 

surface area, high swellability and colloidal stability.6–10 These features are highly 

desired in making drug carriers 11–14 or regenerative biomaterials15–18. Moreover, pH-

responsive NGs or MGs are one of the most successful bio-candidate, because they can 

spontaneously tailor their properties at different body environments. They have been 

shown to be potentially useful for cancer cell therapy19–21 and load-bearing tissue 

repair.22,23 In contrast to spinal fusion or disc replacement for treating the degeneration 

of intervertebral discs (DIVD), injectable pH-responsive doubly crosslinked (DX) MGs 

can restore the disc height and mechanical properties through a minimally-invasive 

therapy.24,25 Swollen MGs readily form a physical gel phase at physiological pH. 

Subsequent crosslinking can prevent these MGs from redispersion over the long-term 

application. Those features highlight the advantages of pH-responsive MGs as the pre-

formed gel phase compared to other candidates, such as alginate,26 hyaluronan,27 and 

preformed composite hydrogels.28  

The further development of these pH-responsive polymer colloids requires more 

functionalities towards diagnostic areas, which can monitor the disease and achieve a 

successful therapy (e.g. for DIVD treatment). The remote detection method offers a 

potential solution to report the internal environmental changes inside cells or tissues. 
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This function could be crucial to establish non-invasive and theranostic colloids for the 

next generation of pH-responsive biomaterials. MGs or NGs have facile fabrication, 

which provides practical advantages as functional colloids.29,30 A smart design (e.g. pH-

responsiveness) can manipulate and monitor the behaviours of swellable colloids at 

intracellular level, such as pH-triggered drug carriers.21,31,32 In load-bearing materials, 

an appropriate sensing mechanism (e.g. a readable distance-dependent response) should 

also enable MGs or NGs to report the internal strain/stress information.22,33,34 Gold 

nanoparticles (Au NPs) possess a powerful localised surface plasmon resonance (LSPR) 

property, which meets both cellular and macroscopic transduction requirements. The 

local field enhancement, noble metal property, electrical conductivity, strong absorption 

and scattering cross section of Au NPs provide high flexibility in clinical treatments. 

These include refractive index sensing, surface enhanced Raman scattering, 

fluorescence quenching, photothermal therapy, colorimetric sensing, conductivity 

enhancement and catalysis.35–42 

For the current repair therapy from the Saunders group, DX MGs act as the load-bearing 

material which can be tuned to adapt the surrounding soft tissues under the compressive 

stress.24,25,43,44 However, the lack of stretchability, tackiness and strong elasticity also 

limits their advantages as a regenerative material in other areas, such as cartilage repair, 

hip-joint replacement or tissue glue. This thesis aims to investigate the next generation 

of pH-responsive NGs or MGs with high flexibility and improved functionality. Current 

colloidal and gel platforms require further improvement, which should not only provide 

the theranostic potential for DIVD but also show the capability of solving other 

biological challenges. The thesis provides evidence for a new research direction in 

developing these materials. The study includes a facile strategy to incorporate Au NPs 

in NGs and potentially improve gel performance in practice. Potential intracellular pH 
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reporters are created for cancer cells. A promising and multifunctional gel is designed 

and studied using pH-responsive MGs. The overall investigation should improve 

understanding and lead to more favourable uses of pH-responsive NGs and MGs in the 

biomedical field.   

1.2 Survey of thesis 

The content of thesis starts with a literature review in Chapter 2. This section introduces 

the characteristic of Au NPs and MGs. Both the theory and history of essential processes 

are discussed with emphasis on transduction methods, citrate reduction, free-radical 

polymerisation, emulsion polymerisation and colloidal stability. In addition, the 

characterisation methods are discussed for each important instrument or technique used. 

Research and discussion topics are divided into three experimental sections from 

Chapter 3 to Chapter 5. Core-shell particles (Au cores and NG shells) and their 

syntheses are studied in Chapter 3 and Chapter 4. Chapter 5 introduces a new and robust 

MG-based gel network without the formation of covalent bonds. At the end of the thesis, 

the conclusions and future work are presented in Chapter 6.  

Chapter 3 begins with the synthesis of Au NPs and core-shell approaches. Citrate 

stabilised Au NPs were prepared using a citrate reduction method (Scheme 1.1(i)). 

Those particles had poor colloidal stability in electrolytes. The aim of this chapter is to 

establish a core-shell structure which can be adapted for our pH-responsive NGs or 

MGs. A NG shell composed of poly(methyl methacrylate-methacrylic acid-ethylene 

glycol dimethacrylate) (poly(MMA-MAA-EGDMA) (Scheme 1.1(ii)) was selected and 

synthesised using precipitation polymerisation. Scheme 1.1 (iii) depicts three core-shell 

structure approaches that were applied to different surface properties of Au NPs. After 

carefully evaluating these approaches, the synthesis produced a well-defined core-shell 
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structure using a new protocol without any prefunctionalisation steps. The new 

synthesis is simple, scalable and has high efficiency. Further improvement in colloidal 

stability of core-shell particles was investigated in comparison to Au NPs (Scheme 

1.1(iv)).  

 

Scheme 1.1 (i) Schematic depiction of the Au NPs synthesis using Turkvich method 

and the copolymer shell growth using (ii) MMA, MAA and EGDMA through three 

approaches (iii). The enhanced colloidal stability of core-shell particles is depicted in 

(iv). 

Following the new and facile precipitation polymerisation proposed in Chapter 3, five 

kinds of core-shell particles were synthesised with different compositions and shell 

thicknesses in Chapter 4 (Scheme 1.2(i)). The subscript of sample code denotes the shell 

thickness in nanometres measured by TEM. An acidic monomer 2-carboxyethyl 

acrylate (CEA) was also selected for the core-shell particle synthesis. The changes of 

swelling, zeta potential and shell thicknesses dependent LSPR properties are studied in 

Chapter 4. All the resultant copolymer shells were thin and closely coincided with a 

regime where LSPR was strongly affected. As a result, tuneable optical properties were 

found in a shell thickness range of 2 – 18 nm. The experimental data help to improve 

EGDMA

MMA MAA

Core-shell: Method 1

Core-shell: Method 2

Citrate ion

3-Butenylamine

Sodium dodecyl sulfate 

(ii) Copolymer (Shell)

(i) Au NPs (Core)

HAuCl4 +

(iv) Enhanced Colloidal 

stability

Au NPs

Core-shell

Salt

Salt

Au NPs
Chloroauric 

acid
Sodium 

citrate

Core-shell: Method 3

(iii) 
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the understanding of thin NG shells on Au NP with the supporting information from 

finite different domain simulation. Importantly, a pH-dependent LSPR shift and pH-

triggered aggregation were observed and discussed (Scheme 1.2(ii)&(iii)) as the 

potential sensors. In addition, the pH-triggered aggregation was carried in the HeLa cell 

culture and an internalisation study conducted for potential biomedical imaging use. 

  

 

Scheme 1.2 (i) Schematic depiction of five types of acrylic core-shell syntheses using 

precipitation polymerisation. The particle codes are listed in the table. δ is the subscript 

and denotes the shell thickness. (ii) The core-shell particles show swellable copolymer 

shells by varying the pH. (iii) A pH-triggered reversible aggregation is established for 

CEA containing particles. 

A new multifunctional and superstretchable gel was explored from the mixture of 

anionic poly(ethyl acrylate-methacrylic acid-divinylbenzene) (poly(EA-MAA-DVB)) 

MGs and cationic branched polyethyleneimine (PEI) in Chapter 5. This physical gel 

was easily prepared by the preformed components without using free-radical or 

chemical crosslinking. The new methodology provided a highly deformable pre-gel 

from the complex coacervate at physiological pH. When the temperature increased 

above 37 °C, a highly elastic and robust T-gel (> 1000% breaking strain) was obtained 

without the formation of covalent bonds (Scheme 1.3). This new physical gel was well 

δ

Particle code Shell composition

Au-CEA2 MMA/CEA/EGDMA

Au-CEA3 MMA/CEA/EGDMA

Au-MMA12 MMA/EGDMA

Au-MAA15 MMA/MAA/EGDMA

Au-MAA18 MMA/MAA/EGDMA

Au NPs

SDS, 

APS, 
80 oC

pH < pKa

pH < pKa

pH < 6.4

pH > 6.4

EGDMA

MMA MAA+

CEA

pH-responsive shell pH-triggered aggregation

(i)

(iii)(ii)
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characterised with different mass ratios and annealing temperatures. Swelling, 

adhesiveness, self-healing, mechanical properties and responses to ions were 

investigated to examine the performance of this extraordinary gel. The biocompatibility 

assays showed low cytotoxicity of PEI/MG gel, which may offer the opportunity to 

develop the gel performance for the current load-supporting bio-candidates in the future 

(e. g. DX MGs). 

 

  

Scheme 1.3 Schematic depiction of PEI/MG pre-gel and T-gel preparation with 

cooperative ionic bonding using a simple mix and kneading method. 

  

MG PEI

T-gel

Counter-ions

Anionic 

group

Cationic 

group

T > 37 oC

Poly(EA-MAA-DVB)

Pre-gel

Mix & kneading
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Chapter 2: Literature review 

2.1 Transduction mechanisms 

Numerous research studies have been conducted in sensing and imaging applications, 

which aim to solve clinical challenges through diagnostic methods.1–3 The continuous 

development of nanomaterials promotes new designs at the cellular and biomolecular 

level due to their high surface area to volume ratio, tunability and sensitivity.4–6 In this 

thesis, a remote detection system is a target for minimally invasive and fast response 

diagnosis. In order to accommodate pH-responsive microgel (MG) or nanogel (NG) 

based therapies, a suitable transduction mechanism should be considered to transform 

any responsive features into detectable signals. Relevant research directions include the 

electrical, magnetic and optical detection. This thesis focuses on the latter.  

2.1.1 Electrical methods 

The detection of potentiometric, amperometric, or coulometric electrical responses is a 

well-known method to report local changes, redox reactions and binding events in the 

biological field.4,7 The strategy usually needs to include highly conductive materials in 

the design, such as metallic, ionic or carbon-based components. Although their 

sensitivity may show limitations in the complex salt environments, the fast signal 

response and bioelectronic potential make them one of the most thriving diagnostic 

approaches.7–9 In particular, the study of skin wearable devices shows an accelerating 

trend in recent years.10 As shown in Fig. 2.1 (A)-(B), a detectable strain change can be 

measured by recording the ratio of relative resistance or capacitance changes in 

conductive gel devices (piezoresistant materials or ionic gels).11,12 Further skin 

attachment is suitable to record the real time body motion, which is advantageous for 
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the construction of bioelectronic devices and soft robotics.13,14 Similar resistance 

sensing has been also used to detect the presence of small biomolecules and 

oligonucleotides, which is targeted at the electrochemical biosensing.15,16 As shown in 

Fig. 2.1(C), the swelling degree of conductive DNA-incorporated hydrogel can be 

controlled by breaking complementary crosslinks in the analyte solution. As a 

consequence, the increased volume lowered the relative density of conductive species 

(e.g. carbon powders) and the detectable resistance change was measured in the swollen 

network.16   

  

Figure 2.1 (A) A tannic acid-coated cellulose nanocrystal ionic gel showed the 

capability of strain sensing and elbow bending recognition by monitoring the ratio of 

relative resistance changes.11 (B) A MXene/polyvinyl alcohol hydrogel capacitor sensor 

showed the capability of strain sensing at the loading and unloading condition by 

monitoring the relative capacitance changes.12 (C) The scheme illustrates an increased 

swelling effect in a morpholino oligonucleotide cross-linked hydrogel after detecting 

the analyte.15 (D) The scheme illustrates the cell detection in an acidic environment 

based on the electrocatalytic process of antibody functionalised Au NPs.17  

 

In a cellular approach, sensitive detection can be achieved by a electrocatalytic 

method.18,19 An example (Fig. 2.1 (D)) shows that the specific protein recognition 

(A)

(B)

(C)

(D)
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allowed the binding between the targeting cell line and antibody modified gold 

nanoparticles (Au NPs).17 Those cells were seeded on the electrode in an acidic 

environment. The catalytic hydrogen reduction occurred around Au NPs under an 

applied voltage. Therefore, a measurable current could be generated and detected to 

identify the number of targeting cells. Such an electrocatalytic strategy is also capable 

of measuring the extracellular pH using the concentration of H+. Intracellular pH 

sensing may further require the construction of a miniaturised pH electrode.20  

2.1.2 Magnetic methods 

The magnetic detection has a high importance in developing non-invasive clinical 

monitoring, especially as bioimaging and cancer therapies.21–23 Magnetic  

nanomaterials have high contrast in the body due to the natural absence of strong 

magnetic fields.3,24 The movement and delivery of nanoparticles can be guided by an 

external magnetic field, which facilitates the targeting process.25 In contrast to other 

transduction methods, magnetic resonance contrast imaging can be used to label the 

position of magnetic nanoparticles in vivo.26–28 However, the detection may suffer from 

the long-processing time and low sensitivity in practice.29  

As shown in Fig. 2.2, an antibody functionalised nanohybrid was produced by 

combining a number of magnetic nanocrystals and amphiphilic block polymers in an 

early approach for cancer therapy.30 These functionalised nanohybrids showed 

enhanced permeability and retention effect. After injecting nanohybrids into a mice tail, 

magnetic resonant imaging confirmed the detection and delivery of magnetic 

nanohybrids by monitoring the relaxivity change. In a recent study, Lin et al. reported 

a continuous theranostic development for the tumour-bearing mice using magnetic-

plasmonic hybrid nanostructures of Au and Fe3O4.
31 These nanoparticles showed a 
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tumour accumulation effect by controlling their size and prolonging the circulation time. 

The targeting tumour was then detected using magnetic resonance imaging. The 

combination of the photothermal effect (Au shell) and anticancer drugs together gave a 

superior tumour regression, which is appealing as a non-invasive cancer therapy.  

  

Figure 2.2 An antibody functionalised nanohybrid was used as the magnetic resonance 

imaging probe for the detection of breast cancer cell line in mice. The images and colour 

maps showed the cancer-targeting events at different steps of the injection process.30 

 

2.1.3 Optical methods 

Optical detection (which is a subject of this thesis) is advantageous for the remote 

theranostic treatment due to its high safety, fast response, non-invasiveness and ease of 

use.7,32,33 The continuous research for improved nanomaterials stimulated the growth of 

this area in the past few decades, especially for colorimetric,34–36 fluorescence37–40 and 

Raman41–43 methodologies. Natural high tuneability of these candidates offers 

numerous options in designing improved optical strategies, such as the ratiometric 

sensing,44 biomolecular detection,45 bioimaging,41 light-triggered therapies46 and pH 

reporting.47  

Pre-injection immediately 1 h 12 h



42 
 

Target-induced aggregation is a well-known approach as a colorimetric biosensor.48,49 

It was first suggested by Mirkin in 1996.50 The authors modified two batches of Au NPs 

with two specified DNA oligonucleotides respectively (Fig. 2.3(A)). The addition of 

“target” (a duplex oligonucleotides) triggered the aggregation which was observed by a 

visual colour/UV-Vis spectral change due to the coupling effect.51 The coupling effect 

makes plasmonic nanoparticles appealing for a colorimetric approach, especially for the 

rapid detection of proteins, DNAs and ions.52–54 In Fig. 2.3(B), an example of thermo-

responsive colorimetric sensor was constructed by synthesising and incorporating 

raspberry-shaped plasmonic poly(N-isopropylacrylamide) (poly(NIPAM)) MGs in a 

polyacrylamide hydrogel matrix.55 The distance-dependent plasmonic coupling 

produced a visible colour change upon swelling or shrinking of the MGs at different 

temperatures. This colorimetric hydrogel could be attached to the body and monitor 

real-time temperature changes because of its thermo-responsiveness.  

 

Figure 2.3 (A) The aggregation of oligonucleotides functionalised Au NPs occurred in 

the presence of DNA targets.56 (B) The raspberry-shaped plasmonic poly(N-

isopropylacrylamide) MGs showed the thermo-responsive plasmon coupling effect. A 

colorimetric sensor was produced by incorporating MGs into the polyacrylamide 

hydrogel matrix.55  

(B)

(A)
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The detection of fluorescence signals is the most common method used in the 

biomedical area due to the versatility of fluorescent materials and sensitivity of spectral 

information.33,57 In the study of intracellular reporters, ratiometric pH sensing can be 

designed using Fourier resonance energy transfer mechanism (FRET).47,58,59 In Fig. 2.4, 

an example of fluorescent protein conjugated quantum dots shows the intensity of FRET 

signals changed with the intracellular pH in endosomes.59 Quantum dots acted as the 

photostable donor and conjugated fluorescent proteins acted as the pH-sensitive 

acceptor. The variation of pH was detected and visualised in HeLa cells by the cellular 

imaging. Similar resonance energy transfer has also been explored with Au NPs based 

on the strong enhancement of the local electromagnetic field around gold surfaces. This 

may reduce the quantum yield of fluorophores with an increase of non-radiative decay 

rate.60–62 In a biomedical application, an aptamer could be chosen to link the fluorescent 

species and Au NPs.63 A detrimental antigen can induce the conformational change of 

aptamer, which breaks the link and prohibits quenching. Importantly, this quenching 

process adapts to a range of designs (using spacer and DNA origami), where the 

fluorescence signals are highly sensitive to distance.64–67 A useful strategy can enable 

the application of Au NPs in sensing and imaging areas, such as nanogels based cell 

apoptosis imaging,68 intracellular uptake monitoring69 and enzyme activity sensing.70  
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Figure 2.4 The cellular imaging of fluorescent protein conjugated quantum dots showed 

the growth of endosomes with the decrease of FRET efficiency after 2 hr in HeLa 

cells.59 

In comparison to other transduction methods, optical transduction offers a feasible and 

cost-effective solution for remote detection.32,33,57 The use of absorption, scattering  or 

fluorescence spectroscopy is versatile for theranostic designs, which are suitable for 

laboratory or in vivo requirements. As introduced in a pH-responsive MG study, the 

injectable doubly crosslinked MGs were beneficial from the minimally invasive therapy 

of degenerated intervertebral disc (DIVD) treatments.71,72 A new transduction system 

(as prepared in thesis study) may improve the therapeutic advantages. 

As described in Chapter 1, the objective of this thesis is to create a system for remote 

detection approach and advance the bio-applications in theranostic MGs or NGs. A 

distance-dependent sensing process is potentially appealing due to its effectiveness in 
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reporting the environmental changes (in gels) and pH-responsiveness (in cells). There 

are a range of optical candidates which can meet these reporting requirements, such as 

dye molecules,73,74 quantum dots,64,65 polymer dots,75,76 carbon77,78 and plasmonic 

nanomaterials79,80. The use of Au NPs is attractive due to their multifunctionality, signal 

amplification potential, high tuneability, facile synthesis, strong inertness, non-

cytotoxicity and high cell membrane permeability.81–86  The plasmonic behaviours of 

Au NPs show strong light absorption and scattering properties with a local field 

enhancement effect.87 The spectral information is highly sensitive to the local refractive 

index and aggregation (interparticle distances). They are suitable for various media. In 

contrast to purely fluorescent-based technique, the reduction of photobleaching for Au 

NPs makes the detection more reliable and consistent.88,89 Au NPs also offer multiple 

diagnostic methodologies, including as colorimetric sensing,90 fluorescence 

quenching,91 surface enhanced Raman scattering92 and dark field imaging.46,93 Their 

applications are not limited to sensing and imaging areas owing to the strong plasmonic 

effect (Fig. 2.5). The photothermal effect,94,95 bioconjugation,96 catalysis97 and light 

capture enhancement98 for Au NPs enlarge their potential in the development of new 

therapeutic solutions. As reported by Chen et al. in 2016, the future investigation of 

those materials needs to focus on core-shell nanoparticle construction, multimodal 

imaging, light-regulated drug release and theranostics.99 This research trend coincides 

well with the major objective of this thesis, which involves further improvement of pH-

responsive NGs with theranostic potential. The research (and publications) from this 

PhD project should also provide a useful contribution to the plasmonic research field. 
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Figure 2.5 Representative mechanisms for plasmonic effects.98 
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2.2 A brief review of Gold  

2.2.1 Features and theories  

Gold is one of the noble metals and has the very strong chemical inertness. Its shiny 

appearance is due to the reflection of visible light at high wavelength.100,101 When gold 

materials are scaled down to a nanometre size, their optical properties can completely 

change compared to its bulk state.102 In 1857, Faraday reported the first research 

involving colloidal gold.103 He obtained a ruby gold dispersion from a two-phase system, 

which contained an aqueous gold chloride solution and phosphorus in CS2. The unusual 

optical property of these colloids was quantitatively analysed by Mie in 1908.87,104 

According to his theory, the strong light scattering and absorption cause the variation 

of colours in the colloidal gold dispersion (Fig. 2.6(A)). These effects are contributed 

by a process, called the localised surface plasmon resonance (LSPR).87,105 The LSPR of 

metallic nanoparticles describes the interaction between light and conduction electrons 

at a resonant frequency. As illustrated in the below Fig. 2.6(B), the conduction electrons 

collectively oscillate with the guidance of the electromagnetic wave and form the 

surface plasmon against the restoring force from lattice atoms. Consequently, a certain 

number of photons will be scattered and absorbed as a function of the wavelength and 

particle size.81 The optical property highly relies on the particles size, which has a strong 

impact for desired applications. Fig. 2.6(C) shows the variation of light absorption and 

scattering for the spectra of Au NPs. The scattering regime overweighs the absorption 

regime with increasing the particle diameter. The intense light scattering is appealing 

for the design of enhanced light trapping in solar cells98 or contrast agents in 

bioimaging106.  
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Figure 2.6 (A) The colour of colloidal gold solutions changed with an increase of 

nanoparticle size from left to right.107 (B) Large gold spheres show the localised 

oscillation of electrons upon encountering an electromagnetic wave.108 (C) The 

calculated absorption, scattering and extinction spectra for gold spheres (i) radius = 20 

nm and (ii) radius = 50 nm.106 (D) The percentage of light absorption and scattering 

changed with the size of gold sphere over 300 – 800 nm wavelength.98 

In this thesis, I aim to synthesise small Au NPs which reside in the dominant light 

absorption regime and potentially permit stimulus-triggered ensemble scattering 

methods (Dark field imaging).87 The excitation of multipoles (high order plasmons) 

modes in inhomogeneous polarisation will not be significant if the diameter of the Au 

NPs is less than 25 nm.51,109 A study showed small Au NPs (< 45 nm) can optimise the 

efficiency of endocytosis in the lung cancer cell line and HeLa cell.110 The later cells 

were applied to the internalisation study in Chapter 4. Typically, 15 nm Au NPs are 

relatively noncytotoxic111 and potentially have broad biodistribution.112 This diameter 

of Au NPs was selected as a suitable biocandidate in Chapter 3 and Chapter 4. As shown 

in Fig. 2.6(C) and Fig. 2.6(D), the colour of 15 nm Au NP solution is contributed mainly 

by a light absorption effect from LSPR.113,114   

B

A

Increasing size

External electric field

C
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According to Mie’s theory, the extinction cross section (𝐶𝑒𝑥𝑡) of a small nanoparticle 

(Size << wavelength of incident light) can be described by Equation 2.1:87,105  

𝐶𝑒𝑥𝑡  =  
24𝜋2𝛼3 𝑚

3/2

𝜆

𝑖(𝜆)

[ 𝑟(𝜆)+𝜒𝑠 𝑚]
2
+ 𝑖

2
                                      (2.1) 

Where 𝛼 is the radius of nanoparticles. 𝜆 represents the wavelength of incident light. 

휀𝑚  is the medium dielectric function, and 휀  = 휀𝑟  + 𝑖휀𝑖  describes the complex metal 

dielectric function. The dielectric constant of metal is strongly dependent on the 

wavelength, and has been experimentally determined by Johnson and Christy.115,116 𝜒𝑠 

accounts for a shape factor which is equal to 2 for spherical nanoparticles. The 

extinction coefficient (in M-1 cm-1) of nanoparticles can be represented by 

𝑁𝐴𝐶𝑒𝑥𝑡/2.303,117 where 𝑁𝐴 is the Avogadro’s constant. The parameter 𝐶𝑒𝑥𝑡 is a sum of 

the scattering cross section and absorption cross section. The light absorption acts as 

the only dominant term in determining the extinction spectrum when the diameter of 

Au NPs is less than 20 nm.106,113 These nanoparticles will start to resonant, if:87,105 

휀𝑟  = −2휀𝑚                                                                                      (2.2) 

This condition minimises the denominator in Equation 2.1. Therefore, the maximum 

𝐶𝑒𝑥𝑡 can be obtained. The combination of Equation 2.1 and Equation 2.2 highlights the 

importance of the local dielectric environment around Au NPs. These equations can 

determine the resonant condition as a function of 𝜆, which provides the fundamental 

information for the finite difference time domain simulation of Au NPs used in Chapter 

4. 

The plasmonic interactions can be revealed on a single metallic nanoparticle using 

electron energy-loss spectroscopy, which directly observes spectral and surface 

plasmonic changes at the vacuum state (Fig. 2.7(A)).118–121 The dark-field scattering 



50 
 

spectra can be also used to observe plasmonic changes of large individual 

nanoparticles.80 In proximity to the edge of nanoparticles, the surface plasmons 

concentrates the electromagnetic wave and generates the strong local near-field 

enhancement as shown in Fig. 2.7(B).105,122 This feature offers the opportunity for 

detection, such as surface enhanced Raman scattering and photoluminescence.123,124  

  
Figure 2.7 (A) The electron energy-loss spectroscopy data of silver nanoparticles was 

measured with a range of diameters. The inset pictures show the corresponding STEM 

images.119 (B) The electromagnetic field distribution of gold nanoparticles. E and k 

represent the electromagnetic field and wave vector of incident light, respectively. |E|2 

and |E0|2 represent the amplitude of local and incident electromagnetic field, 

respectively.122 

Most importantly, the sensitivity of local environmental changes also relies on the near-

field property of Au NPs and it gains the attention in theranostic research.49,125 The 

variation of refractive index around Au NPs can trigger LSPR peak wavelength shift. 

This is described by the Drude model:87,126,127 

𝜆𝑚𝑎𝑥 = 𝜆𝑝√2𝑛𝑚    2 + 12.2                                                               (2.3) 

(A) (B)
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Where 𝑛𝑚
     is the refractive index of the medium, and 휀  = 𝑛2. 𝜆𝑝  is the bulk metal 

plasmon wavelength for Au (131 nm).126 The selection of appropriate adsorbed species 

and solvents can give a strong impact on its optical property.116,117 The growth of 

copolymer shells around Au NPs is one of the major targets in Chapter 3 and Chapter 

4. The copolymer shell can increase 𝑛𝑚
     and lead to a red-shift of the resonant peak. 

Further control of shell composition and stimulus-responsiveness can determine their 

peak positions, which reveal the information of the local environment. This sensitivity 

to the refractive index makes Au nanomaterials ideal for sensing.49  
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2.2.2 Synthesis of gold nanoparticles  

A facile preparation of Au NPs was firstly introduced by Turkvich in 1951.128,129 He 

obtained a colloidal gold dispersion by mechanically stirring the chloroauric acid 

(HAuCl4) solution with different reducing agents. In his study, the addition of sodium 

citrate at boiling conditions provided the best colloidal gold and was analysed by TEM. 

These Au NPs had a consistent shape with highly controllable and reproducible 

properties. The citrate ions not only act as an efficient reducing agent, but also provide 

electrostatic stabilisation to the Au NPs.129,130 As shown in Fig. 2.8(A), a citrate ion 

layer is built up through the coordination of carboxylate groups on the gold surface. The 

interaction of such a coordination is weak ~ 2 kcal mol-1 (Au-OCOOH), and easily ligand 

exchanged by other molecules with high affinity for gold (thiol or amine).96,131 The 

actual binding modes of citrate ions are complicated and variable in dispersion.132 AI-

Johani introduced three possible coordinating patterns in the interaction with Au 

atoms,133 as illustrated in Fig. 2.8(B).  

 
Figure 2.8 (A) The citrate stabilising gold nanoparticle.134 (B) The potential binding 

modes of citrate ions on the gold surface.133 

Fren’s study concluded that the number of nuclei could be manipulated by varying the 

ratio between sodium citrate and HAuCl4.
135 The size of Au NPs was tuned from 147 

nm to 16 nm by steadily increasing the volume of sodium citrate at a fixed concentration 

(A) (B)

Au
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of AuIII. The results showed a good agreement with the nucleation-growth mechanism. 

In Fig. 2.9(A), the diameter of particle started to increase after reaching a molar ratio = 

3.5.136 Ji et al. found the initial colour change was retarded for high molar ratio 

synthesis.136 After examining the pH of the precursor, he concluded the change of the 

AuIII complex gave strong impacts to the nucleation process in the aqueous medium 

(Fig. 2.9(B)). 

 
Figure 2.9 (A) The diameter of gold nanoparticles changed with the molar ratio of 

sodium citrate to HAuCl4. A TEM image of gold nanoparticles was captured at molar 

ratio = 3.5.136 (B) The variation of solution pH with different molar ratios of the 

reactants. A range of AuIII complexes appeared as a function of pH. The increase of the 

reactivity is labelled by a black arrow. The most dominating species are highlighted in 

red.136 (C) The schematic illustration shows the formation of gold nanoparticles at ~ pH 

6 with a final diameter = 15.4 nm.137 

Turkvich method could be divided into a four-step process at pH ~ 6.137 As shown in 

Fig. 2.9(C), the conversion of AuIII to Au0 rapidly builds up small nuclei for the initial 

step. The nucleation is followed by the coalescence of these nuclei in step 2. Step 3 is a 

slow diffusional growth process due to the low concentration of AuIII in solution and 

the conversion of AuIII to Au0 acts as a rate determining step.137,138 The final step 

involves a fast consumption of the remaining AuIII. The size dispersity of the particles 

continuously reduced to a final value of 10% after completing step 4.137  

(A) (B)

(C)
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The Turkvich method is used for the study in this thesis. The facile synthesis, tuneable 

size, good dispersity and citrate stabilisation highlight its advantages for the subsequent 

particle surface modification and core-shell synthesis. Negatively charged citrate 

stabilised Au NPs is also compatible with an anionic NGs or MGs system employed. In 

Chapter 3 and Chapter 4, the synthesis of Au NPs was conducted at molar ratio = 4.1 

(pH ~ 6) following Turkvich method. The final diameter was around 15 nm and 

comparable to the work from Polte et al.  

2.2.3 Gold core-shell particle structure  

Core-shell nanoparticles are used in materials chemistry due to their highly tailorable 

properties.139 There have been several studies on making core-shell structures of Au 

NPs. Silica hard shells have been found as an effective material to provide a good 

photothermal stability on gold nanorods.140 The LSPR of Au NPs is tuneable by 

changing the thickness of the silica shell,141 which makes the core-shell particles 

flexible for biosensing and photothermal therapy. Such silica shells were further used 

as an effective spacer for the study of distance-dependent fluorescent process.91 The 

high sensitivity of local refractive index change can be also generated by a mesoporous 

silica shell in the detection of biological molecules.142 The successful investigation of 

silica gold core-shell structures helps to develop the smart products, and further extends 

the relevant structural research in other directions.   

The thermo/pH-responsive plasmonic effect can be added to Au NPs by growing a soft 

shell, which indicates a lot of potential for clinical treatments. Poly(NIPAM) is one of 

the polymer shells that have been extensively studied on Au NPs. When the temperature 

exceeds its lower critical solution temperature, poly(NIPAM) shells can change from 

hydrophilic to hydrophobic. The directional growth of the poly(NIPAM) shell has been 
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established by connecting a sulphur-containing initiator to the surface of Au NPs.143 

Atomic transfer radical polymerisation (ATRP) was subsequently carried out to build a 

brush-like core-shell structure. However, it is difficult to ensure an effective 

crosslinking network through this kind of growth. The study of layer-by-layer 

approaches also introduces a novel way to synthesise the poly(NIPAM) shell.144 The 

protocol employed showed that CTAB stabilised Au NPs were positively charged. A 

negative charged allylamine-containing polyacrylic acid was added onto the Au NPs by 

the electrostatic interaction. The attachment of vinyl group could finally facilitate the 

growth of the poly(NIPAM) shell.  

All the above poly(NIPAM) shell synthesis have used the relatively complicated 

methodologies and are difficult to use for the large-scale production. The precipitation 

polymerisation is an attractive approach for the crosslinked and responsive shell 

synthesis and may have the potential to solve these issues. This method potentially 

requires less synthesis steps and generates more efficient shell growth compared to 

other pathways (e.g. Layer-by-layer, ATRP).145–147 An early strategy employed 

precipitation polymerisation to pre-grow a thin polystyrene shell on the CTAB 

stabilised Au NPs.148 Such shells endowed the stability to Au NPs and provided a 

compatible surface for the subsequent polymerisation. The resultant particles had a 

well-defined core-shell structure with the thermo-responsive property. Later, the 

methodology was further improved by pre-functionalising Au NPs with the 

butenylamine instead of the polystyrene shell.149–151 The new functionalising agent 

provided a favourable surface for the adsorption of NIPAM monomer or oligomer 

which highly yielded core-shell particles without showing uncoated Au NPs (Fig. 

2.10(A)).   
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Figure 2.10 (A) The schematic depiction of precipitation polymerisation. The TEM 

image showed a well-defined gold-poly(NIPAM) core-shell product after applying the 

butenylamine in the functionalisation step.149 (B) The schematic depiction of the 

precipitation polymerisation by functionalising the Au NPs with a preformed copolymer. 

The TEM image showed a well-defined Au-poly(MEO2MA) core-shell particle 

product.152  

Apart from the poly(NIPAM), other monomers have also been applied to the core-shell 

structure synthesis using the precipitation polymerisation. As shown in Fig. 2.10(B), 

Guarrotxena et al. introduced a thiol-containing monomer 2-(acetylthio)ethyl 

methacrylate (AcSEMA),153 which can self-attach to the Au NP surface due to the 

strong interaction between thiol and Au.152 AcSEMA was used for the synthesis of 

copolymers with 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA) by ATRP 

process. Such a new copolymer successfully mimicked the surface of the colloidal seed 

before the polymerisation. As a result, the precipitation polymerisation also proceeded 

the thermo-responsive poly(MEO2MA) shell growth. In this thesis, a pH-responsive NG 

shell was grown around Au NPs by appropriately controlling the surface hydrophobicity 

and reaction conditions. The successful synthesis can realise enhanced colloidal 

stability, tuneable LSPR and potential pH-responsive plasmonic effect as shown in 

Chapter 3 and Chapter 4.  

(B)

(A)

http://pubs.acs.org/author/Guarrotxena%2C+Nekane
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2.3 Background of Microgels 

MGs are crosslinked colloidal polymer particles which can swell in a good solvent, or 

with the presence of stimuli.154–156 The term “microgel” was first introduced by Baker 

for crosslinked polybutadiene particles in 1949.157 MGs allow the entrapment of solvent 

or solute in the swollen network158–160 in contrast to other dense structures, such as silica 

or metallic particles. As shown in Fig. 2.11, the schematic cartoon exhibits the MGs as 

a core-corona model, which possesses the loosely connected polymer chains after 

swelling.161 This swelling relies on the composition of MGs and can be manipulated by 

a range of stimuli,162–164 such as temperature, pH and light. The size of these crosslinked 

colloidal polymers is also highly scalable in the synthesis. MGs have a diameter up to 

the micrometre-range. Smaller gel particles are less than 100 nm and are usually 

described as nanogels (NGs).165 The soft, permeable and functionable features165,166 of 

these particles facilitate their use in a wide range of applications, including as colloidal 

building blocks,155 purification,167 food science,168 drug delivery169 and solar cell 

fabrication.170 In both industrial and biomedical fields, the MGs and NGs are attractive 

because of their large specific surface area, colloidal stability and ease of 

fabrication.165,169 The highly tailorable composition, encapsulation capabilities, 

swellability and injectability highlight their advantages in the design of therapeutic 

dispersions.171–174  

 
Figure 2.11 In silico MGs exhibit a volume phase transition from swollen to 

compact.161 
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2.3.1 pH-responsive microgels 

Stimuli-responsive MGs are classified as a “smart” material, which are sensitive to the 

change of the environment.164 Thermo- or pH-responsive MGs attract a lot of interest 

due to their facile control over swelling and deswelling behaviours at physiological 

conidtions.166,169 The incorporation of ionic side groups can endow a pH-responsive 

property to MGs. These particles tend to swell or de-swell when the pH approaches pKa 

in the solution.154 Either anionic or cationic systems can be prepared varying the 

composition of crosslinked polymers toward different preferable applications.169,175,176 

In the Saunders’s group, a wide range of pH-responsive NGs or MGs has been reported 

and explored for potential biomedical applications.71,159,160,177–181 Two systems of 

poly(ethyl acrylate-methacrylic acid-1,4-butanediol diacrylate) and poly(methyl 

methacrylate-methacrylic acid-ethylene glycol methacrylate) intra-crosslinked 

colloidal polymers were able to form the free-standing physical gel at high pH upon 

swelling, and further inter-crosslinked to form a load-bearing chemical gel as illustrated 

in Fig. 2.12.178 This study introduced the injectable doubly crosslinked MG system as a 

potential solution for IVD repair.71,72,178  In order to avoid invasive surgery, the 

injectable hydrogel has been studied and developed to locally replace nucleus pulposus 

over past decades.182–184 The adjustable swelling behaviours and mechanical properties 

make MGs an excellent candidate for a load-bearing substitute. Several types of 

hydrogels have been tested in developing therapeutic solution for DIVD, such as 

chitosan based hydrogels, hyaluronan-based hydrogels and synthetic gels.185–188 To 

restore the function of IVD, it is necessary to meet several requirements in the selection 

of gels. The materials should be biocompatible, injectable, and be able to be solidified 

immediately after the injection without leakage. Acceptable mechanical and swelling 

properties should be achieved at the physiological environment under the loading 
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condition.184 The doubly crosslinked MG system is one of the most successful 

candidates, which potentially meet all the requirements in this application.71,72,178 (It has 

now entered clinical trials) The published results showed methyl methacrylate and 

methacrylic acid-based doubly crosslinked MGs successfully improved the modulus, 

toughness and compressive resilience in the degenerated bovine bone IVD.72 Moreover, 

the injectable single crosslinked gel can readily form the doubly crosslinked gel, which 

did not show any indications of redispersion.  

  

Figure 2.12 The schematic depiction of the formation of single crosslinked MG and 

doubly crosslinked MG using the pH-responsive MG.178 

However, most doubly crosslinked MGs were not stretchable, and could fracture at the 

inter-MGs crosslinks. The study of pH-triggered polyacid nanoparticle disassembly 

showed the removal or decrease of intra-MGs crosslinks could enhance the 

stretchability to ~ 420%.189 The improvement was caused by increasing the average 

number of segments between crosslinks. Some MG studies also showed the 
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stretchability and toughness can be further improved by introducing a matrix phase and 

interpenetrating polymer networks through the swollen MGs.190,191 The matrix phase 

(polyacrylamide) was constructed by UV polymerisation, and the chain entanglement 

within MGs acts as additional physical crosslink sites. In Chapter 5 of this study, I 

introduce a new strategy to improve the stretchability and multifunctionality of pH-

responsive anionic MGs based gels using physical crosslinking with a cationic polymer. 

Different curing temperature is shown to alter the number density of elastically effective 

ionic crosslinks, which determines the modulus and stretchability of this new gel. 

Tensile measurements revealed the temperature dependent mechanical properties in 

Chapter 5. The difference can be explained by a rubber elasticity theory (below). 

In a three-dimensional network of rubber-like material, an elastic polymeric system can 

be constructed by incorporating crosslinks with the high degree of flexibility.192,193 

Goodyear firstly introduced such a system through vulcanisation in 1839.194 According 

to Kuhn, the elastic modulus (E) of a crosslinked polymer for the small deformation can 

be described as:195–197     

𝐸 =  
3𝜌𝑝𝑅𝑇

�̅�𝑐
                                                                              (2.4) 

Where 𝜌𝑝 is the density of the polymer, R is the gas constant and T is the temperature. 

�̅�𝑐 stands for the number averaged molecular weight between consecutive crosslinks. 

If elongation is considered in the analysis, the equation can be expressed as:195 

𝐸 =  
𝜌𝑅𝑇

�̅�𝑐
(1 +

2

𝛼𝑒
3)                                                                 (2.5) 

Where 𝛼𝑒  is the extension ratio of the polymer. Both Equation 2.4 and 2.5 clearly 

exhibit the impact of �̅�𝑐 on the modulus for a crosslinked material. The increase of 

crosslinks lowers �̅�𝑐, which results in the increase of elastic modulus. The theory also 
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applies in the analysis of hydrogel networks, including various types of 

crosslinks.178,179,198 

At the cellular level, pH-responsive NGs also act as a powerful bio-candidate for cancer 

therapy and drug delivery. Both natural derived and synthetic polymers have been 

widely investigated for the smart design of NGs. Song et al. reported a chitosan based 

pH-responsive NGs for the antitumor treatment.199 Two oppositely charged chitosan 

derivatives were used to construct the network of NGs by electrostatic interactions (Fig. 

2.13(A)). After the UV irradiation, a drug loaded solubilising excipient was crosslinked 

into the NGs. In a weak acidic tumour microenvironment, these NGs were disintegrated 

due to the protonation of -COO- groups and the repulsive force from positively charge 

groups. As a result. the loaded drug could be spontaneously released to tumour sites 

through the blood circulation. Similar pH-triggered strategies has been also applied to 

a range of swellable NGs, such as poly(methyl methacrylate-methacrylic acid),200,201 

poly(N-isopropylacrylamide-co-acrylic acid),202–204 polypeptide205–207 and poly(2‐

diethylaminoethyl methacrylate)208–210 NGs. Wu et al. also reported a sensing design of 

pH-responsive hydroxypropylcellulose poly(acrylic acid) NGs (Fig. 2.13(B)).211 The 

particles showed the reversible swelling and shrinking transition in a size range between 

~ 30 nm and ~ 100 nm. The incorporation of fluorescent quantum dots endowed these 

NGs with imaging and sensing properties, which may facilitate the pH-regulated 

systems for cancer therapy. As reported in the previous study, methyl methacrylate and 

methacrylic acid based NGs showed non-cytotoxicity and good swellability in the 

construction of injectable load-bearing hydrogels.181 Herein, the combination of Au NPs 

and those swellable NGs should also provide the opportunity in developing a theranostic 

system at cellular level. In Chapter 4, I describe the feasibility of pH-triggered 

intracellular imaging in HeLa cells using the pH-responsive core-shell particles. 
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Figure 2.13 (A) Two modified oppositely charged chitosans for constructing pH-

responsive NGs.199 (B) A design of hydroxypropylcellulose-poly(acrylic acid)-CdSe 

hybrid NGs for drug delivery, sensing and imaging.211   

2.3.2 The swelling of microgel particles 

The swelling process for MGs is driven by the difference of osmotic pressures between 

the internal and external environments of the particles.212 According to Flory−Huggins 

thermodynamic theory,212,213 the net equilibrium of osmotic pressure inside the gel 

particles can be expressed as:213 

Π𝑡𝑜𝑡𝑎𝑙 = Π𝑚𝑖𝑥 + Π𝑒𝑙𝑎𝑠                                                     (2.6) 

Where Π𝑚𝑖𝑥  represents the solvent-polymer mixing contribution inside the crosslinked 

polymer, and Π𝑒𝑙𝑎𝑠 represents the elasticity which constrains the network. Π𝑡𝑜𝑡𝑎𝑙  is the 

total osmotic pressure of the polymeric network. When Π𝑡𝑜𝑡𝑎𝑙 is equal to zero, the 

equilibrium condition is achieved upon the swelling or deswelling of MG particles. 

However, Equation 2.6 should be modified if the ionic polymer is involved in the 

study.214,215 The mobile counter ions of polymer generate a new term as shown in 

below:214–216 

Π𝑒𝑥𝑡 =  Π𝑚𝑖𝑥 + Π𝑒𝑙𝑎𝑠 + Π𝑑𝑜𝑛                                     (2.7) 

Where Π𝑑𝑜𝑛 is a Donnan equilibrium term,212,215 and stands for the osmotic pressure 

from the counterions on the gel-solvent interface.217 The new equation takes the ions 

(A) (B)
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into the consideration.214,216 The equations could be further modified if electrostatic 

interactions and salt media are considered.215 

Π𝑚𝑖𝑥 and Π𝑒𝑙𝑎𝑠 can be shown as:214,216,217 

Π𝑚𝑖𝑥 = −
𝑁𝐴𝑘𝑇

𝑣𝑠
 [𝜙 + ln(1 − 𝜙) +  𝜒𝜙2]                    (2.8) 

Π𝑒𝑙𝑎𝑠 =  
𝑁𝑐𝑘𝑇

𝑉0
 [

𝜙

2𝜙0
− (

𝜙

𝜙0
)
1/3

]                                       (2.9) 

Π𝑑𝑜𝑛 = 
𝑓𝑁𝑐𝑘𝑇

𝑉0
 
𝜙

𝜙0
                                                           (2.10) 

Where 𝑁𝐴 and 𝑘 are the Avogadro number and Boltzmann constant, respectively. 𝑁𝑐 

stands for the effective number of polymer chains in the gel volume. 𝑉0 and 𝑣𝑠 represent 

the collapsed volume of MGs and molar volume of solvent, respectively. 𝜙0  is the 

volume fraction of polymer in the collapsed state, and 𝜙 is the volume fraction in the 

swollen state. T is the temperature. 𝑓 is the number of counterions per chains, which 

describes the contribution of ionic group in MGs. 𝜒  is the Flory polymer-solvent 

interaction parameter. The conformation of polymer chains converts from a compact 

globule to an extended coil, when 𝜒 is lower than 0.5.216,217  
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2.3.3 Free-radical polymerisation 

Free-radical polymerisation is a chain reaction of monomers. The basic mechanism was 

first introduced and developed in the 1940s and 50s.218 The polymerisation begins with 

the generation of free-radicals. Free-radicals are the atoms or molecules or ions with a 

unpaired electron. They are highly reactive and short-lived, which are responsible for 

creating the “active centre” in the double carbon bonds containing compound.219,220 

Free-radical polymerisation can be divided into three steps, which are initiation, 

propagation and termination processes. Acrylic monomers could be favourably used in 

the construction of pH-responsive MGs or NGs for both load-bearing materials and pH-

triggered therapies as shown in Section 2.3.1. Methyl methacrylate, which is used here, 

is also suitable for making bone cements and dental appliances.221–224 This thesis 

involves the theranostic development of these acrylates, which requires the synthesis of 

MGs or NGs using a pH-responsive formulation (e.g. poly(methyl methacrylate-

methacrylic acid-ethylene glycol methacrylate)225). Conventional emulsion 

polymerisation is selected to prepare the stable colloidal dispersion in an aqueous 

medium.226 In this kind of synthesis, persulfate compounds act as a common water-

soluble initiator for a range of latex, MG and core-shell particle preparation.226–230  

The initiation step describes the formation of free radicals at the beginning of 

polymerisation. Free radicals can be formed through either homolysis or redox reaction. 

They require the heat or radiative energy to trigger the reaction based on different types 

of initiators.220  Here, a thermal initiator and strong oxidising agent, ammonium 

persulfate (APS) is used to synthesise swellable polymer shells or colloids in Chapter 3 

to 5. This initiator and a tetramethylethylenediamine catalyst have been widely used 

together to prepare different hydrogels at relatively low temperature.181,231–234 In MGs 
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synthesis, persulfate can be thermally degraded into free-radicals at elevated 

temperature, as shown in Fig. 2.14. 

(A)  

(B)  

(C)  

Figure 2.14 (A) & (B) The persulfate ion shows the generation of free radicals through 

two different pathways at the initiation step. (C) The sulfate radical anion attacks the 

monomer through direct addition.218  

Subsequently, the radicals attack the carbon double bonds of monomers which are 

relatively weak. The breakage of double bonds creates a “active centre” in the 

neighbouring atom.218,220 An example is shown in Fig. 2.14, a sulfate radical can react 

with a monomer. As a result, a radical anion is formed through direct addition.218 The 

concentration of initiators, [𝐼] is an important factor in determining the rate of initiation, 

which can be expressed as:218,220 

𝑅𝑖 = 2𝑘𝑑𝑓𝑖[𝐼]                                                                    (2.11) 

Where 𝑅𝑖 is the rate of initiation and 𝑘𝑑 is rate coefficient for initiator dissociation.  𝑓𝑖 

stands for initiator efficiency, which can decrease with conversion. In order to avoid the 

inhibition effect,  

The previous “active centre” of monomers start to grow with the feeding of monomers.  

A chain reaction is built up by continuous relocation of the “active centre”, and it is a 

rapid and controllable process.220 As shown in Fig. 2.15, the growth of polymers can be 

either head to tail or head to head addition during the propagation step. 
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Figure 2.15 The growth of polymer chain in the propagation step with head to tail 

addition and head to head addition.218  

The growth kinetics depends on the concentration of monomers and “active centre”. 

The reactivity of the propagation can be described by the equation:218,220  

𝑅𝑝 = 𝑘𝑝[𝑃 •][𝑀]                                                              (2.12) 

Where 𝑅𝑝  is the rate of propagation. [𝑃 •]  and [𝑀]  stand for concentration of 

propagating radicals and monomers, respectively. 𝑘𝑝  is the rate coefficient for 

propagation, which could be affected by the length of polymer chain.218 As shown in 

early research178,225 and Chapter 3 to 5, a series of methacrylates and acrylates were 

used to synthesise pH-responsive MG or NG components. The head to tail addition is 

statistically favourable in the propagation growth of acrylate polymers.235 The addition 

of polymer chains is less sterically hindered at the β carbon.236–238 In addition, free-

radicals can be more stabilised at the α carbon, which show hyperconjugation and 

conjugation effects with the substituted groups (e.g. alkyl groups and carbonyl 

linkage).236–238 Therefore, the reactivity of monomers and polymeric radicals also relies 

on their structures.220 The copolymerisation can be easily controlled by the monomers 

with similar reactivity (methacrylates and acrylates are used to prepare NGs or MGs in 

this thesis). 
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Termination can occur between two radicals-containing polymer chains. It stands for 

the end of polymerisation. Combination and disproportionation are two standard 

pathways to bring the radical form of polymer chains back to its bonding state, as shown 

in Fig. 2.16. Both pathways could occur simultaneously in the termination step. 

Substantial disproportionation likely appears in the polymerisation of methyl 

methacrylate. Sometimes, the inhibitor can be also used to selectively terminate the 

growth of polymers.     

 

Figure 2.16 The end of polymerisation in the termination step with combination and 

disproportionation pathways.218 

The rate (𝑅𝑡)  and rate coefficient (𝑘𝑡) of termination are calculated based on the sum 

of the rate coefficient for combination (𝑘𝑐) and disproportionation (𝑘𝑑𝑝), as shown 

below:218,220  

𝑘𝑡  =  𝑘𝑑𝑝  + 𝑘𝑐                                                                (2.13) 

𝑅𝑡 = 2𝑘𝑡[𝑃 •]
2                                                                      (2.14) 

If the steady-state and long chain are assumed in the polymerisation, the generation and 

consumption of the free radical are constant. Then, Equation 2.15 can be further 

expressed as:218,220  

𝑅𝑝 = 𝑘𝑝 (
𝑘𝑑𝑓𝑖

𝑘𝑡
)
0.5

[𝐼]0.5[𝑀]                                                    (2.15) 
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2.3.4 Emulsion polymerisation 

A conventional emulsion polymerisation is used to prepare MGs in Chapter 3 and 

Chapter 5. Emulsion polymerisation acts as a common method for the formation of 

polymer latex, which is applied to a wide range of applications due to the simplicity, 

high reaction rate and low viscosity of the polymerisation.239,240  The method was first 

introduced as an industrial scale production in mid-1930s.226 The reaction proceeds in 

an aqueous continuous phase with low water-soluble monomers, water-soluble 

initiators and emulsifiers (surfactants).239–241 The formation of colloids follows the 

classic nucleation and growth processes based on the free-radical polymerisation 

mechanism with an oil-water interface.  

The addition of surfactants enhances the stability of polymer colloids during the 

emulsion polymerisation. The stabilisation could be either ionic or non-ionic. When the 

quantity of surfactants exceeds the critical micelle concentration (CMC), the micelles 

will form in the solution.226 These micelles act as effective nucleation sites for the 

polymer particles.226 In an emulsified system, the monomers could be distributed to the 

emulsified monomer droplet and monomer swollen micelles or dissolve in the aqueous 

phase. As shown in Fig. 2.17, the micellar nucleation model can be divided into three 

intervals: (I) Nucleation of monomer-swollen micelles, (II) Growth of latex particles 

and (III) Consumption of residual monomer.226,239  
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Figure 2.17 The formation of a polymer colloid based on the micellar nucleation model 

with three intervals.239 

In interval I, the monomer-swollen micelles and free radicals are formed in water. As a 

result of their high oil-water interfacial areas, these micelles capture the free radicals or 

oligomeric radicals and gradually transfer to particle nuclei by the polymerisation.239 

Less surfactants in solution will generate larger and narrower particle size distributions 

at the nucleation step.239 After the exhaustion of monomer swollen micelles, the 

surfactant adsorbed monomers droplet acts as a reservoir to continuously enable the 

growth of particle nuclei in interval II. The number of nuclei remains constant and the 

growth relies on the rapid diffusion of monomers from the droplet. In Fig. 2.18, the 

polymerisation rate becomes relatively steady due to the constant monomer 

concentration within the particles.239,240 When all the monomer droplets are exhausted, 
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the particles will consume all the remaining monomers, which result in a decrease of 

the polymerisation rate in interval III. 

 

Figure 2.18 The emulsion polymerisation rate as a function of monomer conversion 

with three intervals.239 

When the quantity of surfactants is lower than the CMC, emulsion polymerisation may 

undergo homogeneous nucleation.226 The radicals can react with monomers and 

produce water-soluble oligomeric radicals. The solubility of theses oligomers is limited 

and they precipitated after a period of growth. The surfactant can stabilise the 

precipitates and particle growth can proceed continuously with effective monomer 

adsorption. The small size precipitates may also aggregate together to form a mature 

particle, which is large enough to take up the monomers.226 
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2.3.5 Colloidal properties and stability 

A colloidal dispersion describes a two-phase system, where the dispersed phases (βi) 

show Brownian motion and can be distributed uniformly in a continuous phase (αi) as 

shown in Fig. 2.19.242,243 The dispersed phase is usually 1 nm – 10 μm in size and are 

droplets, bubbles or particles.243 They accommodate a range of shapes and applications 

through daily life.244–246 The dimensional effect and the high surface-to-volume ratio 

make the particles perform different properties compared to their bulk states. Examples 

of colloids are the aqueous dispersions of Au NPs and MG or NG particles in this thesis. 

 

Figure 2.19 The schematic depiction of the dispersed phase (βi) and the continuous 

phase (αi).
243 

There are different types of forces around the particles, which can determine the 

property and stability of colloidal dispersions. Normally, the presence of inertial forces 

(negligible for small colloidal particles247), external field forces, shear forces, inter-

particle forces and interfacial tension together describe the state of a dilute colloidal 

dispersion.243 The inter-particle force is a key parameter controlling the colloidal 

stability of charged particles. The study of a long-range repulsive forces (overlap of 

electrical double layers) and a short-range attractive force (London-van der Waals 

forces) give the fundamental understanding of well-dispersed particles.248 The study is 

ᵅi

ᵝi
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known as Derjaguin–Landau–Verwey–Overbeek (DLVO) theory.249,250 The imbalance 

of these inter-particle forces can cause direct aggregation by short-range 

thermodynamic interactions.251  

2.3.5.1 Van der Waals force 

The van der Waals force describes the emergence of attractive intermolecular force as 

a result of dipole formation, when two particles are close to each other.252 Keesom 

interactions (permanent dipole-permanent dipole), Debye interactions (induced dipole-

permanent dipole) and London dispersion forces (fluctuating dipoles) are three types of 

van der Waals force.252,253 An instantaneous fluctuating dipole formation gives rise to 

the attractive interaction between two particles. This process has been theoretically 

investigated by Hamaker254 and de Boer.255 If two spherical particles have the same 

radius (𝑎) with a small separation (𝐻), this attractive interaction energy (𝑉𝐴) can be 

expressed as:248,253 

𝑉𝐴 = −
𝐴𝑒𝑓𝑓

12
[

1

𝑥(𝑥+2)
+

1

(𝑥+1)2
+ 2 𝑙𝑛

𝑥(𝑥+2)

(𝑥+1)2
]                             (2.16) 

𝑥 =  
𝐻

2𝑎
                                                                              (2.17) 

Where 𝐴𝑒𝑓𝑓 is the effective Hamaker constant. If these particles meet the requirement 

of 𝐻 << 𝑎 (i.e. 𝑥 << 1), Equation 2.16 can be further simplified as:248,253 

𝑉𝐴 = −
𝐴𝑒𝑓𝑓

12
∙
1

2𝑥
= −

𝐴𝑒𝑓𝑓𝑎

12𝐻
                                                       (2.18) 

According to Equation 2.18, the attractive interaction between particles is dependent on 

𝐴𝑒𝑓𝑓 , which is controlled by the electronic polarisability and the density.248 The 

calculation of 𝐴𝑒𝑓𝑓 needs to consider the sum of interactions among particle-to-particle, 

particle-to-medium and medium-to-medium, with particle 1, particle 2 and medium 3 
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as illustrated in Fig. 2.20. The Hamaker constants (𝐴) of these interactions are 𝐴13 , 𝐴23 , 

𝐴12 , and 𝐴33  (or 𝐴3). The replacement of particle-medium interactions (𝐴13, 𝐴23) could 

be required, if the particles are closer to each other. Therefore, the 𝐴𝑒𝑓𝑓 can be described 

as:248,256 

𝐴𝑒𝑓𝑓 = 𝐴12 + 𝐴33 − 𝐴13 − 𝐴23                                            (2.19) 

The Hamaker constant of the interaction between different phases is estimated by the 

geometric means.248,256 When the same type of materials (particle 𝐴1 = 𝐴2) dispersed in 

the medium 3, Equation 2.19 becomes: 

𝐴𝑒𝑓𝑓 = (√𝐴1 − √𝐴3)
2
                                                           (2.20)     

Usually the Hamaker constant has a magnitude of around 10-19 – 10-20 J.248,253,256 The 

positive value of 𝐴𝑒𝑓𝑓  represents the inherent attractive interaction of particles in 

dispersion. In Chapter 3, 𝐴𝑒𝑓𝑓 values were calculated for both Au NP and core-shell 

dispersions. The calculated values are used to support an explanation of an enhanced 

colloidal stability in the core-shell particles.  

 

Figure 2.20 The interaction among particle 1, particle 2 and medium 3, with the 

corresponding Hamaker constants.256 
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2.3.5.2 Electrical double layer 

Besides the attractive van der Waals force, charged colloidal particles develop an 

electrostatic repulsion in polar media, such as water. Ionisation or dissociation of 

surface groups and adsorption of ions are two common routes to generate the surface 

charges on particles. Representative examples of MG particles (carboxylic acid group 

incorporated copolymer) and Au NPs (citrate ions stabilising layer) are introduced in 

this thesis. These particles can interact and redistribute the ions around the charged 

surface, where they repel co-ions and attract counterions in the medium. As shown in 

Fig. 2.21, this redistribution of ions builds up a hierarchical structure, called an electrical 

double layer.248,252,257   

 

Figure 2.21 The structure of electrical double layer for a negatively charged particle, 

showing the corresponding electrical potentials as a function of distance from the 

particle surface.258 
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As described by Stern in 1924,259 the ion distribution can be divided into a Stern layer 

and a diffuse layer near the particle surface. The Stern layer is constructed by 

accumulative counterions, which are closely adsorbed on the particle surface. The 

diffuse layer contains a mixture of counterions and co-ions. The configuration of the 

diffuse layer can be affected by the electrical force and random thermal motion.248 The 

surrounding mobile ions with a particle will form an integral structure and move 

together in the medium. The boundary of this structure is defined by the slipping plane 

(shear plane).248,260 The zeta potential of the particles can be acquired from this slipping 

plane, which is a valuable parameter for the analysis of colloidal stability and charges. 

The electrical potential is a maximum over the particle surface and exponentially drops 

toward the outer region as a function of distance. A characteristic distance 1/κ (Debye 

length) describes the “thickness” of the diffuse double layer,248,253 which largely relies 

on the electrolyte concentration. The Debye length can be determined by:261,262  

𝜅−1 = ( 𝑚 0𝑘𝐵𝑇

2𝑒2𝑧2𝑐𝑒
)
1/2

                                                                                    (2.21) 

Where 𝐶𝑒 is the concentration of the electrolyte in solution. e is the charge of an electron. 

z is the valence of the ion species in solution. 휀𝑚 and 휀0 represent the permittivity of the 

medium and free space, respectively. 𝑘𝐵  is the Boltzmann constant and T is the 

temperature. Overlapping of electrical double layers occurs between two spherical 

particles as they approach one another. The process generates a repulsive interaction 

due to the increased concentration of ions. For particles with constant surface potential 

and separation H, such that 𝑒𝑥𝑝(−𝜅𝐻) << 1, the repulsive interaction energy can be 

expressed as:248,253  

𝑉𝑅 = 2𝜋휀𝑚𝑎𝛹𝛿
2𝑒𝑥𝑝(−𝜅𝐻)                                                                        (2.22) 
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Where 휀𝑚 is the permittivity of the medium and 𝑎 is the radius of the spherical particle. 

𝛹𝛿  stands for the Stern potential. 

2.3.5.3 Total potential 

The total interaction energy (𝑉𝑇 ) can be calculated as a sum of the repulsive and 

attractive interaction energies (𝑉𝑅  and 𝑉𝐴) between two identical particles (spheres), as 

described by the DLVO theory:248,253,256 

𝑉𝑇(𝐻) =  𝑉𝑅(𝐻) + 𝑉𝐴(𝐻)                                                         (2.23) 

The resultant potential energy curve exhibits several characteristic features including a 

maximum, a primary minimum and a secondary minimum as shown in Fig. 2.22(A). 

For large particles (approximately > 10 nm), a secondary minimum may develop due to 

the weak repulsive potential or high electrolyte concentration.248,253,256,260 When the 

depth of this minimum is comparable to the thermal energy (described by 𝑘𝐵 T), 

flocculation may occur between the particles.248 If two particles continuously approach 

each other, a repulsive energy maximum appears in the total potential curve. This 

maximum acts as the energy barrier to prevent particles from coagulating. Here, the 

electrostatic interaction is dominant in a stable colloidal dispersion. The Debye length 

and Stern potential determine the magnitude of this maximum.248 In other words, the 

energy barrier is also controlled by the electrolyte concentration. If the thermal energy 

of particles overcomes the energy barrier, a dramatic increase of attractive interaction 

will cause the irreversible aggregation with further reduction of H. This process is called 

the reaction limited aggregation.262 As shown in Fig. 2.22(B), the continuous addition 

of electrolytes keeps decreasing the maximum of the total potential curve. As a result, 

reaction limited aggregation shifts to diffusion limited aggregation at the vanishing 
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point of the energy barrier. The interaction potential becomes completely attractive in 

such circumstances. 

 

Figure 2.22 (A) The interaction energy curve of two identical particles (spheres) 

changes as a function of separation.256 (B) The total interaction potential changes with 

the electrolyte concentration.247 

2.3.5.4 Steric stabilisation 

Some dispersions maintain their colloidal stability in the absence of the electrical double 

layer. Usually, steric stabilisation gives additional protection to these dispersions. Such 

stabilisation was applied to store ink (carbon black particles) by mixing with a natural 

polymeric solution (casein or gum Arabic) in ancient times (2500 BC).263,264 Polymeric 

structures and macromolecules can generate this stabilising mechanism through the 

extension of their chains.248,265 When the particles approach each other, the 

interpenetration of polymeric chains may occur after the collision. However, the process 

can be unfavourable or reversible, if the Gibbs free energy is positive due to the release 

of solvent molecules (change in enthalpy) and the change of configuration freedom 

(change in entropy) in polymeric chains.248,265 The presence of this steric repulsive force 

maintain a well-dispersed state for these particles. In addition, the elastic repulsion 

(entropy-based) responses to the compressive change may also contribute to the 

(A) (B)
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stabilising mechanism for the soft periphery.248,263,265,266 Steric stabilisation is less 

sensitive to electrolyte concentration in contrast to electrostatic stabilisation.248,264 For 

some MGs, the coexistence of both mechanisms gives rise to electrosteric stabilisation 

in the dispersion.154,267 The pH-responsive MGs contain electrosteric stabilisation due 

to their chain-like periphery, ionic charged groups and swollen state at high pH. The 

swollen MG particles reduce the effective Hamaker constant, which makes it 

comparable to the value of surrounding solvent and 𝐴𝑒𝑓𝑓 approaches zero. This effect 

also lowers the attractive interaction between particles.154,268    
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2.4 Instrumentation 

2.4.1 Potentiometric titration 

In the study of anionic MGs, potentiometric titration was applied to measure the pKa 

and the molar content of charged groups using a strong base.169,179,216 The pKa describes 

the ionisability of carboxylic acid groups in aqueous MG dispersions.269 These polyacid 

groups are weak acids. In a weak acid reaction, the dissociation of RCOOH can be 

expressed following the Henderson–Hasselbalch Equation:160,270,271 

RCOOH + H2O ⇌ RCOO− + H3O
+                                           (2.24) 

𝐾𝑎 =
[H3O

+][RCOO−]

[RCOOH]
                                                         (2.25) 

Where 𝐾𝑎  is the dissociation constant. [H3O
+][RCOO−]  and [RCOOH] represent the 

concentrations. When pH = −𝑙𝑜𝑔 [𝐻+]  and 𝛼𝑖𝑜𝑛  is the degree of ionisation 

([RCOO−]/([RCOO−]+[RCOOH])), the equation can be further expressed as:272 

pH = p𝐾𝑎 + 𝑙𝑜𝑔 
[RCOO−]

[RCOOH]
= p𝐾𝑎 + 𝑙𝑜𝑔 

𝛼𝑖𝑜𝑛

1−𝛼𝑖𝑜𝑛
                                 (2.26) 

According to Equation 2.26, 50% degree of ionisation is recognised as a stoichiometric 

inflection point (equivalence point), where pH = p𝐾𝑎 can be extracted from the titration 

data curve. p𝐾𝑎 indicates an intermediate swelling point for pH-responsive MGs. The 

control of swelling is important to meet criteria for MG applications, such as 

physiological pH-triggered gelation.165,187 As shown in Fig. 2.23, the titration data of 

multiple pH-responsive MGs was acquired using strong base. These poly(1,3-

butadiene-methacrylic acid) MGs gave different swelling p𝐾𝑎  by altering the 

composition during the synthesis.160 Increasing methacrylic acid content (6 wt% - 20 



80 
 

wt%) lowered the p𝐾𝑎  from 10 to 8.8 in MG dispersions, and pure linear 

poly(methacrylic acid) had the lowest p𝐾𝑎  ~ 6. The change of inter-segment MG 

hydrophobicity could be one of reasons for their differences. If the solid content of MG 

dispersions is known, the molar content of -COOH can be also calculated based on the 

recorded volume of strong base at 100% neutralisation. In the study of doubly 

crosslinked MGs, the modified groups were quantified by the difference of -COOH 

content before and after glycidyl methacrylate functionalisation.72,180 This method 

provided a fast and simple way to estimate the number of non-charged functionalised 

groups on pH-responsive MGs. In Chapter 5, potentiometric titration is used to obtain 

the p𝐾𝑎 and acidic group content in pH-responsive MG dispersions.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

 

Figure 2.23 Potentiometric titration data of poly(1,3-butadiene-methacrylic acid) MGs, 

poly(ethyl acrylate-methacrylic acid-1,4-butanediol diacrylate) MGs and 

poly(methacrylic acid).160  

 

2.4.2 Dynamic light scattering 

Dynamic light scattering (DLS, also known as photo correlation spectroscopy) is an 

important size measurement technique for the analysis of colloidal particles.273 These 

fine suspensions show Brownian motion.274  A laser source generates coherent 
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monochromatic radiation, which is effectively scattered (Fig. 2.24(A)). The change of 

the relative position of particles interferes with the travel distance of scattered light to 

the detector. Therefore, the fluctuated light intensity is detected as a result of the random 

movement of particles. The principle of DLS relies on monitoring the time dependent 

change of signal, which indicates the importance of the particle diffusion rate. Small 

particles diffuse faster than large particles, so their intensity signals fluctuate more 

rapidly as shown in Fig. 2.24(B).274 The information can be quantitatively analysed 

using a signal processing technique, called autocorrelation. The normalised intensity 

correlation (g2(𝜏)) function can be expressed by:275,276 

g2(𝜏) =
〈𝐼(𝑡)𝐼(𝑡+𝜏)〉

〈𝐼(𝑡)〉2
                                                                 (2.27) 

Where 𝐼(𝑡) represents the scattered intensity at time t, and 𝐼(𝑡 + 𝜏) is the signal after a 

delay time 𝜏. In addition, an electric field correlation function can be applied to describe 

the motion of particles relative to each other through the medium. The normalised 

electric field correlation function is expressed as:275,276 

g1(𝜏) =
〈𝐸(𝑡)𝐸(𝑡+𝜏)〉

〈𝐸(𝑡)𝐸(𝑡)〉
                                                                (2.28) 

Where 𝐸(𝑡)  and 𝐸(𝑡 + 𝜏)  account for the scattered electric field at 𝑡  and 𝑡 + 𝜏 , 

respectively. Two correlation functions (g1(𝜏) and g2(𝜏)) can be connected using the 

Siegert relationship if photon counting is a random Gaussian process and only scattered 

light can be recorded at the detector.277 Then, the two correlation functions are related 

as:275,276 

g2(𝜏) = 1 + 𝛽|g1(𝜏)|
2                                                           (2.29) 
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Where 𝛽  is a constant determined by the experimental conditions (detector areas, 

optical alignment, scattering properties of particles).277 If a monodisperse suspension is 

analysed and the movement of particles follows Brownian diffusion, the g1(𝜏) will 

decay exponentially as:275,276 

g2(𝜏) = 1 + 𝛽𝑒𝑥𝑝(−2𝛤𝜏) = 1 + 𝛽𝑒𝑥𝑝(−2𝐷𝑞2𝜏)                (2.30) 

Where 𝛤 is the decay constant and equal to 𝐷𝑞2. 𝐷 represents the diffusion coefficient 

of particles. 𝑞 is the scattering wave vector and can be expressed as:275,276 

𝑞 =
4𝜋𝑛𝑚

𝜆0
𝑠𝑖𝑛

𝜃

2
                                                                          (2.31) 

Where 𝑛𝑚 is the refractive index of the medium and 𝜆0 is the wavelength of the incident 

laser in vacuum. 𝜃 represents the scattering angle. According to the Stokes-Einstein 

relationship, the hydrodynamic diameter (dℎ) of spherical particles can be extracted 

from its diffusion coefficient as described in Equation 2.32:275,276 

𝐷 =
𝑘𝐵𝑇

3𝜋ηdℎ
                                                                                  (2.32) 

Where 𝑘𝐵 is the Boltzmann constant and T is the temperature. η is the viscosity of the 

medium.                                                   
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Figure 2.24 (A) The schematic diagram of DLS instrument.276 (B) The fluctuation of 

the scattered light intensity and the autocorrelation functions for two different particle 

sizes.274 

DLS is used to measure the hydrodynamic size for a range of colloidal particles in 

Chapter 3 to 5, including Au NPs, core-shell particles, pH-responsive NGs and MGs. 

The method is widely used for determining the size of colloidal particles in dispersion. 

For example, MG growth can be monitored by DLS and tuned by controlling the 

monomer feed at time interval during the synthesis. Fig. 2.25(A) shows an example of 

poly(NIPAM) MGs measured by DLS.278 Long decay time suggested the large particles 

were present. A relatively monodisperse size distribution was obtained from g2(𝜏) 

correlation function, which showed a radius ~ 298 nm at 31.3°C. This calculated size is 

broadly used and known as the z-average size (harmonic mean size).279 The swelling 

study of MGs can be easily recorded by DLS. As shown in Fig. 2.25(B), three types of 

(A)

(B)



84 
 

pH-responsive poly(ethyl acrylate-methacrylic acid) MGs were synthesised with 

different crosslinkers (divinyl benzene, 1,4-butanediol diacrylate and their mixtures).179 

A swelling trend was plotted by altering pH in MG dispersions. The trend clearly 

revealed differences in the maximum swollen volume of these MGs at pH > 7. Less 

efficient intra-particle crosslinking of divinyl benzene was concluded from the DLS 

results. In an adsorption study, DLS measurements also showed the capability in 

reporting bioconjugation events on Au NPs. In Fig. 2.25(C), bovine serum albumin 

(BSA) was incubated with Au NPs (diameter ~ 108 nm) at different pH environments. 

The full coverage of BSA increased the particle size by ~ 30 nm, and the result was 

confirmed by DLS.280 Therefore, the optimal environment of BSA conjugation was 

found between pH 7 and 9 for Au NPs, which showed a similar size increase compared 

to the full coverage state. In other fields, DLS measurements also provide a convenient 

way to estimate the aggregation and degradation of colloidal particles. Multiple size 

distributions and increase of the z-average diameter may indicate the presence of 

aggregates in many studies, such as Au NPs.281–283 DLS can detect a small increase of 

diameter (~ 10%).280 In Fig. 2.25(D), DLS measurements of poly(methyl acrylate-

methacrylic acid) particles showed a broad and disorder size distribution after 

increasing pH to 6.8.189 This feature may indicate the disruption of particles due to the 

absence of effective crosslinkers. This electrostatic repulsion triggered disassembly was 

later confirmed by electron microscopy. 
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Figure 2.25 (A) DLS results for poly(NIPAM) MGs.278 (B) Swelling data of poly(ethyl 

acrylate-methacrylic acid) MGs with three different crosslinkers: divinyl benzene, 1,4-

butanediol diacrylate and their mixtures.179 (C) The size change of Au NPs 

bioconjugation at different pH.280 (D) The size distribution of poly(methyl acrylate-

methacrylic acid) particles at different pH.189 

 

2.4.3 Fourier transform infrared spectroscopy 

Fourier transform infrared (FTIR) spectroscopy is a powerful characterisation method 

for analysing the structural information and chemical composition of unknown 

specimens. Both transmission and absorption processes can occur when specimens are 

exposed to the infrared (IR) radiation. IR radiation induces the molecular vibration of 

materials, which originates from their chemical bonds and functional groups containing 

the dipole moment.284 The photons excite the molecules to a higher energy level as a 

result of the transition between the quantised vibrational energy states.285 The energy of 

(A) (B)

(C) (D)
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transition usually occurs in the mid-infrared spectrum (400 to 4000 cm-1).286 As shown 

in Fig. 2.26(A), the possible vibrational modes include bond stretching (symmetric and 

asymmetric) and bond bending (scissoring, rocking, wagging and twisting), which 

respond to the specific frequencies of IR radiation.285 Consequently, each material has 

its own “fingerprint” on the FTIR spectrum. This allows one to monitor and examine 

the evolution of chemical structure, especially as bonding changes. 

 

Figure 2.26 (A) The possible vibrational modes of molecules.285 (B) The analysis 

modes of transmission attenuated total reflectance-FTIR spectroscopy.287 (C) FTIR 

spectra of poly(methyl methacrylate-methacrylic acid-glycidyl methacrylate) gels 

(prepared at different pH).189 (D) FTIR spectra of aldehyde-displaying carbon dots 

(Black) and their assembled polyethyleneimine gels (Red).288 

 

FTIR spectroscopy has the advantages of fast and facile measurement. Mixture pellets 

of KBr (IR transparent) and pulverised specimens need to be prepared in the 

transmission FTIR spectroscopy. Usually, the sample is limited to 0.5-1 mm thick to 

maintain its translucent property for the IR beam.287 ATR-FTIR spectroscopy (Fig. 
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Rockling Scissoring

TwistingWagging
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2.26(B)) has the short effective pathlength (<< 1 mm), which relies on the internal 

reflection in a high refractive-index crystal (internal reflection element (IRE)).285 The 

IR radiation is attenuated exponentially from the surface of IRE to the sample. This can 

be applied to measure the aqueous solution as an advantage.285,287 In Chapter 5, ATR-

FTIR spectroscopy is used to analyse the evolution of chemical structure in a new gel 

system. The spectral study included anionic poly(ethyl acrylate-methacrylic acid-

divinyl benzene)  MGs, cationic branched polyethyleneimine and their gel mixture. In 

some amine functionalised or incorporated MG research, the spectra may generate 

characteristic R-NH2 bands at ~ 1590 cm-1 and ~ 3300 cm-1.289,290 These bands act as 

one of indications in justifying the MG composition. Chitosan and polyethyleneimine 

also showed a N-H stretch at similar position ~ 3400 cm-1.291–293 Hydrogen bonding 

interactions may slightly lower the wavenumber of N-H stretch.294–296 Similar spectral 

information is widely used to study physical bonding and ionic interactions in FTIR 

spectroscopy. As shown in Fig. 2.26(C), a study of poly(methacrylic acid) containing 

gels showed two characteristic bands of -COOH (~ 1710 cm-1) and -COO- (~ 1544 cm-

1) in spectra.189 The ratio of -COOH to -COO- decreased by increasing the degree of 

ionisation. At different gel preparation pH, this ratio can be related to the mechanical 

analysis of the gel networks. In a chitosan and poly(acrylic acid) based membrane, the 

presence of ionic interactions was also proven by FTIR spectral information.297 The 

sample exhibited new band formation at 1553-1 and 1637 cm-1, which represented -

COO- (symmetrical stretch) and -NH3
+, respectively. The strong interaction supported 

the construction of interpenetrating polymeric network in the membrane. This study 

provided an indication of physical bonding patterns in Chapter 5. FITR spectroscopy 

can be also used to explain some typical processes in self-healing gels, such as Schiff 

base reaction. FTIR spectral studies showed dynamic covalent bonding processes 
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between aldehyde groups and amine groups.288,298 As shown in Fig. 2.26(D), the 

formation of imine bonds became dominant at ~ 1650 cm-1. In the meantime, aldehyde 

groups were consumed, and their bands started to diminish at ~ 1700 cm-1. The spectral 

evolution showed a direct evidence for Schiff base reaction, which was responsible for 

the robust gel network and self-healing property. 

2.4.4 Scanning electron microscopy 

The visual inspection of particle size, dispersity and morphology provides valuable 

information describing colloidal dispersions.299 However, small colloids are difficult to 

distinguish by human eye, which only has a resolution ~ 0.1 mm at 25 mm viewing 

distance.300 The resolution of optical microscope is also limited.300 Therefore, it is not 

possible to observe any nano-colloids using common inspection methods. Scanning 

electron microscopy (SEM) is a powerful imaging technique in analysing MG particles 

and microstructures.178,180 The focused electron beam generates information at each 

spotted place scanning across a selected area. A thermionic (Tungsten, Lanthanum 

Hexaboride) or field emission source can be used to generate the electron beam.300,301 

The electrons are extracted by anodes in the field emission (FE) source, which is usually 

selected for the modern SEM due to its higher brightness and resolution compared to 

the traditional filament heating method. The electrons can be accelerated to 0.1–30 keV 

and subsequently pass through a condenser and objective lens (Fig. 2.27).300,301 

Although the high accelerating voltage might optimise the structural information,  the 

inappropriate control of the electron beam could damage thermally vulnerable 

specimens.299 This issue was widely found in SEM of gel networks or MG dispersions. 

In order to avoid severe damages, the maximum accelerating voltage did not exceed 20 

keV for the data presented in this thesis. The condenser lens controls the convergence 
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of the electron beam and discards the unnecessary electrons through the aperture. The 

objective lens can determine the spot size of the beam, which has an impact on the 

resolution of images. After reaching the sample, the primary electron beam produces 

multiple useful interacting sources, such as secondary electrons (SE), backscattered 

electrons (BSE), Auger electrons, cathodoluminescence and X-rays.300  

 

Figure 2.27 The schematic diagram of a scanning electron microscope.300 

For sample preparation, a few nanometre coating (of metal or carbon) is usually applied 

onto dried MGs or gels on stubs. The enhancement of conductivity prevents charge 

accumulation and improves the overall image quality. The topographic information of 

samples is obtained from SE. Those electrons have a low escape depth and are generated 

from the inelastic scattering near the surface of materials. SEs have a low energy < 50 
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eV, and are typically within a range of 3-5 eV.300,301 The contrast difference of signals 

depends on the number of detected SEs and finally reveals the surface structure. Such 

SE imaging is widely used to define the morphology of MGs and porous gel 

matrix.178,180 As shown in Fig. 2.28(A), SEM images of hybrid chitosan-polyacrylamide 

hydrogels revealed the microscopic gel network after freeze-drying.302 The reduction of 

pore size was observed in salt immersed gels, which possessed an ionic crosslinking 

chitosan network through SO4
2− or citrate3− anions. Extra crosslinking produced a much 

denser microstructure (< 180 nm pore size) compared to its original gel network. The 

variation of microstructures tightly related to their macroscopic properties, such as 

stiffness and tensile strength. For example, the stiffness of these gels increased from ~ 

60 kPa to ~ 1 MPa and the microstructure pore size decreased. SE imaging can be also 

used to locate structural differences in the gel network. In Fig. 2.28(B), the freeze-dried 

composite gel of carbon nanotubes and pH-responsive MGs was studied under SE 

mode.303 Such a system was targeted to improve electrical and mechanical properties of 

doubly crosslinked gel networks. The successful incorporation of carbon nanotubes was 

confirmed by the tube-like features. After the gel formation, particle-like MGs were 

unobservable, and the distribution of carbon nanotubes was randomly orientated in the 

gel matrix. In a study of cellulose incorporated poly(acrylic acid) gels, the tannic acid-

coated cellulose nanocrystals could form a thick fibril-like structure and other ionic 

interactions in the presence of metal ions.11 SE imaging directly visualised the stretching 

cellulose bundle at a crack tip of a freeze-dried sample (Fig. 2.28(C)). The feature 

contributed to the mechanical reinforcement in the gel network.  
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Figure 2.28 Secondary electron mode: (A) SEM images of hybrid chitosan-

polyacrylamide hydrogels.302 (i) Original. (ii) Immersed in Na2SO4 solution. (iii) 

Immersed in sodium citrate solution. (B) SEM images of carbon nanotubes incorporated 

doubly crosslinked MGs.303 (C) SEM images of cellulose incorporated poly(acrylic acid) 

gels.11 Backscattered electron mode: (D) SEM images of Au NPs adhered human colon 

adenocarcinoma cell line.19 (E) SEM images of gold and silica hybrid nanostructures.304 

Backscattered electrons (BSE) are the other important source, which is generated from 

the elastic scattering (> 50 eV) of electrons.300,301 They have much larger interaction 

volumes compared to SEs. The electron beam penetrates further and directly interacts 

with heavy atomic nuclei. The generation of BSEs depends on the atomic number of 

elements. In comparison, the beam electrons might produce ~ 6% BSEs for carbon and 

~ 50% BSEs for gold at the same experimental condition.300 Therefore, imaging can 

distinguish the compositional contrast difference by recording the density of BSEs. 

Such a technique is very useful for visualising the composite structure, which possesses 

heterogeneous components. In a cellular study, antibody functionalised Au NPs were 

(B) (C)

(i) (ii) (iii)
(A)

(D) (E)
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used to target human colon adenocarcinoma cell line.19 Specific recognition was 

achieved by interacting the epithelial cell adhesion molecule on the cell surface. Such a 

strategy is widely used in electrochemical sensing, which relies on electrocatalytic 

activity from Au NPs. In BSE mode, bright Au NPs were clearly identified on the cell 

surface which could suggest the successful targeting (Fig. 2.28(D)). Such an imaging is 

also useful in distinguishing hybrid nanostructures. As shown in Fig. 2.28(E), many 

shiny dots were distributed in a loose wire-like microstructure.304 These features 

represented heavy gold cores and silica nanowires, which gave a strong contrast 

difference due to BSEs. In Chapter 3, BSE imaging is used to investigate the distribution 

of Au NPs in a DX MG network. A high electron contrast difference was present 

between these two materials.  

  



93 
 

2.4.5 Transmission electron microscopy 

Transmission electron microscope (TEM) was designed and first used in 1931.305 This 

technique has been continuously developed to resolve fine structures or matter, and has 

shown the importance in characterising colloidal particles (polymer latex, core-shell 

particles, nanocrystal).299 In general, TEM has a much higher magnification and 

resolution compared to other common microscopes. An example of Phillips CM200 

FEG TEM shows a maximum image resolution up to 0.1 nm with a magnification range 

from 25× to 1100000×.305 According to the Rayleigh’s formula, the resolution of 

microscopes is related to the wavelength of optic/electron beams.306 The high 

accelerating voltage of source emits the short wavelength, which can improve the image 

resolution. The maximum accelerating voltage achieved 200 keV in a CM200 FEG 

TEM.305   

The principle of TEM imaging relies on the transmission of the electron beam through 

a thin specimen. The scattering of thick and high density parts produces the dark 

features on the viewing screen.299 The overall configuration of the TEM column shares 

some similar components with SEM. As shown in Fig. 2.29, the electron beam can be 

generated from the thermionic or FE source and then converged by the condenser lens. 

After passing through the specimen, the number of transmitted electrons is controlled 

by the objective aperture, which can efficiently block the scattered electrons. In the 

meantime, the objective lens focuses the electron beam and constructs an intermediate 

image. Such an image is magnified by the following intermediate and projector lens. 

Finally, the image is projected on the fluorescent phosphor viewing screen or converted 

to a digital form using the electron detector.307–309 



94 
 

  

Figure 2.29 The schematic diagram of a transmission electron microscope.310 

TEM is a powerful imaging method in analysing the core-shell structure with high 

contrast materials. In an example of a Au-Ag core-shell study, the particles showed a 

strong contrast difference in imaging.311 The stability of these particles could be 

enhanced by a light silica layer, which had a lower density compared to a bimetallic 

core. The final decoration of small Au NPs covered the whole structure and form 

“satellites”. As shown in Fig. 2.30(A), the image clearly demonstrated this growth of 

core-shell-satellite particles in the synthesis. Such a complex design was used to 

increase the electromagnetic coupling for the biological detection. TEM has the 

excellent performance in identifying small structural changes, including the study of 

shell thickness. As shown in Fig. 2.30(B), 13 nm Au NPs were used to synthesise the 

core-shell particles by an electrostatic layer-by-layer strategy.312 Poly(allylamine 

hydrochloride) and poly(styrene sulfonate) were selected as a growing pair, which tuned 

the shell thickness based on the number of deposition steps. TEM clearly proved precise 
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control of shell growth with a well-define core-shell structure. For a swellable 

poly(NIPAM) MGs, their swollen and collapsed morphologies can be also estimated in 

TEM.313 As shown in Fig. 2.30(C), Au nanorods decorated poly(NIPAM) MGs had a 

larger diameter below lower critical solution temperature. The swelling dependent 

orientation and interparticle distance were observed for these Au NRs by TEM. The 

temperature change may give an impact on the plasmon coupling effect. The volume 

density of Au NRs could be tuned and used as a strong contrast agent due to their 

thermo-responsive swelling. In this thesis, TEM is used to identify core-shell structures, 

shell thicknesses, and pH-dependent changes in Chapter 3 and Chapter 4.  

 

Figure 2.30 (A) TEM images of the core-shell-satellite construction.311 (B) TEM 

images of core-shell particles prepared by a layer-by-layer growth. The number 

represents the grown pairs of the polymer layer.312 (C) TEM images of Au nanorods 

decorated poly(NIPAM) MG in a swollen or collapsed state.313 

(A) (B)
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Chapter 3: Exploring and enhancing the colloidal stability of 

gold nanoparticles using a poly(MMA-MAA-EGDMA) 

nanogel shell1 

3.1 Abstract 

The multifunctionality of gold nanoparticles (Au NPs) expands the interdisciplinary 

research for a wide range of biomedical applications, such as catalysis, contrast agents, 

photothermal therapy and signal amplification. However, the poor colloidal stability of 

citrate stabilised Au NPs is the weakness to maintain the performance of these particles 

in practical use. An irreversible aggregation of Au NPs can be easily triggered in an 

electrolyte solution due to their electrostatic stabilising citrate layers. Au NPs could be 

potentially applied to a hydrogel system because they are capable of reporting the 

change of local environment. An initial study discussed here show Au NPs become 

colloidally unstable when they were directly incorporated into a gel based on poly(ethyl 

acrylate-methacrylic acid-divinylbenzene) (poly(EA-MAA-DVB)) microgels (MGs). 

The growth of the core-shell structure using precipitation polymerisation was selected 

to provide additional stabilisation for the Au NPs. After summarizing three approaches 

for shell growth, a new soft core-shell structure consisted of poly(methyl methacrylate-

methacrylic acid-ethylene glycol dimethacrylate) (poly(MMA-MAA-EGDMA)) and 

Au NPs was synthesised through a facile method without any pre-functionalisation steps. 

The core-shell particles exhibited an expected enhanced colloidal stability to the 

 
1 The results are published in (1). Wu, S.; Zhu, M et al. Plasmonic and Colloidal Stability Behaviours of 
Au-Acrylic Core-Shell Nanoparticles with Thin pH-Responsive Shells. Nanoscale 2018, 10, 18565–18575, 
and (2). Schmidt, M. M.; Wu, S et al. How Gold Nanoparticles Can Be Used to Probe the Structural 
Changes of a pH-Responsive Hydrogel. Phys. Chem. Chem. Phys. 2017, 19, 5102–5112. 
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electrolyte. The results show localised surface plasmon resonance (LSPR) properties 

and the colloidal dispersion of core-shell particles was restorable in a saturated NaCl 

solution. Furthermore, the swellable copolymer shell enabled a facile redispersion of 

core-shell particles from a completely dried state.  
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3.2 Introduction 

Gold nanoparticles (Au NPs) act as a multifunctional and powerful “tool”, which has 

been applied to numerous cutting-edge research and continuously attracts considerable 

attention for practical use.1-10. The high extinction coefficient, localised surface plasmon 

resonance (LSPR) and inertness of Au NPs enlarge the possibility of improvement in a 

range of therapeutic, diagnostic and functional techniques11-13. These applications 

include imaging,14-16 catalysis,17-18 optical sensors19-20 and photovoltaics.21-22 

Unfortunately, limited colloidal stability is an issue which inhibits some new 

applications of Au NPs in different environments.23-24  

As introduced in Chapter 2, localised surface plasmon resonance (LSPR) is a 

characteristic property of Au NPs. This property describes the interaction between the 

conduction electrons of metallic nanoparticles and the incident electromagnetic wave. 

LSPR is sensitive to the local medium around Au NPs, and the change of LSPR acts as 

one of the indications for unstable Au NP dispersions.25-26 Although this change can be 

used in detection and sensing,13, 19 it is necessary to control the stability of these 

nanoparticles in applications, especially in physiological conditions,23, 27 which require 

consistent and durable performance. 

The Turkvich method is a citrate reduction process widely used for the preparation of 

Au NPs.28-29 These Au NPs are stabilised through electrostatic repulsion of negatively 

charged citrate ions.28, 30 High ionic strength medium can easily disrupt such 

stabilisation.31 The construction of the core-shell structure is a natural solution to endow 

Au NPs with the additional protection and functionality.23, 32 Inorganic SiO2 has been 

widely studied and reported as an effective shell for Au NPs stabilisation and 

subsequent functionalisation.5-6, 32-33 However, the rigidity of SiO2 limits the flexibility 
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of core-shell particles. In contrast to the soft crosslinked polymer shell, these SiO2 shells 

are not swellable. The commonly used synthesis of Au-polymer core-shell requires 

either in situ Au NPs preparation using preformed polymer particles34 or growth of the 

polymer shell with preformed Au NPs.4, 8, 35-36 Free-radical precipitation polymerisation 

has been used to successfully synthesise temperature-responsive poly(N-

isopropylacrylamide) (polyNIPAM) hydrogel shells through hydrophobically modified 

Au NPs.7-8, 37 A similar core-shell synthesis was also achieved by mimicking the surface 

of the colloidal seed using sulphur containing copolymer (Au NPs self-assembly) to 

facilitate the following precipitation polymerisation.35 Other studies also showed the 

capability of the core-shell synthesis through oxidative polymerisation38 and controlled 

reversible addition fragmentation chain transfer (RAFT) emulsion polymerisation39.  

In this chapter, the morphology, LSPR and colloidal stability of Au NPs and core-shell 

products were intensively characterised and analysed. Scheme 3.1(i) illustrates the 

synthesis of Au NPs through citrate reduction using the Turkvich method.28-29 After 

exploring the aggregation of Au NPs in the aqueous dispersion and hydrogel medium, 

a new nanogel shell composed of poly(methyl methacrylate-methacrylic acid-ethylene 

glycol dimethacrylate) (poly(MMA-MAA-EGDMA))40 (Scheme 3.1(ii)) was 

synthesised through a facile precipitation polymerisation without any pre-

functionalisation steps. The polymerisation was thermally initiated using ammonium 

persulfate (APS). This new core-shell synthesis was established by carefully evaluating 

three routines (Scheme 3.1(iii)) with different surface modifications and monomer 

feeding modes. The resultant colloidal stability of this core-shell system was strongly 

improved in the electrolyte solution (Scheme 3.1(iv)) with good redispersion after 

aggregation.  
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Scheme 3.1 (i) Schematic depiction of the Au NPs synthesis using Turkvich method 

and the copolymer shell growth using (ii) MMA, MAA and EGDMA through three 

approaches (iii). The enhanced colloidal stability of core-shell particles is depicted in 

(iv).  
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3.3 Experimental  

3.3.1 Materials 

MMA (99%), MAA (99%), EGDMA (98%), EA (99%), DVB (80%), glycidyl 

methacrylate (GMA, 97%), N,N,N′,N′-tetramethylethylenediamine (TEMED, 99%), 

ammonium persulfate (APS, 98%), sodium dodecyl sulfate (SDS, 99%), potassium 

phosphate dibasic (98%), 3-Butenylamine hydrochloride (B-en-A, 97%), phosphate 

buffered saline (PBS), NaCl (99%), NaOH (97%), sodium citrate dihydrate 

(Na3Cit·2H2O, ≥99%), and HAuCl4·3H2O (>99.9%) were purchased from Sigma-

Aldrich and used as received. The water used was doubly filtered and deionised. 

3.3.2 Synthesis of citrate stabilised Au NPs 

The synthesis of citrate stabilised Au NPs was achieved using the Turkvich method.28-

29 Na3Cit·2H2O solution (5.0 mL, 19 mM) was rapidly added into HAuCl4·3H2O 

solution (95 mL, 0.25 mM) which was kept boiling and vigorously stirred (950 rpm) in 

a 250 mL three-necked flask equipped with a reflux condenser (cooled to 4 °C using 

water circulation). The flask was heated in a paraffin oil bath using a magnetic hotplate 

stirrer. The reaction temperature was monitored by immersing a temperature probe in 

the bath. The reaction was allowed to proceed for 40 min before cooling to room 

temperature. The final dispersion (2.97 nM) was collected in a glass bottle and stored 

at 4 °C in the fridge. The salt stability was tested by adding Au NPs to 0 – 55 mM NaCl 

solution.  

3.3.3 Synthesis of poly(EA-MAA-DVB) MGs 

The synthesis of poly(EA-MAA-DVB) microgels (MGs) was performed using the seed-

feed emulsion polymerisation.41 SDS (1.80 g) was added to water (518 mL) in a 1 L 



126 
 

five-necked round bottom reactor equipped with a mechanical stirrer (300 rpm) and a 

reflux condenser (cooled to 4 °C using water circulation). The solution was purged with 

nitrogen for 30 min and heated to 80 °C in a water bath. The inlet nitrogen was guided 

by a needle through a rubber stopper. Comonomer solution (31.5 g) containing EA (66.0 

wt%), MAA (32.7 wt%) and DVB (1.3 wt%) was prepared and transferred to the reactor. 

The seed formation was proceeded by addition of K2HPO4 (3.15 g of a 7.0 wt% solution) 

and APS (10 g of a 2 wt% solution). After 30 min, comonomer (218.5 g) mixture was 

fed into the reactor using a peristaltic pump at a uniform rate (2.4 g min-1) over 90 min. 

The copolymerisation proceeded for a further hour. The flask was finally cooled in an 

ice bath. Large aggregates of the product were removed by filtration using film mesh 

(0.2 mm pore size). The product was sealed in the cellulose dialysis tubing (14 kDa cut 

off) and dialysed against water for 14 days. The dialysis water was changed once per 

day.  

Vinyl functionalisation was conducted by mixing the 400 g MGs (5 wt%) with 30 g 

GMA in a 1 L flask equipped with a reflux condenser (cooled to 4 °C using water 

circulation).41 The mixture was magnetically stirred at 400 rpm and heated at 50 °C for 

4 hr in a paraffin oil bath using a magnetic hotplate stirrer. The reaction temperature 

was monitored by immersing a temperature probe in the bath. The functionalised MG 

dispersion was finally cooled in an ice bath, and the aggregates were removed using 

film mesh (0.2 mm pore size). The unreacted GMA was subsequently removed by 

washing with chloroform twice using a separated funnel. The chloroform was extracted 

in a rotary evaporator (160 mbar), and functionalised MGs was then concentrated to 

13.7 wt% (20 mbar).  
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3.3.4 DX MG preparation 

The preparation of double crosslinked (DX) MG preparation followed a previous 

method from the Saunders group.41-42 The GMA-functionalised MG dispersion (1.465 

mL) was diluted with water (0.265 mL) using a micropipette (100 – 1000 μL range). 

Then, aqueous NaOH solution (0.150 mL, 4M) was added to make the physical gel 

using a micropipette (100 – 1000 μL range), and the pH was adjusted to ~ 7.6. An APS 

solution (0.050 mL, 3.3 wt%) and TEMEDA solution (0.050 mL, 4.0 wt%) were 

immediately added to the physical gel using a micropipette (100 – 1000 μL range) and 

mixed with a vortex mixer. The mixture was then sealed by two pieces of glass slides 

and clips using an O-ring spacer (inner diameter = 15 mm and wall diameter = 2.5 mm). 

The sample was heated at 37 °C in oven overnight.    

3.3.5 DX MG/Au NP preparation 

1 mL Au NPs solution was centrifuged ~ 25 min at 10000 rpm at room temperature. 

The volume was reduced to 0.265 mL using a micropipette (100 – 1000 μL range). The 

preparation of DX MG/Au NP using the same protocol in Section 3.3.4 except 0.265 

mL water was replaced by the concentrated Au NPs. The mixture was vigorously stirred 

using a spatula.  

3.3.6 Synthesis of poly(MMA-MAA-EGDMA) NGs 

The nanogels (NGs) were formed by the surfactant-free emulsion polymerisation. The 

synthesis was performed in a 100 mL three-necked flask with 26 mL water. The water 

was purged with nitrogen for 30 min and heated to 80 °C equipped with a reflux 

condenser (4 °C water circulation). The inlet nitrogen was guided by a needle through 

a rubber stopper. The flask was heated in a paraffin oil bath using a magnetic hotplate 
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stirrer. The reaction temperature was monitored by immersing a temperature probe in 

the bath. A comonomer mixture (49.5 mg) of MMA (80.5 wt%), MAA (17.5 wt%) and 

EGDMA (2.0 wt%) was simultaneously added into the flask using a micropipette (1 –

10 μL range) and magnetically stirred at a speed around 290 rpm. This was followed by 

adding aqueous K2HPO4 (80 μL, 1M) into the solution using a micropipette (10 – 100 

μL range). The mixture was equilibrated for 10 min. Under a nitrogen atmosphere, the 

reaction was initiated by adding APS (100 μL, 19 mM) using a micropipette (10 – 100 

μL range). The whole polymerisation process lasted for 2 hr. At the end of reaction, the 

flask was cooled in an ice bath. The product was sealed in the cellulose dialysis tubing 

(8 kDa cut off) and dialysed against water for 7 days. The dialysis water was changed 

once per day. 

3.3.7 Synthesis of core-shell particles: Method 1 

Citrate stabilised Au NPs (20 mL, synthesised in Section 3.3.2) were diluted with water 

(6 mL) and added into a 100 mL three-necked flask. The flask was magnetically stirred 

at a speed of around 290 rpm. The solution was purged with nitrogen for 30 min and 

heated to 80 °C equipped with a reflux condenser (4 °C water circulation). The inlet 

nitrogen was guided by a needle through a rubber stopper. The flask was heated in a 

paraffin oil bath and controlled by a temperature probe. The growth of NG shells used 

the same protocol as shown in Section 3.3.6. A comonomer mixture (49.5 mg) of MMA 

(80.5 wt%), MAA (17.5 wt%) and EGDMA (2.0 wt%) was simultaneously added into 

the flask using a micropipette (1 – 10 μL range). This was followed by adding aqueous 

K2HPO4 (80 μL, 1M) into the solution using a micropipette (10 – 100 μL range). The 

mixture was equilibrated for 10 min. Under a nitrogen atmosphere, the reaction was 

initiated by adding APS (100 μL, 19 mM) using a micropipette (10 – 100 μL range). 
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The polymerisation was continued for 2 hr. At the end of reaction, the flask was cooled 

in an ice bath. The characterisations were immediately carried on the product (in Section 

3.4.4.2). 

3.3.8 Synthesis of core-shell particles: Method 2 

Pre-functionalisation process of citrate stabilised Au NPs was performed before the 

synthesis. An aqueous solution of SDS (20 μL, 10 mg mL−1) was added into citrate 

stabilised Au NP dispersions (20 mL, synthesised in Section 3.3.2) using a micropipette 

(10 – 100 μL range) with 20 mins magnetic stirring (190 rpm). B-en-A (2 mL, 0.005 

mg mL−1 in ethanol) was subsequently added dropwise in 1 min using a micropipette 

(100 – 1000 μL range), and the mixture was magnetically stirred overnight (190 rpm). 

After finishing these procedures, the solution was uniformly separated into four tubes 

and centrifuged at 4800 rpm (2680 rcf) for 4 hr. The supernatant was discarded using a 

micropipette (100 – 1000 μL range). The sediment of functionalised Au NPs was 

collected and redispersed in water (25 mL). An aqueous SDS solution (1 mL, 2.06 mg 

mL−1) was then added to the dispersion using a micropipette (100 – 1000 μL range) with 

magnetic stirring (~ 290 rpm) in a 100 mL three-necked flask. The flask was equipped 

with a reflux condenser (4 °C water circulation). The mixture was purged with nitrogen 

for 30 min and heated to 80 °C. The inlet nitrogen was guided by a needle through a 

rubber stopper. The flask was heated in a paraffin oil bath and controlled by a 

temperature probe. The polymerisation steps used the same protocol as shown in 

Section 3.3.6. A comonomer mixture (49.5 mg) of MMA (80.5 wt%), MAA (17.5 wt%) 

and EGDMA (2.0 wt%) was simultaneously added into the flask using a micropipette 

(1 – 10 μL range). This was followed by adding aqueous K2HPO4 (80 μL, 1M) into the 

solution using a micropipette (10 – 100 μL range). The mixture was equilibrated for 10 
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min. Under a nitrogen atmosphere, the reaction was initiated by adding APS (100 μL, 

19 mM) using a micropipette (10 – 100 μL range). The polymerisation was continued 

for 2 hr. At the end of reaction, the flask was cooled in an ice bath. The characterisations 

were immediately carried out on the product (in Section 3.4.4.3). 

3.3.9 Synthesis of core-shell particles: Method 3 

An aqueous solution of SDS (20 μL, 10 mg mL−1) was added into citrate stabilised Au 

NP dispersions (20 mL, synthesised in Section 3.3.2) using a micropipette (10 – 100 μL 

range) with 20 min magnetic stirring (190 rpm). The mixture was uniformly separated 

into four tubes and centrifuged at 4800 rpm (2680 rcf) for 4 hr. The supernatant was 

discarded using a micropipette (100 – 1000 μL range). The sediment of Au NPs was 

collected and redispersed in water (20 mL). The dispersion was transferred to a three-

necked flask with magnetic stirring (290 rpm), and an aqueous SDS solution (1 mL, 

4.12 mg mL−1) was subsequently added using a micropipette (100 – 1000 μL range). 

The flask was equipped with a reflux condenser (4 °C water circulation). The mixture 

was purged with nitrogen for 30 min and heated to 80°C. The inlet nitrogen was guided 

by a needle through a rubber stopper. The flask was heated in a paraffin oil bath and 

controlled by a temperature probe. A comonomer mixture (49.5 mg) of MMA (80.5 

wt%), MAA (17.5 wt%) and EGDMA (2.0 wt%) was added to a glass vial using a 

micropipette (1 – 10 μL range) and dissolved in water (5 mL) on a vortex mixer. This 

solution was then collected by a 5 mL syringe and added to a syringe pump. Aqueous 

K2HPO4 (80 μL, 1M) was added to the flask using a micropipette (10 – 100 μL range) 

and the mixture was equilibrated for 10 min. Under a nitrogen atmosphere, the reaction 

was initiated by aqueous APS (100 μL, 19 mM) using a micropipette (10 – 100 μL range) 

and a syringe pump was used to feed the comonomer solution into the flask at a uniform 
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rate (0.083 mL min−1) over 1 hr. The reaction was continued for a further 1 hr and finally 

cooled in an ice bath. The product was uniformly separated into twelves tubes and 

centrifuged for 1 hr at 10000 rpm. The supernatant was discarded, and the sediment was 

redispersed with water using a micropipette (100 – 1000 μL range). The centrifugation 

was repeated four times to remove unreacted monomers, buffer and excess NGs. 

3.3.10 Large scale core-shell particle synthesis 

The synthesis followed the same protocol of method as shown in Section 3.3.9, except 

10 mL and 30 mL citrate stabilised Au NP dispersions were selected and centrifuged to 

a volume of 20 mL in water. The growth of the shells was performed using these two 

dispersions.   

3.3.11 Colloidal stability experiments 

PBS and different concentrations of NaCl (0.5 mL) solutions were mixed with core-

shell particles (0.5 mL, 1.4 nM) or Au NPs (0.5 mL, 1.1 nM). The mixture was held for 

10 min before taking any further measurements. Both particle types were also tested in 

a saturated NaCl solution (≥ 6.1 M) to trigger the severe aggregation. These mixtures 

were allowed to sediment overnight.  

A drop of core-shell dispersion (0.7 nM) was placed on an aluminium disk and heated 

in the oven at 80 °C for 2 hr. The redispersion was achieved by adding a drop of water 

on the surface of dried particles.   

3.3.12 Physical measurements 

All the UV spectra were measured on a PerkinElmer Lambda 25 UV-Visible 

spectrometer. The z-average diameter (dz) was obtained using a 50 mW He-Ne laser 
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operating at 633 nm in a Malvern Zetasizer Nano ZS instrument. All TEM samples were 

prepared by drop-casting the dispersion (10 μL) onto a 300-mesh copper grid with a 

holey carbon film. The grid was held by a tweezer and allowed to dry overnight in a 

desiccator containing silica gel at room temperature. TEM images were inspected using 

a Philips CM20 TEM instrument at 200 kV. SEM was conducted on a Philips FEGSEM 

instrument and a FEI Magellan 400 X-treme High Resolution FEGSEM. All SEM 

samples were air-dried/freeze-dried and coated with carbon except the Au NPs. An 

Everhart-Thornley detector was used for secondary electron imaging mode and a 

circular backscattered detector operated in atomic number contrast mode.   
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3.4 Results and discussion  

3.4.1 Au NP synthesis 

As introduced in Chapter 2, the synthesis of Au NPs was achieved using the Turkvich 

method.28-29 This is a standard method for producing Au NPs in a water-based reaction. 

The citrate reduction follows the nucleation and growth processes, which converted the 

AuIII to Au0.30, 43 In this synthesis, the colour of the solution changed from colourless to 

ruby red during the first 10 min of reaction (Fig. 3.1(A)). The colour change proved the 

formation of gold nanoparticles by its pronounced LSPR. Here, the molar ratio of 

HAuCl4 and Na3Ct was constrained at 4.1 to ensure that the size of nanoparticles was 

less than 20 nm.30 The stirring speed was kept high (~ 950 rpm) during the rapid 

injection of Na3Ct to minimise size dispersity and avoid the formation of aggregates as 

shown in Fig. 3.1(B).  

 

Figure 3.1 (A) The variation of colour during the synthesis of Au NPs, from 2 min to 

10 min. (B) SEM images of Au NPs obtained with poor control of reaction. The 

aggregates are highlighted by a red border.  
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3.4.2 Au NP characterisation 

3.4.2.1 Size and morphology  

As shown in Fig. 3.2(A), a ruby red transparent dispersion was obtained without 

showing any sediments. SEM (Fig. 3.2(B)) was conducted on the prepared Au NPs, and 

the images show the uniform distribution of the spherical nanoparticles on the substrate. 

In contrast to Fig 3.1(B), there was no indication of any obvious Au NP aggregates. 

This result is consistent with the observation from TEM in Fig. 3.2(C). Black circular 

nanoparticles were visualised due to the high contrast arising from its atomic number 

and density. These nanoparticles efficiently stop the electron beam from transmitting to 

the detector. The number-average diameter of Au NPs was measured as 15 ± 1 nm. In 

Fig. 3.2(D), the DLS distribution also showed a low size dispersity for the Au NP 

dispersion. The dz value (19 nm) was slightly greater than the size measured from the 

EM techniques. After the synthesis, the citrate stabilizing layer was formed around Au 

NPs. It acts as an electrostatic protection cover to maintain the stability of Au NPs in 

the dispersion.  
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Figure 3.2 (A) The picture of Au NP dispersion after the synthesis. (B) SEM and (C) 

TEM images of dried Au NPs. (D) DLS size distribution of Au NP dispersion. 

 

3.4.2.2 Molar particle concentration estimation 

The theoretical molar concentration of Au NPs can be predicted by counting the number 

of Au atoms in the dispersion.44-45 Assuming all atoms were arranged in the face-centred 

cubic structure, the density of Au NPs is 19.3 × 10-21 g nm-3. The number of Au atoms 

per particle (𝑁𝑝) was calculated from its measured diameter (𝐷𝑝  = nm-1) using the 

following equation (3.1): 
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Where 
𝐴𝑢

 is density of Au NPs and 𝑀𝐴𝑢 is the molar mass of Au (197 g mol-1). 𝑁𝐴 is the 

Avogadro constant. Then the molar particle concentration of Au NPs (𝐶𝐴𝑢 ) can be 

obtained: 

 𝐶𝐴𝑢 = 
𝑁𝑆𝑈𝑀

𝑁𝑝𝑉𝑑𝑁𝐴
                                                    (3.3) 

Where 𝑁𝑆𝑈𝑀 is the total number of Au atoms in the dispersion and 𝑉𝑑 is the total volume 

of the dispersion.  

The final concentration is described as the number of particles per volume. However, 

this theoretical estimation is not accurate enough since a reliable particle concentration 

is required to manipulate the synthesis. The size of nanoparticles was considered as 

perfectly monodisperse and it also assumed all Au atoms were consumed to form 

particles. Here, the UV-Vis spectroscopy was applied to measure a particle 

concentration based on the Beer-Lambert Law, which showed a linear relationship 

between the absorbance and concentration of absorbents (Fig. 3.3(A)-(B)). As 

synthesised particle concentration was calculated as 2.97 nM using the Haiss’s 

calibration table.46  

 

Figure 3.3 (A) UV-Vis spectra of Au NPs with different particle concentrations. (B) 

The calibration curve of Au NPs was constructed using LSPR peak absorbances. 
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3.4.3 Studying Au NP aggregation 

3.4.3.1 UV-Vis spectroscopy  

In order to understand the LSPR properties, the UV-Vis spectra of Au NPs were 

monitored. As shown in Fig. 3.4(A-D), Au NPs were mixed with NaCl solutions and 

studied by UV-Vis spectroscopy over the time period of 15 min to 120 min. LSPR 

absorbance peak (Labelled by the red arrow) gradually decreased with time and this 

effect became more dominant when the NaCl concentration increased. The decrease of 

the absorbance could imply that number of isolated Au NPs decreased in the solution.25-

26 The addition of NaCl solution provided an ionic medium, which has a strong 

screening effect on the surface charge of Au NPs. The citrate protection layer was less 

functional under such conditions. As a result, it accelerated the formation of Au NPs 

aggregates as shown in Fig. 3.4(A-D). In the higher wavelength region of Fig. 3.4(D), 

an additional LSPR peak started to emerge with a broad area (Labelled by the blue 

arrow) and this process accelerated with a stronger ionic strength. This is an indication 

of the aggregation process of spherical Au NPs. During aggregation, Au NPs were 

bridged together to form an anisotropic shape which induces the irregular plasmon 

coupling effect with the change of the local effective electric field.47-48 Then, the 

aggregates of Au NPs appeared as two bands of LSPR in the UV-Vis spectra. The 

emergence of new bands at higher wavelength is also found in a rod-like nanoparticle 

(transverse and longitudinal modes of LSPR).26, 49-50 
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Figure 3.4 UV-Vis spectra of Au NPs measured in a NaCl medium from 15 min to 120 

min. The salt concentrations were prepared as (A) 30 mM (B) 35 mM (C) 40 mM (D) 

45 mM. The dashed line represented the spectrum of original Au NPs in water. 

 

The kinetic process of aggregation was analysed after 10 min in a range of 12.5 mM – 

50 mM NaCl solutions with 0.55 nM Au NPs. In Fig. 3.5(A), the second band of LSPR 

increased with the increase of NaCl concentration. The characteristic LSPR absorbance 

peak (at 519 nm) continuously decreased, and a new absorbance peak (at ~ 650 nm) 

gradually rose as expected. The change of absorbance significantly increased when 

more salt was introduced into the dispersion (Fig. 3.5(B)). This trend presented an 

upturn between 30 mM and 50 mM. The critical coagulation concentration (CCC) of 

Au NPs was determined in this region, and followed reaction limited aggregation. The 

shift of the characteristic LSPR peak was also observed when the salt concentration 

exceeded 35 mM and quickly moved from 519 nm to 527 nm at 50 mM (Fig. 3.5(C)). 
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This shift proved the aggregation occurred across the whole population of Au NPs at 

this ionic strength. In summary, 50 mM concentration of NaCl is strong enough to 

trigger an effective aggregation process of Au NPs and cause the dominant change of 

LSPR properties. This degree of ionic strength is almost unavoidable in most polymer 

syntheses, gel preparation and practical applications. 

 

Figure 3.5 (A) UV-Vis spectra of Au NP dispersion in a NaCl solution with different 

concentrations (12.5 mM – 50 mM). (B) A519nm (Black) and A650nm (Red) are plotted 

against NaCl concentrations. (C) The red-shift of characteristic LSPR peak (from 519 

nm) with NaCl concentrations. The CCC was located inside the brown areas.    
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3.4.3.2 DX MG and Au NP system 

In this section, the study of DX MG and Au NP system has been published in 

Maximilian Schmidt’s paper.51 The included experimental works and analysis were 

contributed by Shanglin Wu. Poly(EA-MAA-DVB) MGs was synthesised using 

emulsion polymerisation as reported in a previous study.41 MGs had a dz value of 73 nm 

at pH 4.0, which was much larger than the dz of Au NPs as shown in Fig. 3.6(A(i) and 

A(iii)). The mixing of diluted Au NPs and MGs generated two ranges of DLS size 

distributions. In Fig. 3.6(A(ii)), two individual peaks represented the size distributions 

of Au NPs and MGs, respectively. The position of the mixing peaks closely matched 

their original distributions of dz. Both Au NPs and MGs were electrostatic stabilised and 

negatively charged.41, 51 There was no strong attractive interaction among these different 

particles, which could potentially cause bridging. A soft DX MG was prepared by 

chemically crosslinking the concentrated GMA-functionalised MGs (13.7 wt%) (Fig. 

3.6(B(i))). This gel could be potentially applied in repairing degenerated intervertebral 

discs.44, 52 The mixing system of DX MGs and Au NPs (DX MG/Au NP) was 

transparent and expected to maintain the stability and functionality of both particles (Fig. 

3.6(B(ii))).  
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Figure 3.6 (A) DLS size distributions of (i) Au NP dispersion, (ii) Mixed MG/Au NP 

dispersion and (iii) MG dispersion. (B) Pictures of (i) DX MG and (ii) DX MG/Au NP 

gels. Scale bars = 0.5 mm. 

High resolution SEM images of freeze-dried DX MG/Au NP gel are shown in Fig. 

3.7(A-D). The images indicated the aggregates of particles were present in the matrix 

of the gel. In Fig. 3.7(A-B), secondary electron mode revealed some small clusters of 

particles from the topography of the gel. When the camera switched to backscattered 

electron mode (Fig. 3.7(C-D)), these clusters of particles were extensively brightened 

due to the high contrast of different components in the gel. This bright feature (as 

highlighted in the red dashed square) proved these clusters belonged to the particles 

with a high atomic number, which were recognised as Au NPs. The dispersity of these 

embedded Au NPs was comparable to the SEM images in Fig. 3.1(B). The strong 

aggregation of Au NPs still occurred broadly through the gel. Although the gelation 

process could trap Au NPs into the gel network, the high ionic strength (from NaOH or 

APS solution) still induced the instantaneous aggregation of Au NPs during the gel 
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preparation. An unusual shift of the LSPR absorbance peak from 519 nm to 529 nm was 

also found in the UV-Vis spectrum after the formation of DX MG/Au NP gel from 

Schmidt’s study.51  

 

Figure 3.7 SEM images of DX MG/Au NP gels were observed under the ((A) and (B)) 

secondary electron mode, or ((C) and (D)) backscattered mode. Au NPs were 

distinguished by the brightness of materials and highlighted by the red dashed square in 

the microgel matrix. 

 

3.4.4 Core-shell particle approach 

The core-shell structure is a favourable form of Au NPs to avoid aggregation in various 

environments. The growth of a shell could maintain the separation of Au NPs, which 

endowed the stability of Au NPs and their LSPR properties. Hence, the core-shell Au 

NPs was proposed and studied by different routes. We used precipitation polymerisation, 
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which required the deposition of monomers/oligomers on the surface of particles. A low 

monomer concentration was used because the particle concentration of Au NPs is 

limited in solution. The target shell structure comprised poly(MMA-MAA-EDGMA), 

which matched the composition of polyacid NGs as previously reported.40  

3.4.4.1 Low concentration poly(MMA-MAA-EDGMA) particle characterisation  

The synthesis of NGs was applied to examine the particle growth at a low monomer 

concentration. The product was a transparent and clear dispersion (Fig. 3.8(A)). 

Poly(MMA-MAA-EGDMA) particles were confirmed as a spherical shape in SEM (Fig. 

3.8(B)), and they were dispersed due to the carboxylic groups from MAA.40 TEM also 

confirmed the presence of poly(MMA-MAA-EGDMA) particles, and the number-

average diameter was measured as 37 ± 5 nm (Fig. 3.8(C)). In comparison to Au NPs, 

poly(MMA-MAA-EGDMA) particles had less contrast in the background due to their 

much lower density and average atomic number. This large difference of contrast 

facilitated the observation of core-shell structure by TEM later. In Fig. 3.8(D), DLS size 

measurement showed the dz value was 35 nm with a low polydispersity. Overall, the 

results confirmed the feasibility of the synthesis of poly(MMA-MAA-EGDMA) 

particles at the low monomer concentration and surfactant-free state. 
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Figure 3.8 (A) The picture of poly(MMA-MAA-EGDMA) NGs. (B) SEM and (C) 

TEM images of dried poly(MMA-MAA-EGDMA) NGs. (D) DLS size distributions of 

poly(MMA-MAA-EGDMA) NG dispersion.   

 

3.4.4.2 Core-shell particle approach using Method 1 

Citrate-stabilised Au NPs were directly introduced to the synthesis of low concentration 

poly(MMA-MAA-EGDMA) particles in Method 1 (Fig. 3.9(A)). In Fig. 3.9(B), the 

normalised UV-Vis spectra showed a characteristic absorbance peak of Au NP 

aggregates at a higher wavelength region, accompanied a shift of main LSPR peak from 

519 nm to 521 nm. The inset picture (Fig. 3.9(B)) shows the colour of the dispersion 

changed from red to purple after this core-shell synthesis. Again, the evidence of 

aggregation was also found in DLS (Fig. 3.9(C)) which showed the multiple size 

distributions of particles across a range of 1 nm and 10000 nm.  
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Figure 3.9 (A) Schematic depiction of the copolymer shell growth using MMA, MAA, 

EGDMA from Method 1. (B) UV-Vis spectra of Au NPs and core-shell particle 

products. The inset picture showed a transition of colour in the dispersion after the 

synthesis. (C) DLS size distributions of Au NPs and core-shell particle products. 

Although the Au NPs were electrostatic stabilised by the citrate ions, these results 

indicated they were still able to form aggregates during the synthesis. The design of 

electrolyte concentration was lower than 50 mM in the synthesis, however, it was heated 

at 80°C. The probability of collisions and thermal energy among the nanoparticles 

would increase. The monomer/oligomers also had the potential to bridge Au NPs 

through a hydrophobic interaction during the growth. TEM images confirmed large 

aggregates of Au NPs (~ 17 particles, labelled by the yellow arrow in Fig. 3.10(A)) were 

present in the product. Some discrete poly(MMA-MAA-EGDMA) particles were also 

found with a range around 70 – 160 nm as shown in SEM (Fig. 3.10(B)). There was no 

direct evidence which could prove the formation of core-shell particles by Method 1. 
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The results implied that the negatively charged citrate layer was not a favourable surface 

for any adsorption of monomers/oligomers. The aggregation process also inhibited and 

disturbed the synthesis of poly(MMA-MAA-EGDMA) NGs/shells. 

 

Figure 3.10 EM images of particles from Method 1. (A) TEM images of dried core-

shell particle products. Aggregates were observed and identified with a yellow arrow. 

(B) SEM images of dried core-shell particle products.  

 

3.4.4.3 Core-shell particle approach using Method 2 

Here, the pre-functionalisation step was used to modify the surface property of Au NPs 

based on Rauh’s study of Au-poly(NIPAM) core-shell particles.8 In addition, a small 

dose of SDS was added to keep the stabilisation of Au NPs during the shell growth (Fig. 

3.11(A)), which was inspired by Method 1. The dispersion did not show any evidence 

of aggregation from the UV-Vis spectra in Fig. 3.11(B). A LSPR peak shift was 

observed, which slightly moved from 519 nm to 523 nm. This shift could be mostly 

attributed by the change of refractive index around the Au NPs. However the shift was 

small for an expected crosslinked copolymer shell based on the Drude model.53 DLS 

measurement showed that shift was caused by the presence of two size distributions of 

particles (Fig. 3.11(C)). The large peak had a similar size distribution compared to Au 
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NPs, which indicated an inhomogeneous shell growth (bare Au NPs left) after the 

synthesis. The small peak resided at a position larger than 100 nm.  

 

Figure 3.11 (A) Schematic depiction of the copolymer shell growth using MMA, MAA, 

EGDMA from Method 2. (B) UV-Vis spectra of Au NPs and core-shell particle 

products. (C) DLS size distributions of Au NPs and core-shell particle products. 

TEM could clearly distinguish two species based on the high contrast of these materials. 

A core-shell structure was well-defined in Fig. 3.12(A). A thick copolymer shell 

(Yellow arrow) wrapped around the Au NPs (Red arrow) in the image. The diameter of 

core-shell particles was distributed in a broad range of 130 – 350 nm, which has a 

comparable size with the poly(NIPAM) shell from Rauh’s study.8 This value was much 

larger than the expected diameter based on the synthesis of poly(MMA-MAA-EGDMA) 

NGs, and the growth of the shell was less homogenous in this low concentration system. 

The distribution of many discrete bare Au NPs and large core-shell particles supported 
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this statement in SEM (Fig. 3.12(B)). Overall, the result suggested the functionalised 

surface was not as good as expected for the homogenous shell growth in this polyacid 

system.    

 

Figure 3.12 EM images of particles from Method 2. (A) TEM images of dried core-

shell particle products. The inset picture showed a core-shell particle. The Au core was 

identified with a red arrow, and the copolymer shell was identified with a yellow arrow. 

(B) SEM images of dried core-shell particle products with a magnified area. 

 

3.4.4.4 Core-shell particle approach using Method 3 

As described in Section 3.3.9, a monomer feeding process of MMA, MAA and EGDMA 

mixtures was applied at a constant speed over 1 hr, and the pre-functionalisation step 

was removed compared to Method 2. Instead, the citrate stabilising ions of Au NPs were 

removed by centrifugation and stabilised by a small dose of SDS during the growth of 

shells (Fig. 3.13(A)). As shown in Fig. 3.13(B), a transparent and red-pink product was 

obtained from the synthesis. The UV-Vis spectra showed a uniform red-shift of LSPR 

peak from 519 nm to 529 nm (Fig. 3.13(C)), without showing any characteristic peaks 

or evidences of aggregation. The 10 nm red-shift could represent a significant refractive 

index change in proximity of Au NPs.  

(A)

Core

Shell

2 μm

NGs

(B)

Au NPs



149 
 

 

Figure 3.13 (A) Schematic depiction of the copolymer shell growth using MMA, MAA, 

EGDMA from Method 3. (B) The picture of a core-shell dispersion with a visible colour 

change. (C) UV-Vis spectra of Au NPs and core-shell particle products. 

The dz also consistently increased to 38 nm compared to Au NPs in Fig. 3.14(A). These 

results indicated the synthesis of poly(MMA-MAA-EGDMA) shell was more 

homogenous and grew simultaneously on all of the Au NPs, which contrasts to the 

previous methods. TEM showed the core-shell particles were successfully prepared at 

a high yield using this approach (Fig. 3.14(B)). A well-defined structure of Au NPs core 

(Red arrow) and copolymer shell (Yellow arrow) was clearly revealed. Bare Au NPs 

could not be found after checking > 30 positions over the carbon film coated copper 

grid. The TEM diameter of core-shell particles was measured as 35 ± 3 nm which has a 

similar size compared to poly(MMA-MAA-EGDMA) NGs (Fig. 3.8(C)). It strongly 

supported that poly(MMA-MAA-EGDMA) copolymer shell was permanently added to 

the surface of Au NPs. Summarising these results, Method 3 provided a new pathway 
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of polyacid shell growth through the precipitation polymerisation without any pre-

functionalisation steps. The deposition of monomers or oligomers was facilitated by the 

direct contact with Au using the successive monomer feeding and the aid of SDS 

stabilisation.  

   

Figure 3.14 Particle characterisation from method 3. (A) DLS size distributions of Au 

NPs and core-shell particle products. (B) TEM images of dried core-shell particle 

products. The inset picture highlighted multiple core-shell particles. The Au core was 

identified with a red arrow, and the copolymer shell was identified with a yellow arrow.  

 

3.4.5 Enhanced stability of core-shell particles 

3.4.5.1 Colloidal stability to electrolyte 

The electrolyte stability of core-shell particle dispersions (from method 3) and Au NP 

dispersions were tested in various concentrations of NaCl solution from 0 mM to 50 

mM, and a PBS buffer using UV-Vis spectroscopy (Fig. 3.15(A(i)) and Fig. 3.15(B(i))). 

As shown in Fig. 3.15(B(ii)), 50 mM NaCl medium was strong enough to trigger the 

visible aggregation of Au NPs due to the strong plasmon coupling effect. Fig. 3.15(A(i-

ii)) showed that the core-shell particles brought the additional stability of the LSPR 

property in the salt solution. The colour/spectral responses did not change which 
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contrasts to the Au NP dispersion. The latter showed the emergence of a new absorbance 

peak near 650 nm with a significant colour change. In addition, both core-shell particles 

and Au NPs were mixed in PBS buffer. The results showed a great enhancement of the 

stability of core-shell particles at physiological pH condition (Fig. 3.15(A(i)) and Fig 

3.15(B(i))). This stability could enable the potential application of the core-shell 

particles in vivo, where the salt concentration (~ 0.15 M) would immediately cause the 

irreversible aggregation of Au NPs.     

    

Figure 3.15 (A) (i) UV-Vis spectra of core-shell particles (Method 3) dispersed in the 

solution with different NaCl concentrations and also PBS. (ii) The picture showed the 

transition of colour in the dispersion. (B) (i) UV-Vis spectra of Au NPs were tested in 

the same way and used as the control data. (ii) The picture showed the transition of 

colour in the dispersion.  
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3.4.5.2 Reversible aggregation 

The reversibility of Au NPs and core-shell particle aggregates was tested in a saturated 

aqueous NaCl solution. This ultra-strong ionic medium triggered aggregation and 

sedimentation of core-shell particles after 1 day. The inset picture and UV-Vis spectra 

of red sediment were shown in Fig. 3.16(A(i-ii)), and the characteristic absorbance peak 

of core-shell particles was still observable at 529 nm in the spectrum. This robust 

encapsulation of copolymer endowed the ultra-strong colloidal stability to Au NPs. The 

LSPR of sediments was little affected and remained a red-pink colour even after 

aggregation. In comparison, Au NPs completely lost their LSPR properties without a 

good protection shell (Fig. 3.16(B(i-ii))). After a slight agitation of the aggregates, a 

pronounced LSPR absorbance peak of core-shell particles and red dispersions were 

regained in Fig. 3.16(A(iii)). The LSPR peak wavelength only red-shifted ~ 3 nm 

compared to the original spectrum (Fig. 3.16(A(i))). The LSPR property of Au NPs was 

permanently lost and non-redispersible in water as shown in Fig. 3.16(B(iii)).  

The van der Waals attraction should be responsible for this difference of stability. The 

volume fraction of Au NPs core and poly(MMA-MAA-EGDMA) shell were calculated 

as ~ 7.9 vol% and 92.1 vol% respectively based on their TEM diameters (Au NPs = 15 

nm, Core-shell particles = 35 nm). The van der Waals attraction of gold could be less 

dominant in this structure. The thick copolymer shell (Aeff = 5.5 × 10-20 J) has a much 

lower effective Hamaker (Aeff) constant in water compared to the Au NPs (Aeff = 95 × 

10-20 J) which were calculated from equation 3.4:54  

𝐴𝑒𝑓𝑓  =  (√𝐴1 – √𝐴2)
2                         (3.4)  
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Where the materials (A1(Au) = 25 × 10-20 J or A1(MMA) = 7.1 × 10-20 J)55-56 were dispersed 

in the water phase (A2(water) = 3.7 × 10-20 J)57. The particle-particle attractive interaction 

energy is proportional to Aeff,
54 which explained why the stability of the core-shell 

system is much better than Au NPs.  

 

Figure 3.16 UV-Vis spectra of (A) core-shell particles (Method 3) and (B) Au NPs 

dispersed in the saturated NaCl solution. (i)-(iii) showed start, aggregation and 

redispersion stages of the experiment, respectively. The inset pictures showed the state 

of the dispersion at different stages. (C) Pictures of oven dried core-shell particles 

(Method 3). (i)-(iii) showed the redispersion process with a drop of water.  

The photographs showed the redispersibility of core-shell particles which were 

completely pre-dried in the oven (Fig. 3.16(C(i-iii))). The dried core-shell particles 

became a black solid film in appearance. The loss of water caused the complete collapse 

and shrinkage of copolymer shells. Particles tended to accumulate intensively under the 

heat, and it could not maintain a well-defined distance among Au NP cores. A strong 

plasmon coupling effect would occur in adjacent Au NPs. The latter was the reason for 

a colour change, however, the original red colour was easily restored by a drop of water 
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(~ 10s). This indicated the crosslinked poly(MMA-MAA-EGDMA) shell quickly 

swelled back to a hydrated state and hindered the plasmon coupling. The observation 

highlighted the advantage of this robust poly(MMA-MAA-EGDMA) shell in the 

enhancement of colloidal stability, and it also provided a method to determine whether 

the core-shell structure was successfully synthesised with the similar composition of 

copolymer. 
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3.4.6 Large scale core-shell particle synthesis 

The feasibility of large scale synthesis was studied by varying the particle concentration 

of Au NPs in the synthesis based on Method 3. UV-Vis spectra of the products were 

recorded separately in Fig. 3.17(A). An increasing trend of the absorbance was observed 

following an order of 1.14 nM < 2.28 nM < 3.42 nM Au NPs, which were seeded in the 

synthesis. The red shift of LSPR absorbance peaks was confirmed from 519 nm to 529 

nm in all three concentrations. Fig. 3.17(B) showed a linear trend when the 

concentration of Au NPs was plotted against the absorbance of the corresponding core-

shell particles. They showed a proportional relationship which indicated an efficient 

synthesis by varying the concentrations of Au NP seeding. In addition, a saturated NaCl 

solution was added into three core-shell dispersions respectively. Red sediments were 

obtained in all the solutions (Fig. 3.17(C)) and clearly became denser from 1.14 nM to 

3.42 nM Au NP seeding. These results supported the observation from the UV-Vis 

spectra and confirmed the strong colloidal stability of this new core-shell system.         

 

Figure 3.17 (A) UV-Vis spectra of three core-shell samples (Method 3) were prepared 

with 1.14 nM, 2.28 nM and 3.42 nM Au NPs seeding. Normalised UV-Vis spectra of 

Au NPs were used as the reference. (B) The LSPR absorbance peaks of core-shell 

samples are plotted against the particle concentration of Au NPs used in the synthesis. 

(C) The images showed three core-shell samples were triggered to form red sediments 

in a saturated NaCl solution. 
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3.5 Conclusions 

The colloidal stability of citrated stabilised Au NPs was extensively explored in this 

study. The critical coagulation concentration of Au NPs was defined as ~ 50 mM in the 

NaCl medium. The SEM images confirmed this stabilisation was not strong enough to 

maintain their original dispersity (and their LSPR properties) in the application of DX 

MG system. A new and efficient core-shell synthesis was developed here without 

requiring any pre-functionalisation steps. The evaluation of three different core-shell 

structure approaches finally enabled the growth of a protective poly(MMA-MAA-

EGDMA) NG shell around Au NPs. This new synthesis is facile and controllable by the 

monomer feeding process, which has the potential for the large-scale production. 

Poly(MMA-MAA-EGDMA) copolymer shells endowed the ultra-strong colloidal 

stability to Au NPs. The LSPR property of core-shell particles can be maintained in a 

saturated aqueous NaCl solution and restorable from the solid state. These features are 

beneficial for the storage and design of the microgel or hydrogel applications.     
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Chapter 4: Plasmonic behaviours of Au-acrylic core–shell 

nanoparticles: The study of various shell thicknesses and their 

pH-responsive properties2  

4.1 Abstract 

Following the previous established core-shell synthesis method in Chapter 3, five 

acrylic-based Au core-shell particles were synthesised using a facile precipitation 

polymerisation with tuneable shell thicknesses. Core-shell particles composed of Au 

core and temperature-responsive copolymer shell have been reported in many studies. 

However, few of these studies focused on the construction of pH-responsive copolymer 

shells. A pH-triggered swelling property was introduced here by controlling the 

composition of acrylic-based monomers used to construct the shell. The shell thickness 

of these particles measured by TEM was varied in a range of 2 – 18 nm (δTEM), which 

showed relatively thinner shells compared with other reported systems. The localised 

surface plasmon resonance (LSPR) wavelength was characterised and compared to the 

simulated spectral data. Au-CEA particles with the thinnest shell showed pH-triggered 

reversible aggregation and a pronounced spectral shift. Those particles were 

biocompatible and showed the potential in intracellular pH sensing in HeLa cells. 

  

 
2 The results are published in (1). Wu, S.; Zhu, M et al. Plasmonic and Colloidal Stability Behaviours of 
Au-Acrylic Core-Shell Nanoparticles with Thin pH-Responsive Shells. Nanoscale 2018, 10, 18565–18575. 
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4.2 Introduction 

Core-shell gold nanomaterials are attractive structures, which promote thriving research 

in optical,1–6 catalytical7–11 and biomedical areas.12–16 During the design stage, flexible 

control of the morphology and structure can have a great impact on the LSPR 

property.13,17 This property contributes to a wide range of bio-applicable areas.18–22 The 

combination of various nanomaterials with Au can overcome some weaknesses or 

provide an additional functionality,23,24 such as strengthening of signal25 and 

enhancement of colloidal stability.26 As reported in Chapter 3, the formation of an 

acrylic-based copolymer shell around gold nanoparticles (Au NPs) maintained their 

original LSPR. In the meantime, this core-shell structure endowed them with improved 

colloidal stability. 

A facile controllable core-shell approach could provide a favourable platform,27–32 

which contributes a broad diversity to the development of functional Au nanomaterials. 

The synthesis of Au-poly(N-isopropylacrylamide) (poly(NIPAM)) core-shell particles 

is a well-known example of stimuli-responsive copolymer shell with the high 

tunability.33–35 The change of LSPR was sensitive to the local composition of materials 

around Au NPs.33 Studies of core-shell structures support the understanding of their 

unique properties in the nano-sized range, such as fluorescence quenching,31,36 

LSPR,37,38 and surface-enhanced Raman spectroscopy.25,39 However, few studies have 

examined the generation of a tuneable pH-swellable shell. 

pH-responsive particles are potentially useful nanomaterials due to their adaptive 

performance. pH-dependent targeting, drug delivery and imaging provides an 

alternative solution in the treatment of disease.40–42 The treatment of cancer is a 

beneficial area for the application of pH-responsive components,41,43–45 because cancer 
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cells show an abnormal pH condition (~ 6.5 – 6.9) compared to healthy cells.45–49 

Intracellular pH (e.g. endosomes, pH 5.0 – 7.2) is also more acidic than the 

physiological pH.40,50,51 Au nanomaterials provide potential in photothermal therapy 

and bio-imaging.14,15,52 A facile design of pH-dependent Au core-shell structures could 

open new directions in biomedical research.  

The acrylic-based nanogels (NGs) and microgels (MGs) have been used to prepare pH-

responsive biocompatible gels for a wide range of applications, such as strain 

reporting,53,54 load-bearing55,56 and drug release57. Here, a series of acrylic-based Au 

core-shell particles were synthesised with different shell thicknesses following the 

method established in Chapter 3. As shown in Scheme 4.1, the copolymer shells were 

composed of methyl methacrylate (MMA), methacrylic acid (MAA) or 2-carboxyethyl 

acrylate (CEA), and ethylene glycol dimethacrylate (EGDMA) as the crosslinker. The 

shell thickness dependent and pH-responsive properties were characterised and 

analysed for all core-shell particles. The LSPR wavelength shift was well explained 

with the aid of the finite difference time domain (FDTD) simulated data of Au core and 

MMA shells. The pH dependent LSPR changes were observed with a highly swellable 

MAA containing copolymer shell. In addition, the CEA containing particles had an 

ultrathin and pH-responsive copolymer shell, which was further investigated to explore 

potential biomedical use.   
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Scheme 4.1 (i) Schematic depiction of five types of acrylic core-shell syntheses using 

precipitation polymerisation. The particle codes are listed in the table. δ is the subscript 

and denotes the shell thickness. (ii) The core-shell particles show swellable copolymer 

shells by varying the pH. (iii) A pH-triggered reversible aggregation is established for 

CEA containing particles.  

δ

Particle code Shell composition

Au-CEA2 MMA/CEA/EGDMA

Au-CEA3 MMA/CEA/EGDMA

Au-MMA12 MMA/EGDMA

Au-MAA15 MMA/MAA/EGDMA

Au-MAA18 MMA/MAA/EGDMA

Au NPs

SDS, 

APS, 
80 oC

pH < pKa

pH < pKa

pH < 6.4

pH > 6.4

EGDMA

MMA MAA+

CEA

pH-responsive shell pH-triggered aggregation

(i)

(iii)(ii)
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4.3 Experimental  

4.3.1 Materials  

MMA (99%), MAA (99%), CEA (Product Number: 552348), EGDMA (98%), 

ammonium persulfate (APS, 98%), sodium dodecyl sulfate (SDS, 99%), potassium 

phosphate dibasic (98%), phosphate buffered saline (PBS), NaCl (99%), sodium citrate 

dihydrate (Na3Cit·2H2O, ≥99%), and HAuCl4·3H2O (>99.9%) were purchased from 

Sigma-Aldrich and used as received. The water used was doubly filtered and deionised. 

4.3.2 Pre-treatment of Au NPs  

The synthesis of Au NPs was achieved using the method described in Chapter 3. An 

aqueous SDS solution (20 μL, 10 mg mL−1) was added to the Au NP dispersion (20 mL, 

2.97 nM) using a micropipette (10 – 100 μL range) with magnetic stirring (190 rpm). 

The mixture was uniformly separated into four tubes and centrifuged at 4800 rpm (2680 

rcf) for 4 hr. The sediment was collected and redispersed in water (20 mL in total) to 

maintain the original concentration of Au NPs. 

4.3.3 Synthesis of Au-acrylic core–shell particles containing MMA-MAA 

The Au-MAA synthesis followed the protocol of shell growth (Method 3) in Chapter 3. 

Here, an example of Au-MAA18 particles is described. The subscript represents the shell 

thickness of core-shell particles based on measurements from TEM. The details of the 

synthesis are listed in Table 4.1. The Au NP dispersion (20 mL, pre-treated as described 

in Section 4.3.2) was transferred to a 100 mL three-necked flask with magnetic stirring 

(290 rpm), and an aqueous SDS solution (1.0 mL, 4.12 mg mL−1) was subsequently 

added using a micropipette (100 – 1000 μL range). The flask was equipped with a reflux 

condenser (4 °C water circulation). The mixture was purged with nitrogen for 30 min 
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and heated to 80°C. The inlet nitrogen was guided by a needle through a rubber stopper. 

The flask was heated in a paraffin oil using a magnetic hotplate stirrer. The reaction 

temperature was monitored by immersing a temperature probe in the bath. A 

comonomer mixture (49.5 mg) of MMA (80.5 wt%), MAA (17.5 wt%) and EGDMA 

(2.0 wt%) was added to a glass vial using a micropipette (1 – 10 μL range) and dissolved 

in water (5.0 mL) on a vortex mixer. This solution was then collected by a 5.0 mL 

syringe and set in a syringe pump. Aqueous K2HPO4 (80 μL, 1M) was added to the flask 

using a micropipette (10 – 100 μL range), and the mixture was equilibrated for 10 min. 

Under a nitrogen atmosphere, this was followed by addition of APS (100 μL, 19 mM) 

using a micropipette (10 – 100 μL range) and a syringe pump was used to feed the 

comonomer solution into the flask at a uniform rate (0.083 mL min−1) over 1 hr. The 

reaction continued for a further 3 hr, and was finally cooled in an ice bath. The product 

was uniformly separated into twelves tubes and centrifuged for 1 hr at 10000 rpm. The 

supernatant was discarded, and the sediment was redispersed with water (26 mL in total) 

using a micropipette (100 – 1000 μL range). The centrifugation was repeated four times 

to remove unreacted monomers, buffer and excess NGs. 

Au-MAA15 particles were synthesised using the same protocol as shown above. 

However, a higher MAA concentrations (33.0 wt%) was included in the feed. The 

comonomer ratio was varied to MMA (65.0 wt%), MAA (33.0 wt%) and EGDMA (2.0 

wt%) with K2HPO4 (140 μL, 1.0 M) in solution (Table 4.1). 
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Table 4.1 Materials used to prepare Au-acrylic core-shell particles. 

Particle 

Codes 

CAu NP
a 

/ nM 

MMA / 

wt.% 

(mol.%)a 

MAA or 

CEA/ 

wt.% 

(mol.%) a
 

EGDM

A / 

wt.% 

(mol.%)

a 

SDS 

/ 

wt.

%b 

APS 

/ 

wt.

%b 

Mon / 

gc 

Water 

/ g 

Au NPs 2.97 - - - - - - - 

Au-CEA2 1.14 53.2 (62.3) 45.2 (36.7) 1.6 (1.0) 0.016 0.002 0.0600 26 

Au-CEA3 1.14 53.2 (62.3) 45.2 (36.7) 1.6 (1.0) 0.016 0.002 0.0600 26 

Au-MMA12 1.14 98.0 (99.0) 0 (0) 2.0 (1.0) 0.016 0.002 0.0491 26 

Au-MAA15 2.29 65.0 (62.3) 33.0 (36.7) 2.0 (1.0) 0.016 0.002 0.0491 26 

Au-MAA18 2.29 80.5 (79.0) 17.5 (20.0) 2.0 (1.0) 0.016 0.002 0.0491 26 

a Initial molar concentration. b Dissolved in water phase. c Total mass of all monomers added 

4.3.4 Synthesis of Au-acrylic core–shell particles containing MMA-CEA 

The Au-CEA synthesis followed the same protocol as described in Section 4.3.3 for Au-

MAA. However, MAA was substituted by CEA (53.2 wt%), which was mixed with 

MMA (45.2 wt%) and EDGMA (1.6 wt%) to give a comonomer mixture (60 mg). The 

mixture was dissolved in water (5.0 mL) using a vortex mixer and collected by a 5.0 

mL syringe. Au NPs (10 mL, 2.97 nM, pre-treated as described in Section 4.3.2) and 

water (10 mL) were added to a 100 mL three-necked flask with magnetic stirring (290 

rpm). An aqueous SDS solution (1.0 mL, 4.12 mg mL−1) was subsequently added using 

a micropipette (100 – 1000 μL range). The flask was equipped with a reflux condenser 

(4 °C water circulation). The mixture was purged with nitrogen for 30 min and heated 

to 80°C. The inlet nitrogen was guided by a needle through a rubber stopper. The flask 

was heated in a paraffin oil bath and controlled by a temperature probe. Different 

volumes of K2HPO4 (150 μL for Au-CEA2 or 120 μL for Au-CEA3, 1.0 M) were used 
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in the synthesis using a micropipette (100 – 1000 μL range), and the solution pH was 

prepared at ~ 5.8 (for Au-CEA2) and 5.3 (for Au-CEA3). The details of the preparation 

are listed in Table 4.1. Under a nitrogen atmosphere, the reaction was initiated by APS 

(100 μL, 19 mM) using a micropipette (10 – 100 μL range) and a syringe pump was 

used to feed the comonomer solution into the flask at a uniform rate (0.083 mL min−1) 

over 1 hr. The reaction continued for a further 3 hr, and was finally cooled in an ice 

bath. The product was uniformly separated into twelves tubes and centrifuged for 1 hr 

at 10000 rpm. The supernatant was discarded, and the sediment was redispersed with 

water (26 mL in total) using a micropipette (100 – 1000 μL range). The centrifugation 

was repeated four times to remove unreacted monomers, buffer and excess NGs. The 

pH of the dispersion was kept above 6.4 to avoid the formation of aggregates.  

4.3.5 Synthesis of Au-acrylic core–shell particles containing MMA 

The Au-MMA synthesis followed the same protocol as described in Section 4.3.3 for 

Au-MAA. The details of the preparation are listed in Table 4.1. Au NPs (10 mL, 2.97 

nM, pre-treated as described in Section 4.3.2) and water (10 mL) were added to a 100 

mL three-necked flask with magnetic stirring (290 rpm). SDS solution (1.0 mL, 4.12 

mg mL−1) was added using a micropipette (100 – 1000 μL range). The flask was 

equipped with a reflux condenser (4 °C water circulation). The mixture was purged with 

nitrogen for 30 min and heated to 80°C. The inlet nitrogen was guided by a needle 

through a rubber stopper. The flask was heated in a paraffin oil bath and controlled by 

a temperature probe. A comonomer mixture (49.5 mg) of MMA (98 wt%) and EGDMA 

(2 wt%) was dissolved in water (5.0 mL) using a vortex mixer. This solution was then 

collected by a 5.0 mL syringe and set in a syringe pump. Under a nitrogen atmosphere, 

aqueous APS (100 μL, 19 mM) was subsequently added to the flask using a 
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micropipette (10 – 100 μL range) and a syringe pump was used to feed the comonomer 

solution into the flask at a uniform rate (0.083 mL min−1) over 1 hr. The reaction 

continued for a further 3 hr, and was finally cooled in an ice bath. The product was 

uniformly separated into twelves tubes and centrifuged for 1 hr at 10000 rpm. The 

supernatant was discarded, and the sediment was redispersed with water (26 mL in total) 

using a micropipette (100 – 1000 μL range). The centrifugation was repeated four times 

to remove unreacted monomers, buffer and excess NGs.  

4.3.6 Physical measurements  

All the UV spectra were measured on a PerkinElmer Lambda 25 UV-Visible 

spectrometer. The z-average diameter (dz) and zeta potential were obtained from DLS 

measurements using a 50 mW He-Ne laser operating at 633 nm using a Malvern 

Zetasizer Nano ZS instrument. The swelling experiments were held for 10 min at 

different pH values before taking any further measurements. All TEM samples were 

prepared by drop-casting the dispersion (10 μL) onto a 300-mesh copper grid with a 

holey carbon film. The grid was held by tweezers and allowed to dry overnight in a 

desiccator containing silica gel at room temperature. TEM images were inspected using 

a Philips CM20 TEM instrument at 200 kV. Number-average diameters were 

determined by measuring at least 100 particles. X-ray photoelectron spectroscopy (XPS) 

data were obtained by Ben Spencer (The University of Manchester) using an Axis Ultra 

DLD spectrometer (Kratos) which used a monochromated Al Kα X-ray source (1486.6 

eV, 10 mA emission). Survey spectra were acquired with a pass energy of 80 eV while 

high resolution narrow scans of the important atomic core levels were acquired using a 

pass energy of 20 eV. The experiments were performed under high vacuum at pressures 

< 3 × 10−8 mbar. Data were analysed using CasaXPS, where photoelectron peaks are fit 
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with product-approximation Voigt functions (Gaussian–Lorentzian peaks with a mixing 

ratio of 0.3). 

4.3.7 Finite difference time domain simulations  

The experimental details and results of finite difference time domain (FDTD) simulation 

were provided by Kirsten Volk and Prof. Matthias Karg (Heinrich-Heine-Universität 

Düsseldorf). FDTD calculations were performed using commercial software from 

Lumerical Solutions, Inc. (FDTD Solutions, Version 8.18.1332). A single, spherical Au 

NP (radius: r = 6.5 nm) was used with varying PMMA shell sizes (thicknesses (δ) = 0 

– 24 nm) in water, which was placed in the centre of the FDTD simulation, with 

perfectly matched layer (PML) boundary conditions in the x, y and z directions. A total-

field scattered-field source (TFSF) surrounding the nanoparticle (x-, y-, z-span = 118 

nm) was used as light source (incident wavelengths: λ = 300 – 800 nm). There were two 

analysis groups employed, each of which consisted of a box of power monitors: one in 

the total field region (x-, y-, z-span = 83 nm) and one in the scattered field region (x-, 

y-, z-span = 143 nm). These analysis groups were used to calculate absorption and 

scattering. For the broadband source simulation the FDTD software was allowed to 

approximate the refractive index (n) of Au to literature values58 using a polynomial 

function. For water and the PMMA shells constant n values of 1.33259 and 1.493460,61 

were used, respectively, since they hardly change over the investigated spectral range. 

An overwrite region with a uniform mesh of 5 × 10−3 nm in the near-field region (x-, y-, 

z-span 23 nm) of the Au NP was chosen additionally to the non-uniform mesh. All 

simulations reached the auto shut-off level of 10−9 before reaching 1000 fs simulation 

time. 
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4.3.8 Cell culture and internalisation studies  

The experimental details and results of cell culture were provided by Daman Adlam 

(The University of Manchester). HeLa cells, cell line derived from human cervical 

cancer, were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 10% fetal bovine serum, Glutamax (Life Technologies, UK) and 

antibiotic/antimycotic (Sigma-Aldrich, UK) at 37 °C in a humidified 5% CO2 

atmosphere. Cells were seeded at a density of 2 × 104 per well onto 13 mm sterile glass 

coverslips in 24 well cell culture plates and allowed to attach overnight. Media was 

replenished and Au-CEA2 particles introduced at a concentration of 1.0 nM. Control 

wells received an equal volume of phosphate buffered saline (two samples per time 

point). Cells were cultured up to ten days and viability was determined at appropriate 

time points by live/dead assay (Life Technologies, UK) according to the supplier 

instructions. The cells were fixed with 4% paraformaldehyde in PBS and mounted onto 

slides at day 10. Images were obtained with an Olympus BX51 fluorescence microscope 

and a Leitz Diavert inverted phase contrast light microscope. 
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4.4 Results and discussion 

4.4.1 Au-poly(MMA-(MAA)-EGDMA) core-shell particle characterisation 

The average diameter of Au NPs (dTEM) was measured as around 15 ± 1 nm using TEM 

as shown in Fig. 4.1(A(i)-(ii)). Three core-shell particles were synthesised using the 

previously method established in Chapter 3. They all possessed a well-defined circular 

core-shell structure in TEM (Fig.4.1(B(i)-D(i))). These particles had a low size 

dispersity. TEM images indicated the presence of variable shell thicknesses among the 

three poly(MMA-(MAA)-EGDMA) core-shell samples with an increasing order: Au-

MAA18 > Au-MAA15 > Au-MMA12. In Fig. 4.1(B(ii)-D(ii)), dTEM was counted and 

averaged over more than 100 particles. The data showed that δTEM ranged between 12 

nm and 18 nm (Table 4.2). These diameters were recorded in the dried state due to the 

drop-casting preparation and high vacuum of TEM chamber. Therefore, the water was 

not expected to be present in the collapsed shell (pH 6) during imaging.  

DLS size measurements (dz) showed a clear increasing trend of dz from Fig. 4.1(A(iii)) 

to Fig. 4.1(D(iii)). They had a slightly larger diameter (dz, pH 6) compared to dTEM. Here, 

dz gave the diameter of a hydrated particle based on the measurement of diffusion 

coefficient (Chapter 2). On the other hand, dTEM obtained the information from a direct 

inspection on dried particles. The primary dimension and volume of materials (Au NPs 

or copolymer shells) could be straightforwardly calculated without considering other 

factors (hydrated parts, adsorbed layers, outspread polymer chains). For example, Au 

NPs had a dz ~ 19 nm which was 4 nm larger than dTEM. The DLS measurement could 

also include the citrate stabilising layer in the size measurement. Here, dTEM of Au NPs 

is considered more reliable for analysis due to a direct visualisation of the shell 

thickness. Table 4.2 shows a list of properties for a series of Au-poly(MMA-(MAA)-
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EGDMA) core-shell particles. These particles had a high shell volume fraction in a 

range of 92.5 – 97.9 vol% based on the dTEM calculation. 

Table 4.2 Properties of Au-poly(MMA-(MAA)-EGDMA) core-shell particles studied. 

Particle 

codes 

dTEM
 

/nm 

TEM 

a/ nm 

shell
b/ 

vol% 

dz /nm 

(pH 6) 

dz /nm 

(pH 10) 

DLS 
a / 

nm 

(pH 6) 

 c/ 

mV 

(pH 6) 

LSPR  

(nm) 

(pH 6) 

Au NPs 15 ± 1 - 0 19 - - -42.5 519 

Au-MMA12 39 ± 3 12 92.5 44 44 15 -17.6 528 

Au-MAA15 45 ± 4 15 97.0 61 121 23 -17.6 529 

Au-MAA18 51 ± 5 18 97.9 68 66 27 -17.8 529 

a Values calculated using  = (dcs - dc)/2 where dcs and dc are the diameters of the core-

shell particles and core particles, respectively. DLS was calculated by the DLS diameter 

of core-shell particles and the TEM diameter of core particles. b Shell volume fraction 

calculated from the TEM data using: sh = [(dc + 2)3 – dc
3]/[(dc + 2)3]. c Zeta potential. 
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Figure 4.1 (A) Au NPs, (B) Au-MMA12, (C) Au-MAA15 and (D) Au-MAA18 

dispersions were inspected at a dried state by (i) TEM and (ii) size distributions from 

the TEM were recorded. (iii) The DLS size distribution of core-shell particles measured 

at pH 6 in water.  
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Au-MAA15 and Au-MAA18 core-shell particles contained negatively charged 

carboxylic acid groups, which had the similar composition compared to pH-responsive 

NGs.62 Therefore, the swelling of shells should be found by increasing pH in the 

dispersions. This swelling behaviour was beneficial for the formation of physical gel or 

sensing.53,56 As shown in Fig. 4.2(A), DLS measurements of Au NPs were used as a 

control in various pH conditions. The dz was constant at ~ 19 nm from pH 5 to pH 11. 

In comparison to Fig.4.2(B), the change of dz showed the same trend in Au-MAA18, 

which had a steady diameter (dz ~ 68 nm) with increasing pH. This was caused by a low 

MAA content (17.5 wt%) used in the synthesis (Table 4.1). When the MAA content 

increased to 33 wt%, a pronounced swelling appeared in Fig. 4.2(C). Au-MAA15 had a 

dz ~ 61 nm at pH 6 and gradually swelled to 121 nm at pH 10 due to the deprotonation 

of carboxylic groups. The zeta potential of these particles was recorded simultaneously 

in a range of pH (Fig. 4.2(E)-(G)). The negative charge suggests there is an electrostatic 

repulsion (carboxylic acid groups) between particles. The increase of the magnitude of 

the zeta potential was also found at higher pH conditions. This change of Au-MAA15 

(Fig. 4.2(G)) closely followed its swelling trend, which exhibited a significant increase 

in a range of pH 8-10. It suggested the pKa existed in this range.56,63 
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Figure 4.2 The z-average diameter and zeta potential of (A and D) Au NPs, (B and E) 

Au-MAA18, (C and F) Au-MAA15 as a function of pH. The identities are labelled. 
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4.4.2 Au-poly(MMA-CEA-EGDMA) core-shell particle characterisation 

A new type of core-shell particles was synthesised here by replacing the same mol% 

MAA of Au-MAA15 with CEA. Based on the experimental observation, CEA is a more 

acidic monomer which involved a larger concentration of buffers to fix the pH of the 

solution. Two kinds of CEA-based core-shell particles (Au-CEA2 and Au-CEA3) were 

prepared by tuning the pH of the synthesis using K2HPO4. In Fig. 4.3(A(i)-B(i)), TEM 

showed both Au-CEA particles had a much smaller size than Au-MAA/MMA particles 

(Fig. 4.1(B(i)-D(i)). TEM images highlighted an ultrathin copolymer shell was formed 

in both Au-CEA2 and Au-CEA3 dispersions. DLS size measurements agreed with this 

observation, which also showed a uniform size distribution in Fig 4.3(A(iii)-B(iii)). 

According to the study in Chapter 3 Section 3.4.4, the core-shell synthesis was 

proceeded in the continuous phase by the hydrophobic adsorption of 

monomers/oligomers on the surface of Au NPs. CEA has a factor of three lower oil-

water partition coefficient compared to MAA and the polarity of CEA is similar to 

acrylic acid.64 This difference means CEA is a relatively hydrophilic monomer in the 

core-shell synthesis. Therefore, the synthesis was expected to have less adsorption of 

monomers/oligomers from the aqueous phase and finally contributed to the formation 

of such a thin copolymer shell. Table 4.3 shows the summary of properties in Au-CEA2 

and Au-CEA3 particles. In comparison to Au-MAA/MMA particles (Table 4.2), they 

showed a smaller shell volume fraction in a range of 43.6 – 71.9 vol% based on the dTEM 

calculation.   
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Table 4.3 Properties of Au-poly(MMA-CEA-EGDMA) core-shell particles studied. 

Particle 

codes 

dTEM
 

/nm 

TEM 

a/ nm 

shell
b/ 

vol% 

dz /nm 

(pH 6) 

dz /nm 

(pH 10) 

DLS 
a / 

nm 

(pH 6) 

 c/ 

mV 

(pH 6) 

LSPR  

(nm) 

(pH 6) 

Au-CEA2 18 ± 1 2 43.6 22 28 4 -9.2 522 

Au-CEA3 21 ± 2 3 71.9 28 31 7 -11.4 526 

a Values calculated using  = (dcs - dc)/2 where dcs and dc are the diameters of the core-

shell particles and core particles, respectively. DLS was calculated by the DLS diameter 

of core-shell particles and the TEM diameter of core particles. tb Shell volume fraction 

calculated from the TEM data using: sh = [(dc + 2)3 – dc
3]/[(dc + 2)3]. c Zeta potential. 

 

 

Figure 4.3 (A) Au-CEA2 and (B) Au-CEA3 dispersions were inspected at a dried state 

by (i) TEM and (ii) size distributions from the TEM were recorded. (iii) The DLS size 

distribution of core-shell particles measured at pH 6 in water.  
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due to its thin shell and low monomer/oligomer adsorption in the synthesis. However, 

the pH swelling range of Au-CEA met the physiological pH requirement in the human 

body, especially for tumours (pH 5.5 – 7.0) and normal tissues (pH 7.3 – 7.4).45–48,65 

The zeta potential data (Fig. 4.4(C)-(D)) also supported the increase of the absolute 

charge beyond pH 6, which coincided with the swelling trend in size measurement. It 

should be noted that the magnitude of zeta potential is quite small in the low pH region 

(Fig. 4.4(C)-(D)), which suggests an unstable colloidal state of Au-CEA particles. The 

aggregation might then occur with time when the pH drops to 6. 

 

Figure 4.4 The z-average diameter and zeta potential of Au-CEA3 (A and C) and Au-

CEA2 (B and D) as a function of pH. The identities are labelled inside the graph.    
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4.4.3 XPS characterisation of core-shell particles 

In order to confirm the composition of the core-shell particles, high-resolution XPS 

spectra were obtained to probe the dried Au-CEA2, Au-MMA12, Au-MAA15 and Au-

MAA18 particles. In Fig. 4.5(A)-(D), the C 1s spectra were well fitted with three 

individual peaks using the CasaXPS software, which showed three binding energies of 

~ 284.8, 286.2 and 289.0 eV due to C−C, C−O and O=C−O, respectively.66 These data 

prove the presence of the copolymer shells. XPS spectroscopy is a surface analysis 

technique, which is limited to several nanometres detection depth (~ 10 nm).67 In the 

Au 4f spectra (Fig. 4.5(E)-(H)), the signal of energy peaks was featureless and noisy for 

Au-MMA12, Au-MAA15 and Au-MAA18 samples. The thick copolymer shells of those 

particles (δTEM = 12 − 18 nm) hindered the detection of Au core in the centre. Here, two 

peaks are weakly resolved between 80 eV and 90 eV. In contrast, Au-CEA2 particles 

had a δTEM ~ 2 nm and a spin-orbit splitting pair was found with a clear difference ~ 3.8 

eV in the Au 4f spectra (Fig. 4.5(E)). The binding energies showed similar values ~ 

83.8 and 86.8 eV which are reported elsewhere for Au NPs.68 Hence, the XPS results 

supported the observation of the core-shell structure from TEM. Much thinner shell 

thicknesses of Au-CEA2 particles is confirmed compared to Au-MMA/MAA particles.   
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Figure 4.5 C 1s and Au 4f XPS spectra for Au-CEA2 (A and E), Au-MMA12 (B and F), 

Au-MAA15 (C and G) and Au-MAA18 (D and H) core-shell particles. 
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4.4.4 Effects of shell thicknesses on LSPR  

As described above, five acrylic-based Au core-shell particles were introduced with 

variable shell thicknesses and volume fractions. The size used for the LSPR analysis 

was obtained based on their dTEM (Table 4.2 and 4.3) as discussed in Section 4.4.1. The 

spectra show a clear difference among their LSPR peak wavelength in Fig. 4.6(A). The 

red-shift performance was observed from the normalised UV-Vis spectra of core-shell 

particles (collapsed at pH 6) with the increase of δTEM. There was a ~ 10 nm difference 

of LSPR wavelength between the largest (Au-MAA18, δTEM ~ 18 nm) and smallest (Au 

NPs) particles (Table 4.2 and 4.3). The LSPR peak wavelength is plotted as a function 

of δTEM in Fig. 4.6(B). A steep increase of wavelength was found at δTEM below 5 nm 

(Au-CEA2 and Au-CEA3). The wavelength continuously increased from 519 nm and 

reached to a plateau around 529 nm when the shell thickness exceeded ~ 10 nm. The 

change of effective refractive index in the proximity of Au cores accounted for this red 

shift.4,69 Overall, these core-shell particles had a relatively thin shell (less than 20 nm) 

compared to other studies.33–35 Therefore, the LSPR property can be intensively varied 

by the surrounding medium including both copolymer and water. Fig. 4.6(C) is plotted 

to correlate the LSPR wavelength shift to shell volume fraction. A linear trend was 

observed. This change indicated the dielectric environment was effectively varied by 

the copolymer shell, which suggested the major contribution to the red-shift for core-

shell particles. The polymer-to-water volume ratio increased with the δTEM and led to a 

higher refractive index in the near field. 
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Figure 4.6 (A) Normalised UV-visible absorbance spectra for Au NPs and core–shell 

particles. The dispersion pH was 6.0. (B) Variation of the measured LSPR wavelength 

with δTEM. (C) Variation of the LSPR wavelength shift with shell volume fraction. 
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was far from the near-field zone, and particles could be less sensitive to that region. 

This caused that the further increase of δTEM showed a constant LSPR wavelength 

around 529 nm (Fig. 4.6(B)). A similar LSPR wavelength shift was confirmed by 

numerical simulations of the LSPR spectra in Fig. 4.7(B). Here, the poly(MMA) shell 

was applied to a single Au NP with the variable shell thicknesses and the refractive 

index recognised as 1.49.60,61 The shell thickness was plotted against the LSPR peak 

wavelength in Fig. 4.7(C), which had a comparable trend with the experimental data. 

The figures showed the LSPR wavelength was shifted to 528 nm with a 5 nm shell 

(poly(MMA)) and was constant around 531 nm beyond a thickness of 15 nm. The 

simulation overestimated the shell thickness above 5 nm, which had a 1 – 2 nm LSPR 

wavelength difference compared to the experimental data. When the n of shells 

decreased to 1.46, the simulation provided a much closer fit as shown in Fig. 4.7(C). In 

this case, it suggested the true n of these copolymer shells could be slightly smaller than 

the expected value of poly(MMA). The core-shell particles were expected to contain 

some residual water in the hydrated copolymer shell (even at pH 6), which can 

reasonably be attributed to a lower n around the Au cores. In comparison to other core-

shell particles, the new synthesis used a range of thin pH-responsive copolymers shells, 

which gave a strong impact on LSPR properties. The thickness regime (2 – 18 nm) 

coincided well with the most sensitive near-field position as shown in Fig. 4.7(A). A 

systematic study of thin pH-responsive shells has rarely been reported in previous 

research. Until recently, intracellular therapies and plasmonic sensing promoted 

development of pH-responsive nanohybrids, such as Au-polyaniline70,71 and Au-poly(4-

vinylpridines)72–74 core-shell particles. However, these particles either lack swellable 

NG phases or have too large core size (> 50 nm), which makes them unable to be 

compared to the present Au-acrylic system. Extensive NG or MG shell research has 
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focused on thermo-responsive compositions (e.g. poly(NIPAM)), and those shells were 

thick.34,75–78 The synthesis of such core-shell systems usually requires surface 

functionalisation or coating prior to the shell growth. The present Au-acrylic particles 

were established without using any complex surface modifications through the study of 

Chapter 3 and 4. Their thin shells provide a highly tuneable LSPR platform for pH 

controllable smart designs.  

 

Figure 4.7 (A) Simulated near-field map of a single Au NP in water with an outline 

(solid line), the thin 3 nm polymer shell for Au-CEA3 (dotted line) and the 15 nm 

polymer shell for Au-MAA15 (wide dotted line). The colour code showed the magnitude 

of the electric field at the LSPR maximum. (B) Simulated absorbance spectra for Au-

MMA core–shell particles with a range of shell thicknesses. (C) Simulated data showed 

the dependence of the LSPR wavelength on the shell thickness (δTEM) for polymer shell 

with refractive index, n = 1.49 (black open diamonds), and n = 1.46 (purple open 

diamonds) compared to experimental data (blue closed squares).  
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4.4.5 pH-triggered LSPR changes 

As shown in Fig. 4.2 and Fig. 4.4, the MAA/CEA containing core-shell particles 

exhibited pH-dependent changes in dz when the pH of solution approached the pKa. The 

swelling of the shell could affect the local refractive index around the Au cores. 

Therefore, it was expected to observe a change of LSPR properties with pH. In Fig. 4.8, 

the pH of the solution is plotted against the characteristic LSPR wavelength for selected 

core-shell dispersions. There is no observable LSPR peak wavelength shift in Au NPs 

and Au-MAA18 particles, which is reasonable due to their non-swellable behaviour (Fig. 

4.2). However, both Au-CEA2 and Au-CEA3 particles also maintained a constant LSPR 

wavelength in their pH swelling region, i.e. at pH > 6.0. The refractive index 

surrounding Au cores was expected to change with the expansion of the copolymer shell. 

This effect might be attenuated due to their very thin shell thicknesses. In the simulated 

near-field map (Fig. 4.7(A)), the CEA containing shell was closely located inside the 

near-field area, which also accompanied a large contribution of the surrounding water 

(n ≈ 1.33). The overall effective medium refractive index should be lower than the value 

of poly(MMA) shell. The swelling process could cause a slight reduction of n in shell, 

and the shell was further propagated in the near-field zone. Therefore, these very thin 

shells of Au-CEA2 and Au-CEA3 particles could not provide any strong shifts with a 

significant change of the effective n value.    
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Figure 4.8 The variation of LSPR wavelengths for (A) Au NPs (B) Au-MAA18 (C) Au-

CEA3 and (D) Au-CEA2 as a function of pH. The identities are labelled.  

In comparison to other core-shell particles, an obvious LSPR wavelength shift was 

found in the Au-MAA15 particles inside its swelling pH regime (Fig. 4.9(A)). The LSPR 

showed a pronounced change from ~ 529 nm to ~ 524 nm at pH 6 and 10.8. This blue 

shift occurred when the pH exceeded 8 (Fig. 4.9(B)), which was consistent with its 

swelling behaviour (Fig. 4.2). Here, the thick shell of Au-MAA15 occupied the whole 

area of the near-field zone in the simulated map (Fig. 4.7(A)). When the shell was 

swollen, water could effectively penetrate through the near-field zone and finally dilute 

the effective refractive index value around Au cores. As a result, the characteristic LSPR 

wavelength of Au-MAA15 could shift toward the position of Au NPs. In Fig. 4.9(C), a 

visible transition of colour from deep magenta to pink was observed in solution with 

increasing pH. These pH-responsive results supported the outcomes from the simulation, 

and showed the potential as an optical colorimetric probe in pH sensing.79 On the other 
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hand, the shift of wavelength could reflect the variation of the effective refractive index 

value change as a consequence of the shell swelling. Such particles could be potentially 

used as a remote method to reflect the size change.80,81 

 

Figure 4.9 (A) UV-Vis spectra of Au-MAA15 were recorded at a range of pH values. 

(B) The variation of LSPR wavelengths in Au-MAA15 as a function of pH. The 

identities are labelled. (C) The pictures (Top-view (intensive colour) and side-view) of 

Au-MAA15 containing cuvettes were captured for a range of pH values.   
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4.4.6 Reversible pH-triggered aggregation and pH sensing 

4.4.6.1 Au-CEA2 core-shell particle aggregation 

The Au-CEA particles showed a very thin copolymer and low zeta potentials below pH 

6 (Fig. 4.4), which suggested poor colloidal stability of the dispersion at low pH. 

However, DLS measurements showed a fascinating pH-dependent swelling of these 

particles was present in the physiological pH range. Here, Au-CEA2 particles were 

chosen to explore their potential for biomedical applications. As shown in Fig. 

4.10(A(i)-(ii)), Au-CEA2 particles were covered by a ~ 2 nm thin shell at pH 5. When 

the pH reached 7.4, these shells expanded to ~ 5 nm due to the presence of negatively 

charged carboxylic groups (Fig. 4.10(B(i)-(ii))). This swelling change was visualised 

under TEM, which agreed with the data in the DLS measurements (Fig. 4.4).  

A pH-triggered aggregation can be achieved by fixing the pH of Au-CEA2 particles 

below 6.4. Subsequently, the centrifugation process or the physiological ionic strength 

were applied to accelerate the aggregation of particles. The electrostatic and steric 

repulsion were weakened in the electrolyte with low pH and the collapsed thin shell was 

no longer able to maintain good colloidal stability. As a result, aggregates of particles 

were built up and this is highlighted in the pictures (Fig. 4.10(A(iii))). This aggregate 

was not redispersible with the addition of buffer less than pH 6.4. In contrast, the 

physiological pH conditions (~ 7.4) easily redispersed the particles (after 2 s) and 

restored the colour of the solution due to the shell swelling as shown in Fig. 4.10(B(iii)). 

The results suggested the aggregation of Au-CEA2 particles could be manipulated using 

pH.  
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Figure 4.10 Au-CEA2 particles were dispersed at (A) pH 5 and (B) pH 7.4, respectively. 

(i) The TEM images and (ii) highlighted shells (red dotted line, scale bars = 10 nm) are 

shown in both dispersions. (iii) The redispersion experiments of pH-triggered 

aggregates were performed using different pH buffers. The pictures were recorded 

simultaneously at different time points of the addition process (t0 to t3, interval ~ 0.5 s). 

 

4.4.6.2 Reversible aggregation and UV-Vis spectral changes 

A reversible aggregation of Au-CEA2 particles was established by cyclic changing of 

the pH in the dispersion. In Fig. 4.11(A), the colour of the solution showed a pronounced 

difference between pH < 6.4 and pH > 6.4 (with the buffer or PBS adjustment). A 

reversible transition of violet to pink was observed by tuning the pH. The UV-Vis 

spectra (Fig. 4.11(B)) revealed the shift of LSPR wavelength from 522 nm to 542 nm 
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with a broader absorption after aggregation. The spectral shift could be returned to its 

original position by redispersing the Au-CEA2 aggregates in PBS. After repeated cycles 

of this process, the change of LSPR peak wavelength showed a reasonably good 

reversibility (Fig. 4.11(C)). In Chapter 3 (Fig. 3.15 and Fig. 3.16), Au NPs with thick 

shells could avoid this kind of spectral changes by reducing the probability of LSPR 

coupling. According to the simulated near-field map (Fig. 4.7(A)), this ~ 2 nm collapsed 

thin shell was located inside the strong near-field surrounding the Au core. A near-field 

coupling effect could be unavoidable when Au-CEA2 particles started to get closer to 

each other. Therefore, the aggregation of Au-CEA2 particles accompanied the visible 

change of colour, which could be beneficial in the sensing area, especially for pH 

detection. In addition, this reversible aggregation occurred within the physiological pH 

range, which suggests a favourable application for in vitro/vivo studies.  

 

Figure 4.11 (A) The pictures showed the reversible aggregation of Au-CEA2 particles 

occurred by varying the pH of dispersions. (B) The spectral change of the aggregated 

Au-CEA2 particles. (C) Reversible red-shifts with pH cycling.  
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4.4.6.3 HeLa cells culture and internalisation study   

The cellular study of Au nanomaterials can be directly visualised and located in a dark 

field microscope without involving complex sample preparation and 

instrumentation.82,83 Cheap and simple operation makes Au-acrylic particles highly 

desirable as an intracellular probe for cancer cells. HeLa cells are a cell line, which is 

commonly used in cell culture and cancer research.41,84,85 These cells were selected to 

culture with Au-CEA2 particles to examine the potential of particles to be used in 

biomedical research. In Fig. 4.12, the live/dead images showed the cytotoxicity results 

of HeLa cells in the presence of Au-CEA2 particles (1.0 nM). In comparison to the 

control images, there were few red stained cells under the fluorescent microscope. Au-

CEA2 particles were confirmed as not cytotoxic at days 3 and 6.  

 

Figure 4.12 Live/dead assay images of HeLa cell line in the (A and B) presence and (C 

and D) absence of Au-CEA2 particles (1 nM) after 3 days and 6 days culture, 

respectively. 

HeLa cells (Control and Au-CEA2 particles) were further cultured after 10 days to 

examine the cell internalisation of particles. Then, the cells were observed in dark field 
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mode as shown in Fig. 4.13. It is apparent that, many bright dots are only found inside 

the HeLa cells, which were cultured in the presence of Au-CEA2 particles. The 

difference between cell studies of the control and Au-CEA2 particles is caused by the 

formation of aggregates.86,87 These particles were very small (dTEM ~ 18 nm) and should 

not be observable under the optical microscopy. However, when the HeLa cells 

internalised Au-CEA2 particles, pH-triggered aggregation occurred due to the low pH 

environment of the endosomal/lysosomal lumen42,48,87 The scattering cross section of 

the Au aggregates significantly increased and could be visualised as numerous bright 

features in the dark field mode.86,87 The image shows a high incidence of granular 

deposits within the cell membrane of Au-CEA2 treated cultures. These particles were 

effectively locked inside the cell even after 10 days. Overall, the results show the 

capability of Au-CEA2 particles in reporting pH environments within the cells. This 

new structure of the thin pH-responsive copolymer shell with a Au NP core has the 

potential for applications in biomedical imaging research. In contrast to pH-sensitive 

fluorescent probes, pH-triggered aggregation of Au-CEA2 particles can significantly 

increase the scattering signal. The signal can be ~ 5 orders of magnitude stronger than 

ordinary fluorescent molecules.88 Intracellular fluorescent probes also suffer from 

photobleaching effects, which limit their long-term and reliable detection.89–91 In 

comparison to the present Au-acrylic system, similar pH-triggered protocols have been 

reported in other intracellular dark field imaging studies. Nam et al. reported a citraconic 

amide functionalised Au NP system.87 The hydrolysis of the citraconic amide produced 

mixed charged Au surfaces at pH 5.5. As a result of the electrostatic interaction, dark 

field imaging revealed pH-triggered intracellular aggregation. Song et al. reported a 

construction of the plasmonic vesicles by self-assembling amphiphilic Au NPs.92 These 

Au NPs were grafted by pH-sensitive poly(methyl methacrylate-4-vinylpyridine) 
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brushes, which showed a hydrophobic to hydrophilic transition at pH 5.4. Therefore, 

the late endosomes or lysosomes could drive the disruption of the plasmonic vesicles. 

The decoupling of assembled gold nanoparticles resulted in a reduction of scattering 

signal in the dark field imaging. Most studies of Au NPs have relied on polyethylene 

glycol coating and ligand functionalisation to construct their designs with built-in pH-

responsiveness and colloidal stability.86,87,92–97 However, potentially useable pH-

responsive NG shells have been rarely reported for the intracellular studies. Strong 

plasmonic coupling is sensitive to a distance ~ 6 nm between the surfaces of Au NPs as 

shown in Fig. 4.7(A), which highlights the robustness of new Au-CEA2 particles (~ 2 

nm shell). Simple Au-acrylic core-shell platforms offer an alternative intracellular 

solution due to their inherent non-cytotoxicity, tuneable diameter, tailorable optical 

property, strong colloidal stability, swellable shell and physiological pH working 

domain (5.5 – 7.4). These plasmonic particles may further simplify the future 

theranostic design (e.g colloidosomes) for pH-regulated drug release,98–100 

photoacoustic imaging101–104 and photothermal therapy103,105–107. Moreover, the 

composition of Au-acrylic core-shell is compatible with pH-responsive MG or NG gels. 

They should be capable of reporting internal gel environments based on LSPR changes, 

e.g. aggregated Au-CEA2 in mechanical tests.108,109 

 
Figure 4.13 Dark field optical images of HeLa cell line in the (A) presence and (B) 

absence of Au-CEA2 particles (1 nM) after 10 days culture. The bright dots are 

highlighted by yellow arrows. Scale bars = 50 μm.  

(B)(A)
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4.5 Conclusions 

Five kinds of Au core-shell particles were successfully synthesised with tuneable shell 

thicknesses and swelling through the precipitation polymerisation. Either a thick (δTEM 

~ 12 – 18 nm) or a very thin (δTEM ~ 2 – 3 nm) copolymer shell was achievable using 

an acrylic-based formulation based on MMA-(CEA/MAA)-EGDMA. The thin shells 

were investigated by both TEM and XPS analysis. All these particles were well-

dispersed with a pronounced LSPR wavelength. The LSPR wavelength was red shifted 

with the increase of the shell thickness, and a maximum wavelength was found at 529 

nm. The change was caused by the variation of the effective refractive index of the 

medium, with the supporting evidence from the simulated spectral data and near-field 

maps. The LSPR wavelength shift of Au-MMA (simulated) closely fitted the 

experimental results of the five Au core-shell particles, when the refractive index of the 

shell was assumed as 1.46. The pH-dependent LSPR wavelength changes and pH-

triggered reversible aggregation were found in Au-MAA15 and Au-CEA2 core-shell 

particles, respectively. Such a reversible aggregation can occur within the physiological 

pH range. The HeLa cell culture and internalisation study highlighted the capability of 

Au-CEA2 particles in reporting the pH environment within the cell. Those particles may 

have further potential in tumour treatment or other theranostic development. 
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Chapter 5: Self-curing super-stretchable polymer/microgel 

complex coacervate gels without covalent bond formation3 

5.1 Abstract 

As introduced in Chapter 3, poly(EA-MAA-DVB) double crosslinked MGs could be 

prepared after the glycidyl methacrylate functionalisation. However, the stretchability 

and multifunctionality are limited due to the interlinked covalent bonding network. Here, 

a new system of polymer/microgel complex coacervate (PMCC) gels were created by 

mixing two preformed oppositely charge polyelectrolytes (poly(EA-MAA-DVB) MGs 

and branched polyethyleneimine). This method provided a shapeable hydrogel, which 

could be simply transformed into a highly elastic network after annealing. The whole 

gelation process did not require in situ free-radical polymerisation and covalent bond 

formation. After thermal reconfiguration, the dynamic and ionic structure provided 

super-stretchable, self-healing, highly adhesive, super-swellable performance to the 

PMCC gel. The gels could be further stiffened with a high concentration of Ca2+. In 

comparison to other complex coacervate gels, the new PMCC system showed stronger 

modulus, higher breaking strain and greater functionality with potential for biomedical 

applications.  

  

 
3 The results are published in Wu, S.; Zhu, M et al. Self-Curing Super-Stretchable Polymer/Microgel 
Complex Coacervate Gels without Covalent Bond Formation. Chem. Sci. 2019, 10, 8832–8839 
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5.2 Introduction 

Hydrogels are favourable water-rich polymer networks, which possesses numerous 

crosslinks (physical or chemical) to keep the water inside a 3D network structure.1,2 The 

mechanical properties of hydrogels can be intentionally tuned by varying the spatial 

arrangement and crosslinking mechanism3–5 to fit the requirements of a particular 

application (e.g. Soft tissue engineering6,7). Different designs expand the applicable 

areas of such materials in drug delivery,8 water purification,9 electronic skin,10,11 wound 

healing,12,13 soft robotics,14,15 CO2 capture16,17 and injectability.18,19  

Hydrogels have potential for biomedical applications based on their stimuli-responsive 

properties (pH, temperature, solutes or light).20,21 A macroscopic property of gel 

networks can be simply controlled by stimuli-triggered crosslinking,22,23 swelling or 

degradation of polymer colloids.24,25 As reported in the previous studies in Saunders’s 

group, a range of pH-responsive microgels (MGs) or nanogels (NGs) particles were 

prepared using free radical emulsion polymerisation.25–28 These particles swelled within 

a physiological pH range. After swelling, the MGs/NGs could form a physical gel and 

further build up a doubly crosslinked (DX) network based on the glycidyl methacrylate 

functionalisation.29,30 These injectable and crosslinked gels have the potential for 

regeneration in intervertebral disc (IVD) repair. However, the lack of ductility and 

amine functionalities limit the potential research.  

Recent studies reported some outstanding stretchable and tough hydrogels, such as 

nanocomposite hydrogels,26,31,32 supramolecular hydrogels,33–35 double network 

hydrogels36,37 and microgel-reinforced hydrogels.38,39 Such hydrogels required covalent 

bond formation, accompanying host-guest interactions, hydrogen bonding, electrostatic 

interactions or physical entanglement. However, the complicated gelation procedures 
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or in situ free-radical polymerisation also reduce their potential for use in 

industrial/biomedical areas. In this case, physical or dynamic crosslinked gels are 

preferable candidates, which might exhibit self-healing based on their dynamic 

network.40,41  

Polyelectrolyte (PE) complex gels are prepared through the physical crosslinking of 

oppositely charged PEs.42–45 Complex coacervation of oppositely charged PEs can drive 

phase separation, which spontaneously generates solvent-rich and solvent-depleted 

phases.46,47 This phase separation process has been widely used for the 

microencapsulation in the food and pharmaceutical industries due to low-cost, high-

scalability and simplicity in preparation.48,49 The typical hydrogel-like coacervated 

based materials can be designed using two oppositely charged triblock copolymers, and 

these materials have potential for bolus-style delivery.45,50 Here, we introduce a new 

binary polyelectrolyte combination of an anionic polyacid MG and a cationic branched 

polyethyleneimine (PEI). PEI has been used in gene transfer51 and hydrogel network 

construction.41  

As shown in Scheme 5.1, dynamic polymer/MG complex coacervate (PMCC) gels were 

prepared by mixing and kneading MG particles with branched PEI, denoted as the pre-

gels. Swellable and pH-responsive MG particles were prepared by copolymerising ethyl 

acrylate, methacrylic acid, and divinylbenzene using emulsion polymerisation 

(poly(EA-MAA-DVB) MGs).26 The pre-gels were highly dynamic and shapeable, and 

could transform to a highly elastic temperature-cured gel (T-gel) after annealing ≥ 37 °C. 

The structure rearrangement allows the formation of high-density ionic bonds, which 

further affects the mechanical properties of the T-gels. This new class of PMCC gels 

possesses shapeability, super-stretchability, self-healing, high adhesiveness, high 

swellability and Ca2+ stiffened properties. They have strong advantages over other 
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common complex coacervate gels, which suffer from poor mechanical performance and 

a lack of moldability (e.g. shapeable to elastic).45,46,52–54  

 

Scheme 5.1 Schematic depiction of PEI/MG pre-gel and T-gel preparation with 

cooperative ionic bonding using a simple mix and kneading method.   
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5.3 Experimental  

5.3.1 Materials 

Ethyl acrylate (EA, 99%), methacrylic acid (MAA, 99%), divinylbenzene (DVB, 80%), 

ammonium persulfate (98%), sodium dodecyl sulphate (SDS, 99%), potassium 

phosphate dibasic (98%), phosphate buffered saline (PBS), CaCl2 (≥ 98.0 %) were 

purchased from Sigma-Aldrich. Branched PEI with molecular weights of 0.60, 10 and 

70 kD were purchased from Polysciences, Inc. All materials were used as received. 

Ultrahigh purity deionised water was used in all experiments. 

5.3.2 MG synthesis 

The synthesis of anionic MG particles was performed using the seed-feed emulsion 

polymerisation. SDS (1.80 g) was added to water (518 mL) in a 1 L five-necked round 

bottom reactor with a mechanical stirrer (300 rpm) and a reflux condenser (5 °C water 

circulation). The solution was purged with nitrogen for 30 min and heated to 80 °C in a 

water bath. The inlet nitrogen was guided by a needle through a rubber stopper. 

Comonomer solution (31.5 g) containing EA (66.0 wt%), MAA (32.7 wt%) and DVB 

(1.3 wt%) was prepared and transferred to the reactor. The seed formation was 

proceeded by addition of K2HPO4 (3.15 g of a 7.0 wt% solution) and APS (10 g of a 2 

wt% solution). After 30 min, the comonomer (218.5 g) mixture was fed into the reactor 

using a peristaltic pump at a uniform rate (2.4 g min-1) over a period of 90 min. The 

copolymerisation proceeded for a further hour. The flask was finally cooled in an ice 

bath. Large aggregates of the product were removed by filtration using film mesh (0.2 

mm pore size). The product was sealed in the cellulose dialysis tubing (14 kDa) and 

soaked in water for 14 days. Dialysis water was changed once per day. The final MG 
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was concentrated to 17.2 wt% by rotary evaporation (20 mbar) at room temperature and 

stored at 5 °C before use. 

5.3.3 PEI/MG gel preparation  

The following gives an example of preparation of PEI/MG(50-0.67). 0.67 represents 

the mass ratio (MR) of PEI to MG and the sample code of gels is further explained in 

Section 5.4.2.2. The MG dispersion (1.20 mL, 17.2 wt%, pH ~ 4 – 5) was transferred 

to a vial. PEI solution (10 kD) was diluted to 17.2 wt% with water and the desired 

quantity (0.80 mL) injected into the MG dispersion. The mixture was mechanically 

stirred and vigorously mixed by hand using a spatula to form a white pre-gel. The 

solution pH of this pre-gel was 7.3. The pre-gel was further mechanically mixed using 

a kneading method similar to “dough making” for a further 5 min until it reached a 

smooth, uniform state. The gel was then sealed by two pieces of glass slide and clips 

with a hollow mold. These molds consisted of either an O-ring (inner diameter = 19 mm 

and wall diameter = 2.5 mm) or a PTFE hollow cylinder (inner diameter = 12 mm and 

height = 12 mm). Parafilm was used to completely encapsulate the molds to ensure that 

no evaporation occurred during heating. The gel was heated at the required temperature 

for 20 hr (T-gel). Other gel MRs were prepared by varying the PEI:MG MR (from 0.40 

to 1.0) and molecular weight of PEI. The total volume of initial pre-gel was 2.0 mL. In 

the Ca2+ stiffening experiments, PEI/MG(50-0.67) gels were immersed in saturated 

aqueous CaCl2 solutions for various times. 

5.3.4 Swelling and adhesive experiments 

During the gel preparation step, six PEI/MG(50-0.67) gels were separately prepared and 

placed into different pH buffers. Universal pH indicator was added to each buffer 

solution. The gels were allowed to swell for 2 days. The change of colour and total mass 
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was recorded. The adhesive ability was examined by a flip experiment with a glass slide. 

The gel at pH 7.4 was selected for adhesive tests to various materials: rubber, plastic, 

steel, Teflon, glass and fresh porcine skin. 

5.3.5 Self-healing experiments  

The disc-like samples were separated into two parts by cutting down the middle. The 

gels were then re-joined together with some drops of water along the cutting line. They 

were sealed again and placed for 24 hr at room temperature to allow healing process. 

The self-healed ability was quantified by uniaxial tensile measurements. 

5.3.6 Physical measurements 

The z-average diameter (dz) and zeta potential (ζ) data for the MGs were measured at 

25 °C using a Malvern Zetasizer Nano ZS instrument. The swelling experiments were 

held for 10 min at different pH values before taking measurements. The dz values were 

calculated using the Stokes-Einstein equation. The carboxylic acid content and pKa for 

the MGs were determined via potentiometric titration using a Mettler Toledo DL15 

titrator. TEM samples were prepared by drop-casting MG dispersions (10 μL, 0.001 

wt.%) onto copper grids (300 mesh) coated with holey carbon film. MGs were stained 

with uranyl acetate at room temperature overnight. TEM studies were performed using 

an FEI Tecnai 12 BioTwin instrument operating at 100 kV. SEM samples were freeze-

dried and coated with Au/Pd prior to imaging to prevent sample-charging. All SEM 

studies were conducted using a FEI Quanta 650 FEG-SEM instrument operating at 20 

kV. FTIR spectra were collected using a Nicolet 5700 ATR-FTIR spectrometer (128 

scans, 2 cm-1 resolution). Mechanical properties were assessed using an Instron series 

5569 instrument. Rectangular and cylinder shapes were prepared for tensile and 

compression tests, respectively. Uniaxial tensile measurements were conducted at a 
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strain rate of 0.055 s-1, while uniaxial compression studies utilised a strain rate of 0.015 

s-1. Compression experiments were ceased at ~ 84% strain to avoid damage to the 

instrument. Gels had still not broken under such conditions. The cyclic tensile test was 

performed on both tensile and compression measurements. Each sample was allowed 

to rest for 5 min between each successive cycle unless otherwise stated. The elastic 

modulus was obtained from the linear part of the stress-strain graph in the low strain 

region. Engineering stress and strain are reported in this study. The adhesive strength 

was characterised by lap shear testing. Glass and Teflon substrates (75 mm × 25 mm × 

1 mm) were cleaned using sonication in water and ethanol. Excess fat from porcine 

skins (75 mm × 25 mm × 1 mm) was removed using a scalpel and the skin cleaned with 

water and soap and rinsed well with water. All samples were cut into the size of 15 mm 

× 15 mm before attachment. The gel was evenly placed on one surface, then two 

surfaces were joined together by overlapping the gel for 10 s. The adhesive strength was 

obtained from the failure point of the gel under uniaxial loading. 

5.3.7 Live/Dead and MTT assays.  

The experimental details and results of cell culture were provided by Daman Adlam 

(The University of Manchester). T/C28a2, human chondrocyte cells, were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum and antibiotic/antimycotic (Sigma-Aldrich, UK) at 37 °C in a humidified 5% CO2 

atmosphere. Cells were seeded at a density of 5 x 105 onto 35 mm glass bottom dishes 

(VWR International) containing 5 mm discs of gel (40 mg) and cultured up to 72 hr 

with daily media changes. Viability of cells adjacent to the gels was determined at 24, 

48 and 72 hr time-points versus gel-free controls by live/dead assay (Life Technologies, 

UK). Images were obtained with an Olympus BX51 fluorescence microscope and a 



214 
 

Lietz Diavert inverted phase contrast light microscope. For a quantitative assay, the 

T/C28a2 cells were seeded at a density of 5 x 104 per well onto 24 well plates containing 

0.4 µm cell-culture inserts (BD Biosciences) and allowed to adhere overnight before 

exposure to 15 mg of gel via the insert (n = 3). Cell viability was determined by the 

MTT assay (Sigma-Aldrich) using a FLUOstar OMEGA plate reader.  
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5.4 Results and discussion 

5.4.1 Poly(EA-MAA-DVB) MG characterisation 

The pH-responsive poly(EA-MAA-DVB) MGs were synthesised using the free-radical 

emulsion polymerisation. These MG particles were used to prepare more ductile 

covalently-interlinked MGs, and they had a high particle swelling ratio and appeared 

transparent that were considered advantages.26 The poly(EA-MAA-DVB) MGs had a 

number-average diameter of 55 nm in a dried state (< pH 6) as determined from TEM 

studies (Fig. 5.1(A)). In Fig. 5.1(B), the potentiometric titration data provided the acid 

group content ~ 35.8 wt%, which originated from MAA (containing -COOH). The 

titration also gave a pKa of 6.5 in poly(EA-MAA-DVB) MG dispersions. From the DLS 

measurements, the MG particles swelled from 74 nm at pH 4.7 to 502 nm at pH 11 (Fig. 

5.1(C)). A steep increase of dz was found around pH 6.5, which agreed with the pKa. 

Such a pH change maybe suitable in physiological environments. This strong swelling 

feature also endowed the higher deformability to the crosslinked hydrogel compared to 

other reported low swellable MGs.26  

The pH-dependent change of the zeta potential coincided well with the swelling trend, 

and indicated a negatively charged surface (from -28 mV to -44 mV) of MG particles 

(Fig. 5.1(D)). Here, strong electrostatic stabilisation maintained the good colloidal 

stability of these particles in water. In addition, these highly charged groups were 

favourable to drive formation of the complex coacervated phase in the study.  
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Figure 5.1 (A) The TEM image of poly(EA-MAA-DVB) MGs. Scale bar = 100 nm. 

(B) Potentiometric titration data of poly(EA-MAA-DVB) MGs. (C) Variation of the z-

average diameter and (D) zeta potential as a function of pH. 

 

5.4.2 Formation of PEI/MG complex coacervate 

5.4.2.1 Dilute PEI/MG dispersions 

Highly-branched PEI is a polycationic polymer with a pKa of 8.5.55  As shown in 

Scheme 5.1, branched PEI (10 kD) contains many primary, secondary and tertiary 

amine groups, which act as the positively charged groups interacting with anionic MG 

particles. The diluted PEI/MG dispersion was prepared for different MRs by mixing a 

low concentration (< 1 wt%) of MGs with PEI. Fig. 5.2(A) does not show any evidence 

of excessive aggregation. However, a small number of white beads could be observed 

upon decreasing the MR and became dominant at MR = 0.4. This difference provided 
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a strong indication of MG aggregation at low MR due to the presence of PEI chains. 

The samples showed a large increase of dz (> 600 nm) with high polydispersity in a MR 

range between 0.57 and 0.4 (Fig. 5.2(B)). The DLS measurement also exhibited a slight 

increase of dz at high MR. The mixture had an average dz ~ 250 nm, when MR was 

tuned between 0.67 and 1 (pH ~ 7.3 - 7.9). Although adsorbed PEI chains might 

contribute to the size measurement of MGs, the dz of the mixture was still much smaller 

than the expected swollen particles according to Fig. 5.1(C) (> 350 nm above pH 7.3). 

The addition of PEI constrained the spatial expansion of the MGs at high pH. The 

electrostatic attraction screened the repulsive force of MG particles (among -COO- 

groups). This feature indicated a strong interaction between the anionic MGs and 

cationic PEI after mixing, which could involve the PEI wrapping and interpenetration. 

In Fig. 5.2(C), the zeta potential of the dilute PEI/MG dispersion showed a gradual 

change from +25.9 mV to -1.9 mV with the decrease of MR. Most of the mixtures were 

positively charged particles and became negatively charged or neutral at MR ~ 0.4. The 

trend implied that the PEI/MG dispersion became less stable due to the reduction of 

electrostatic repulsive forces.  
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Figure 5.2 (A) The pictures showed the dispersity of dilute PEI/MG, and mass ratios 

(MRs) are labelled. (B) DLS size measurements and (C) Zeta potentials for dilute 

PEI/MG mixed dispersions recorded for various MRs.  

 

5.4.2.2 Formation of pre-gels and T-gels 

As shown in Fig. 5.3(A), a milky and viscous MG dispersion (17.2 wt%) was prepared 

to make the complex coacervated gel with branched PEI using the mixing and kneading 

method. The zeta potential measurement confirmed that these MG particles had a highly 

negatively charged surface in Fig. 5.1(D). Simply hand-mixing MGs and PEI gave a 

‘putty like’ soft gel (pre-gel) within several seconds to minutes. As prepared pre-gels 

maintained an integral network and deformed plastically with a strong adhesiveness 

(Fig. 5.3(B)). They could be molded into various shapes and were injectable using a 

syringe. Such plastic flow gels could adapt to any defects or damage on substrates, 

which exhibited the capability of gluing, sealing and coating. In addition, this pre-gel 

can be formed under physiologically relevant conditions (e.g. pH 7.4 and 37 °C).  
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Remarkably, temperature curing (at 37, 50 or 80 °C for 20 h) transformed the 

deformable pre-gels into highly elastic T-gels (Fig. 5.3(B) and Fig. 5.3(C)). This 

property of T-gels was tuneable and they were transparent and stretchable after 

annealing. Hence, the PMCC pre-gels could be shaped and then set in any desired shape 

simply by heating. In the following study, a series of polymer/MG complex coacervate 

(PMCC) gels are prepared by varying the dry weight PEI/MG MR. Each gel is denoted 

by PEI/MG(T-MR), where T is the annealing temperature (°C) and MR corresponds to 

the PEI-to-MG mass ratio.  

 

Figure 5.3 (A) The aqueous dispersion of negatively charged MG particles (17.2 wt%). 

(B) Plastic flow, adhesiveness and injectability of shapeable PEI/MG(0.67) pre-gels. (C) 

Stretchable behaviours of a PEI/MG(50-0.67) T-gel of 19 mm diameter. 

 

For PEI/MG gels, the formation of a gel phase does not require chemical reaction in the 

pre-gel and T-gel preparation. This feature is highly desirable for applications in a 

sensitive environment (e.g. tissue).7 Most MG studies involve the free radical 

polymerisation to construct an elastic and robust gel network. In doubly crosslinked 

(DX) MGs, ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) 
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were used to initiate the crosslinking of vinyl-functionalised MGs.26,27,30 Similar radical 

reactions were also applied to construct matrix phases (e.g. polyacrylamide) in MG 

enhanced or reinforced gel networks.56–59 In contrast, in situ physical gelation is a more 

bio-friendly process, which may also provide shapeability, injectability, self-adapting 

and self-healing properties. For example, pH-responsive swollen MGs (e.g. poly(EA-

MAA-EGDMA)) could form an injectable shear-thinning phase at physiological pH.26 

High injectability and self-healing were also found in a zwitterionic microgels system, 

which could create a malleable cell construct.60 Similar physical and dynamic covalent 

platforms are widely used for designing cell-laden constructs, wound healing materials 

and drug carriers.12,53,60–63 However, their networks are usually weak and cannot provide 

satisfactory mechanical performance for load-bearing materials (e.g. a lack of a highly 

elastic phase). Some studies show elastic physical gels can be constructed by increasing 

attractive interactions in a salt environment.64,65 In this thesis, the preparation of 

PEI/MG gels offers an alternative approach, which exhibits a simple transition from a 

shapeable phase to an elastic phase upon mixing and annealing.  
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5.4.3 FTIR spectra of pre-gels and T-gels 

In comparison to FTIR spectra of MGs and PEI, pre-gels exhibited new bands at 1552 

and 1637 cm-1 (Fig. 5.4(A)) which were assigned to -COO- (asymmetric stretch) and –

NH3
+, respectively.66 These bands indicated the formation of ionic crosslinks between 

the MG particles and PEI chains within the T-gels. Hydrogen bonding interactions were 

also indicated by the red shift in the PEI N-H stretch67,68 from 3450 to 3400 cm-1 with a 

broader band (Fig. 5.4(B)). The shift of corresponding bands remained unchanged for 

T-gel (37, 50 or 80 oC) (Fig. 5.4(C)-(D)), and was exactly as same as the pre-gel, which 

proved the bonding mechanism was independent of the annealing process. There was 

no evidence for the formation of new covalent amide bonds. Therefore, the PMCC gels 

were formed as a result of extensive ionic and hydrogen bonding here.  

However, different mechanical properties were observed between T-gels and pre-gels 

(Fig. 5.3). A model has been suggested here, where the MGs acted as nanosized 

crosslinkers and PEI as flexible bridges between adjacent MGs during the mixing 

process. A related morphology has been reported for covalent nanostructured 

hydrogels.69 The PEI chains initially adsorbed in a flat conformation and then further 

interpenetrated into the MG peripheries upon annealing (Scheme 5.1).70 Such 

interpenetration increased the number of ion pairs which was driven by the entropy 

increase due to mobile ion release.70 Hence, a more elastic structure was constructed 

after annealing.  
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Figure 5.4 FTIR spectra for (A and B) PEI, MG and pre-gels (PEI/MG(0.67)) as well 

as (C and D) T-gels (PEI/MG(T-0.67)) heated at various temperatures. The spectra for 

the pre-gel and T-gel showed new bands due to ionic groups (indicated by yellow bars) 

and a shift of the N-H group (indicated by grey bars). The pH of the gels was 7.3. 

 

5.4.4 Morphologies of pre-gels and T-gels 

All the pre-gels and T-gels were freeze-dried and inspected in SEM (Fig 5.5 (A)-(D)). 

The microstructure uncovered the differences of the polymer network among these gels, 

which were highly porous as a result of ice sublimation. The number-average pore size 

distributions are shown in the bar chart (Fig 5.5 (E)-(H)). The pre-gel showed a coarse 

microstructure with the largest pore size (5.06 μm). After annealing the pre-gel at 37 °C, 

the pore size largely shrank down to 0.34 μm for PEI/MG(37-0.67) T-gel. The pore size 

can be further reduced to ~ 0.01 μm by annealing at 80 °C. The reduction of pore size 
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indicated strengthening of the polymer network within the gel,71 and the feature was 

easily tuneable using different annealing temperatures.  

 

Figure 5.5 SEM images for freeze-dried (A) PEI/MG(0.67) pre-gel, (B) PEI/MG(37-

0.67), (C) PEI/MG(50-0.67) and (D) PEI/MG(80-0.67) T-gels. Scale bars = 1 m. Pore 

size distributions for (E) PEI/MG(0.67) pre-gel, (F) PEI/MG(37-0.67), (G) PEI/MG(50-

0.67) and (H) PEI/MG(80-0.67) T-gels. The average pore sizes were 5.06 ± 1.11 m, 

0.34 ± 0.06 m, 0.178 ± 0.037 m and 0.098 ± 0.025 m, respectively. 
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5.4.5 Uniaxial tensile tests for T-gels: effects of MR and annealing temperature 

A small piece of PEI/MG(50-0.67) T-gel was uniaxially stretched and found to be 

super-stretchable as shown in Fig. 5.6(A). In Section 5.4.2.1, the tunable dispersity and 

zeta potential were found by changing the MR of the dilute dispersion. Here, the 

relationship between the tensile stress-strain properties and MR (Fig. 5.6(B)) was 

further investigated by studying a series of PEI/MG(50-MR) (MR = 0.40, 0.50, 0.67, 

0.8, 1) (Table 5.1). The maximum breaking strain of 1015% was reached for 

PEI/MG(50-0.67). The highest Young’s modulus (39.0 kPa) and tensile strength (64.0 

kPa) were obtained for PEI/MG(50-0.40), which had the lowest MR. When the MR 

increased, MG particles were diluted by PEI and the average separation between MGs 

increased. Therefore, the PEI bridging length increased, and the proportion of 

crosslinking centers reduced which lowered the modulus (Fig. 5.6(C)). In other words, 

MGs make a major contribution to the elastic modulus and strength of PEI/MG T-gels. 

However, Fig. 5.6(C) showed the breaking strain of PEI/MG(50-MR) passed through a 

maximum at MR 0.67. In the early stages, the MR increase caused the length of the 

bridging chains increased. At higher MR values, fewer PEI chains were able to 

uniformly bridge neighboring MGs which potentially lowered the stretchability.  
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Figure 5.6 (A) A stretched PEI/MG(50-0.67) gel. (B) Uniaxial tensile stress-strain 

curve and (C) mechanical properties for PEI/MG(50-MR) gels prepared at 50 oC using 

various mass ratios (MR = 0.40, 0.50, 0.67, 0.80, 1.00). (D) Tensile stress-strain curve 

and (E) mechanical properties for PEI/MG(T-0.67) gels annealed at various 

temperatures (T = 37 °C, 50 °C, 80 °C). 

Table 5.1 Mechanical properties with different mass ratios for PEI/MG(50-MR) gels. 

MRa) E / kPab) Tensile strength / 

kPa 

Strain at break 

/ % 

Toughness / 

MJ/m3 

0.40 39.0 ± 5.4 64.0 ± 10.3 909 ± 69   0.267 ± 0.040 

0.50 36.4 ± 5.9 59.6 ± 2.8 955 ± 51  0.262 ± 0.025 

0.67 15.5 ± 2.2 45.4 ± 7.0 1015 ± 18 0.194 ± 0.029 

0.80 11.4 ± 1.0 20.3 ± 1.8 790 ± 37 0.072 ± 0.007 

1.00   5.5 ± 0.9 12.3 ± 1.2 728 ± 27 0.041 ± 0.004 

a) PEI-to-MG mass ratio; b) Young’s modulus 

The effect of annealing temperature was subsequently investigated at 37 °C, 50 °C and 

80 °C (Table 5.2). Tensile measurements (Fig. 5.6(D)) showed that the PEI/MG(37-
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0.67) gel exhibited the highest breaking strain of all the gels (1122%) while the 

PEI/MG(80-0.67) gel possessed the strongest modulus (29.8 kPa) and strength (62.5 

kPa) with a relatively high breaking strain (489%). PEI/MG(50-0.67) had the most 

balanced tensile property and the highest toughness (0.194 MJ m-3) using the area under 

the stress-strain curve. During the annealing, thermal energy could accelerate/drive the 

reconfiguration and increase the number-density of elastically effective ionic crosslinks 

(Scheme 5.1), which could enhance the gel modulus according to rubber elasticity 

theory.72 Therefore, the elevated annealing temperature reasonably led to a higher 

modulus and a lower breaking strain in the T-gel (Fig. 5.6(E)). PEI/MG(50-0.67) T-gel 

had the best overall mechanical properties and was selected for the following study 

unless otherwise were stated.  

 

Table 5.2 Mechanical properties of PEI/MG(T-0.67) gels prepared at different 

temperatures. 

Gel E / kPaa) Tensile 

strength / kPa 

Strain at 

break / % 

Toughness / 

MJ/m3 

PEI/MG(80-0.67) 29.8 ± 2.8  62.5 ± 5.2 489 ± 41 0.152 ± 0.022 

PEI/MG(50-0.67) 15.5 ± 2.2 45.4 ± 7.0 1015 ± 18 0.194 ± 0.029 

PEI/MG(37-0.67) 12.4 ± 0.2 19.8 ± 1.2 1122 ± 79 0.104 ± 0.004 

a) Young’s modulus. 

5.4.6 Uniaxial tensile tests for PEI/MG(50-0.67) T-gels: effects of PEI molecular 

weight 

The effect of PEI molecular weight on PEI/MG(50-0.67) mechanical properties was 

investigated via uniaxial tensile tests (Fig. 5.7(A)). Low molecular weight PEI (0.60 kD) 
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could not form a gel network even after annealing at 50 °C (Fig. 5.7(B)). The PEI/MG 

mixture was a viscous liquid. This observation suggests that 0.60 kD PEI cannot provide 

effective interpenetration and bridging of the MG particles due to spatial limitations. In 

contrast, 70 kD PEI was able to form a robust disc-like T gel as shown in Fig. 5.7(B). 

The tensile stress-strain curve showed the elastic modulus was 14.8 kPa. They had a 

similar modulus compared to the 10 kD PEI/MG(50-0.67) gel (Table 5.1). As observed 

in Section 5.4.5, the MGs acts as the major phase to control the modulus with these high 

molecular weights PEI. However, the stretchability of 70 kD PEI/MG(50-0.67) gel was 

largely reduced (Fig. 5.7(A)). The macroscopic structure of 70 kD gel was not 

homogenous due to the high viscosity of its pre-gel. This difference was possibly 

responsible for the decrease in breaking strain. 10 kD PEI was used for the following 

study. 

 
Figure 5.7 (A) Uniaxial tensile stress-strain measurements for PEI/MG(50-0.67) gels 

with different PEI molecular weights (10 kD and 70 kD) (B) Pictures showed the 

appearance of PEI/MG(50-0.67) gels. The mixture of branched PEI (0.60 kD) and MGs 

remained viscous without forming a gel network. 
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5.4.7 Cyclic uniaxial tensile tests for PEI/MG(50-0.67) T-gels 

The dynamic tensile stress-strain data for the PEI/MG(50-0.67) gel was collected and 

explored at a low strain region (< 400%) as shown in Fig. 5.8(A). A hysteresis loop 

indicated there was significant energy dissipation during the loading-unloading process, 

which showed a difference compared to the rigid covalent-bonding network.73,74 The 

residual strain and dissipated energy increased linearly with the applied maximum strain 

(Fig. 5.8(B)-(C)). The presence of plastic deformation proved the change of dynamic 

networks. However, this deformation should not be permanent due to the lack of 

covalent bonds and structure disassembly (low strain). As depicted in Scheme 5.1, the 

network of PEI/MG gel is proposed to be constructed by numerous ionic and hydrogen 

bonds. In principle, damage will be recovered with long enough resting time.  

Multiple cyclic tests (8 times) of PEI/MG(50-0.67) gel were conducted at 200% strain 

with a 5 min relaxation interval in Fig. 5.8(D). There was a superposition for hysteresis 

loops after the multiple runs. The maximum stress and dissipated energy rapidly became 

constant (Fig. 5.8(E)-(F)), with less than 5% difference between each cycle. The lack 

of change in dissipated energy with cycling implied that chains did not slide past each 

other. Instead, the sacrificial bonds were gradually reformed in the absence of stress. 

The dynamic nature of these ionic (and hydrogen) bonds is a likely cause of the 

excellent stretchability of the T-gels. 
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Figure 5.8 (A) The cyclic loading of PEI/MG(50-0.67) gels was tested at four different 

strains (100%, 200%, 300% and 400%). (B) The residual strain and (C) dissipated 

energy are acquired from the hysteresis loop and plotted against the applied strain. (D) 

Multiple cyclic loading of a PEI/MG(50-0.67) gel conducted for eight runs. (E) The 

percentage change of maximum stress at 200% and (F) dissipated energy were recorded 

for every loading-unloading cycle. 
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5.4.8 Uniaxial compression tests for PEI/MG(50-0.67) T-gels 

In order to gain insight into the mechanical properties of this complex coacervate gel, 

uniaxial compression tests are carried out to explore the gel performance. The results 

are shown in Fig 5.9. Doubly crosslinked (DX) MGs have been reported as potential 

candidates for the restoration of the mechanical property during degenerated 

intervertebral disc repair.29,30 A previous poly(EA-MAA-DVB) DX MGs was prepared 

using the same MG composition compared to this study. This DX MGs gel had a 

breaking strain ~ 76%.26 In comparison, PEI/MG(50-0.67) gel exhibited excellent 

compressive properties with no defects or failure occurring at 84% (Fig. 5.9(A)). This 

strain was limited by the instrument, and did not reach the breaking strain of the samples. 

The gel could be repeatedly compressed (5 min relaxation interval, 84% strain) without 

showing any observable changes in the stress-strain curve. The Young’s modulus was 

calculated as 11.5 kPa from the linear part at low strain. This value is comparable to 

that of muscles.75 However, the modulus was smaller than with poly(EA-MAA-DVB) 

DX MGs (~ 20 kPa) due to the lack of chemical crosslinks. In Fig. 5.9(B)-(C) cyclic 

compressive data (30 %, 40 %, 50 %, 60 %, 70%, 80 % strains) showed that the residual 

strain is proportional to the maximum cycle strain. A large hysteresis loop is observed 

and increased at higher applied strain. It was caused by the large extent of damage to 

networks as a result of excessive deformation, however they could recover after resting. 

These features were consistent with the observations from cyclic tensile measurements. 
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Figure 5.9 (A) Multiple uniaxial compressive stress-strain loading were tested for a 

PEI/MG(50-0.67) gel. The pictures showed a cylinder gel (12 mm × 12 mm) was 

compressed into a flat plate without showing damage. (B) The cyclic compression test 

was conducted at six different strains (30 %, 40 %, 50 %, 60 %, 70% and 80 %). (C) 

Hysteresis and residual strains from the gels are plotted against the applied strain.  

  

0 20 40 60 80 100
0

1

2

3

4

5

6

Strain / %

H
y
s
te

re
s
is

 /
 k

J
/m

3

0

5

10

15

20  R
e

s
id

u
a

l S
tra

in
 / %

0 20 40 60 80 100

0

10

20

30

40

50

60

70

C
o

m
p

re
s
s
iv

e
 S

tr
e
s
s
 /
 k

P
a

Strain / %

 80%

 70%

 60%

 50%

 40%

 30%

𝑅 = 0.29 𝑡 𝑎𝑖𝑛

R2 = 0.999

0 20 40 60 80 100

0

30

60

90

120

C
o

m
p

. 
S

tr
e
s
s
 /

 k
P

a

Strain / %

 1st Run

 2nd Run

 3rd Run

A

B C

Compression



232 
 

5.4.9 Self-healing experiments for PEI/MG(T-0.67) T-gels 

Self-healing is a potentially useful property, which could repair defects and extend the 

operational lifetimes of hydrogels in practice. Self-healing systems generally rely on 

the reformation of either physical bonding or dynamic covalent bonding after the 

failure.40,41 A highly dynamic of PEI/MG gels was expected to possess such a property. 

As shown in Fig. 5.10(A), two different dye-stained PEI/MG(50-0.67) gels were 

prepared and cut into semicircle disks along the black dashed line. The semicircle disks 

with different colour were rejoined at room temperature. A clear self-healing property 

was observed after 24 hr. The pictures showed a connective boundary along the self-

healed region, which could be easily distinguished by the colour difference. The high 

stretchability was restored without a sudden interfacial fracture during the stretching. 

MGs are non-healable cross-linked particles. Therefore, the highly mobile PEI could 

account for this self-healing.41,76 

The self-healed property of MG/PEI(T-0.67) gels was further investigated at 37, 50 and 

80 °C annealing temperatures. Tensile stress-strain measurements recorded the degree 

of self-healing from the breaking strain in Fig. 5.10(B)-(D). All the failures occurred at 

the self-healed interface as expected. In comparison to pristine samples the self-healed 

stress-strain curve perfectly followed the previous trend. However, the recovery of 

breaking strain achieved 92%, 64% and 20% for PEI/MG(37-0.67), PEI/MG(50-0.67) 

and PEI/MG(80-0.67) gels, respectively. Higher annealing temperatures generated 

more reconfiguration (interpenetration of PEI) and ionic bonds inside the hydrogel 

network. Therefore, the increase of rigidity limited the self-healing inside PEI/MG(80-

0.67) gels.  
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Figure 5.10 (A) Two differently dye-stained PEI/MG(50-0.67) gels were cut along the 

dashed lines and reciprocally rejoined together. The self-healed gel was stretchable. The 

uniaxial tensile test showed the extent of self-healing for (B) PEI/MG(37-0.67), (C) 

PEI/MG(50-0.67) and (D) PEI/MG(80-0.67) after 24 hr. The control gels were stored 

for a total of 2 days before tensile measurements.   
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5.4.10 Swelling behaviours of pre-gels and T-gels 

The pH-responsiveness of MG particles were studied in Section 5.4.1. After mixing 

with PEI, the resultant PEI/MG(0.67) pre-gel could show a swelling in pH 11 buffer. 

The solution gradually penetrated the periphery of a white and soft pre-gel as shown in 

Fig 5.11(A). The outermost area became relatively transparent and spread after 1 day. 

Then, the pre-gel gradually expanded to fill all the available space in the vial up to 5 

days and did not become fluid-like. The freeform swelling agreed with highly 

deformable and moldable natures of the pre-gel.  

pH swelling of PEI/MG(50-0.67) T-gel is consistent with the observation from the pre-

gel, which can swell at high pH, although the network of the T-gel becomes elastic. The 

swelling of the T-gel was studied across a range of the solution pH values (4.7 – 10.8). 

These gels could maintain the original shape after swelling due to their elastic nature 

(Fig. 5.11(B)). The disk-like T-gel expanded to form a giant transparent disk when the 

pH increased beyond the PEI pKa of ~ 8.5.55 The swelling degree of T-gel was 

quantified by the mass ratio (Fig. 5.11(C)), which had a negligible change from pH 4.7 

to 8.4 (swelling degree: 102 wt% – 105 wt%). When the solution pH further increased, 

the swelling degree suddenly increased to 1470 wt% and 2704 wt% at pH 9.8 and 11, 

respectively. From Fig. 5.2(B), the swelling of the dilute PEI/MG dispersion was 

suppressed by PEI chains at a low pH condition. This behaviour was consistent with the 

swelling study of the T-gel discussion here, which could be contributed by the charge 

screening from electrostatic attraction. The zeta potential (Fig. 5.11(D)) confirmed the 

presence of strongly negative-charged hybrid particles, only when the pH exceeded 8.4. 

Therefore, the repulsive force between anionic carboxylate groups probably caused an 

expansion of MG particles in the T-gels.  
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Figure 5.11 (A) Aqueous swelling behaviours of PEI/MG(0.67) pre-gels at pH 11. Such 

pre-gels swell to fill the available volume. (B) Swelling of PEI/MG(50-0.67) T-gels 

after immersion in various buffers containing the universal pH-indicator. The pH of the 

buffers is labelled below the gels. (C) Degree of swelling for the PEI/MG(50-0.67) gels 

is plotted as a function of solution pH. (D) Zeta potential is plotted against pH for a 

dilute mixture of PEI/MG(0.67). 

The PEI/MG(0.67) pre-gel can be readily dissembled in highly alkaline media (pH ~ 

14) as shown in Fig. 5.12(A). The strong base converted a free-standing pre-gel to a 

weak jelly-like state after 2 hr. The remaining gels was completely dissolved into the 

solution within 1 day. The breaking of ionic crosslinks at high pH conditions is the 

major reason for this network disruption. However, all the T-gels remained 

undegradable under the same conditions in Fig. 5.12(B). The robustness of the T-gel is 
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an unusual observation compared to conventional coacervate gels.77 The extent of 

swelling was affected by the annealing temperature of T-gels, which showed 

descending in the order PEI/MG(37-0.67) > PEI/MG(50-0.67) > PEI/MG(80-0.67). The 

presence of persistent PEI bridging between MGs could be the reason for their 

robustness. The annealing process drives or accelerates the interpenetration of PEI 

chains into the periphery of MG particles. The multiple hydrogen bonding can firmly 

lock the network, which most likely originated from the primary and secondary amines 

groups (PEI) interacted with carboxylate and ester groups (MGs).78    

  

Figure 5.12 (A) Pre-gels and (B) T-gels were placed in aqueous NaOH (1.0 M) for 2 

days. The solution pH was ~ 14. (A) PEI/MG(0.67) pre-gels dissolved and formed a 

solution. (B) PEI/MG(37-0.67), PEI/MG(50-0.67), and PEI/MG(80-0.67) T-gels 

swelled to different extents but did not dissolve in solution. Scale bar = 10 mm. 
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5.4.11 Adhesion tests of PEI/MG(50-0.67) T-gels 

The adhesiveness of PEI/MG(50-0.67) T-gel was investigated here using a wide range 

of materials as shown in Fig. 5.13. The disk gel was immersed in pH 7.4 before direct 

attachment to the various surfaces, such as glass, plastic, rubber, steel and Teflon. The 

pictures show the T-gels (on nitrile gloves) could adhere to all the selected surfaces and 

support the relatively heavy glassware or steel (~ 150 g) in air. In addition, the 

bioadhesive properties were also studied using porcine skin. The magnified interfacial 

areas revealed a strong adhesive phase between the skin and gel. The flipping force 

showed the gel was stretched without a sudden failure of adhesion, which was attributed 

to the high stretchability and energy dissipation of T-gel. Fig. 5.13 showed that the T-

gels could adhere to both the solid materials and biological tissue (skin). 

 

Figure 5.13 PEI/MG(50-0.67) adhered to various materials including glass, Teflon, 

steel, plastic, rubber and porcine skin. The magnified picture highlighted the adhesion 

by a flipping process (indicated by the red arrow). 

The pH-dependent adhesiveness of PEI/MG(50-0.67) gel was observed after immersion 

in various buffers (pH 6.1, pH 7.4 and pH 8.4). The change of adhesive strength was 

visualised using a “flip test”. As shown in Fig. 5.14(A), the gel partially sits on a smooth 

polypropylene membrane for 10 s. Then, the remaining parts were gently touched and 

lifted upward by a glass slide. The pictures (Fig. 5.14(B)) of stained gels (universal pH 

indicator) showed a clear decrease of adhesive strength (on glass) from pH 6.1 to pH 
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8.4, where the gel was released from the top. The overall surface charge of the gel was 

positive below pH 8.4 based on Fig. 5.11(D). The adhesion between the glass and gel 

was weakened when the zeta potential approached negative values. The presence of 

electrostatic attraction could be verified here and acted as the dominant mechanism of 

the adhesiveness below pH 8.4. The adhesion strength was subsequently quantified 

through a standard lap shear test as depicted in Fig. 5.14(C). All the measurements 

allowed a 10 s contact time between the substrates and gel. The results showed the 

overall adhesive strength ranged from 7.5 to 17.5 kPa, which were tested on glass, 

Teflon and porcine skin from pH 6.1 to pH 8.4 (Fig. 5.14(D)). These adhesions are 

reasonably strong and applicable.35,79 The decrease of adhesive strength was observed 

on the glass substrate with the increasing pH, which agreed with the results from “flip 

test”. However, the adhesion of gel to Teflon remained constant. In comparison to the 

biological tissue, the adhesive strength of porcine skin was measured as 8.9 kPa at pH 

7.4 and was also independent of pH. PEI/MG gel had a hydrophobic nature due to the 

coacervate state.70 The results are suggestive of a hydrophobic interaction, which has 

been also reported for a poly(N-isopropylacrylamide) based complex coacervates.52 

Overall, the adhesiveness of PEI/MG(50-0.67) contained both mechanisms of the 

electrostatic attraction and hydrophobic interaction.  
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Figure 5.14 (A) Schematic cartoon shows a “flip test” of gel in contact with the glass 

and polypropylene film, and tested for (B) PEI/MG(50-0.67) gels with the universal pH 

indicator at different pH values (6.1, 7.4 and 8.4). (C) Schematic cartoon shows a 

standard lap shear test in a sandwich structure, and (D) the adhesive strength of 

PEI/MG(50-0.67) gels was tested on glass, Teflon and porcine skin at different pH 

values (6.1, 7.4 and 8.4).  

 

5.4.12 Ca2+ stiffened PEI/MG(50-0.67) T-gels 

After immersing PEI/MG(50-0.67) gel in a saturated CaCl2 solution (6.7 M) for 3 hr, 

the gel network was largely strengthened as shown in Fig. 5.15. Ca2+ ions can bridge 

the negatively charged carboxylate groups and form strong ionic crosslinks (Fig. 

5.15(A)). The gel became hard and rigid, which largely constrained the stretchability. 

However, the multiple-folding process showed there was no observable or permanent 

damage (Fig. 5.15(B)). The damage tolerance of Ca2+ treated gel could allow the small 
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degrees of deformation in practice. Furthermore, a thin fiber-like (1 mm thickness) gel 

can easily sustain 250 g mass in the air (Fig. 5.15(C)). This dramatic enhancement of 

load-bearing properties indicated the high ionic crosslinks density within the gel 

network. In contrast, a NaCl saturated solution could not trigger any strengthening 

effects on the PEI/MG(50-0.67) gel. Such a saturated solution was also unable to 

disintegrate the gel after the 3 months immersion at 50 °C, which indicated the 

irreversible formation of these physical gels.   

  

 

Figure 5.15 (A) Schematic cartoon shows the mechanism for Ca2+-stiffening of the 

PEI/MG T-gels. (B) A stiffened PEI/MG(50-0.67) disk was foldable without showing 

damage. (C) A fibre-like stiffened PEI/MG(50-0.67) sustained a heavy mass (~ 250 g). 
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Uniaxial tensile stress-strain tests of Ca2+ stiffened gel were conducted as shown in Fig. 

5.16(A). The immersion periods of PEI/MG(50-0.67) were varied for 30 s, 10 min, 60 

min and 180 min, respectively. The reduction of breaking strain was observed with the 

longer immersion period. However, the breaking strain was still above 70 % for 180 

min (Fig. 5.16(B)), which could be suitable for a less stretchable load-bearing condition. 

The modulus of coacervate gel can be quickly increased from 0.016 MPa to 0.30 MPa 

in a saturated CaCl2 solution for 30 s. It could also be dramatically increased up to 34 

MPa after 180 min immersion (Table 5.3). The latter modulus is almost ~ 2000 times 

the original gel. In a highly elastic hybrid chitosan-polyacrylamide composite gel, the 

elastic modulus increased from 0.060 MPa to 1.3 MPa after immersing in a saturated 

sodium citrate solution.71 This enhancement was contributed by an additional ionic 

network between multivalent anions and short-chain chitosans. A similar stiffening 

strategy was also used in a hybrid chitosan-gelatin composite gel.65 After soaking in a 

sodium phytate solution, the modulus of the gels increased from 0.030 MPa to 2.47 

MPa. Ca2+ stiffened physical gels have a maximum elastic modulus of ~ 34 MPa, which 

is much stiffer than the example ions-stiffened gels discussed above. This tensile elastic 

modulus is comparable to the modulus of skin (~ 10 – 40 MPa) and some natural 

elastomers.80,81 

 

Figure 5.16 (A) Uniaxial tensile stress-strain measurements of PEI/MG(50-0.67) gels 

immersed in a saturated CaCl2 solution for 0.5, 10, 60, 180 min. (B) The elastic modulus 

and breaking strain were recorded against the immersing time.  
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Table 5.3 Comparison of mechanical properties for PEI/MG(50-0.67) gels at different 

Ca2+ equilibration times. 

Time / 

min 

E / MPaa) Tensile strength / 

MPa 

Strain at 

break / % 

Toughness / 

MJ/m3 

0.5 0.30 ± 0.06  0.09 ± 0.02 351 ± 49 0.223 ± 0.035 

10 3.00 ± 0.08 0.39 ± 0.02  152 ± 33 0.472 ± 0.063 

60 27.0 ± 1.3 3.1 ± 0.2 95 ± 21 2.56 ± 0.46 

180 33.5 ± 2.5 3.4 ± 0.1 89 ± 17 3.03 ± 0.44 

a) Young’s modulus 

5.4.13 Biocompatibility  

The biocompatibility of the new complex coacervate gel (T-gel) was examined with 

chondrocyte cells. PEI/MG(50-0.50) gel was prepared and washed with PBS for this 

study. The cells were seeded and grown around the gel inside the medium in a well 

plate. A control cell culture was also prepared without the gel insert. In Fig. 5.17, the 

phase-contrast images showed the appearance of the cells was well-defined. After 3 

days culture, the images indicated there was a promising proliferation of cells in both 

control and gel involved system. The live/dead assay was subsequently inspected under 

a fluorescent microscope. The images revealed (Fig. 5.18) there were mostly living cells 

(Green staining) during the cell culture with the PEI/MG(50-0.50) gel. The number of 

living cells increased from day 1 to day 3 as a result of proliferation. However, the 

overall population slightly dropped compared to the control images.  
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Figure 5.17 Optical microscopy showed the chondrocyte cells were cultured in the 

presence/absence of PEI/MG(50-0.50) gels from Day 1 to Day 3. Scale bars = 100 μm. 

 

Figure 5.18 Live/dead assay images showed the chondrocyte cells were cultured in the 

presence/absence of PEI/MG(50-0.50) gels from Day 1 to Day 3. Scale bars = 200 μm. 

In order to quantify the cytotoxicity of PEI/MG(50-0.50) gel, the MTT assay was 

applied to test the metabolic activity during the cell culture (Fig. 5.19). PEI has been 

applied in transfection and carried the positive charges, which indicated the potential 

presence of cytotoxicity. PEI aqueous solution (17.2 wt%) was used in the preparation 

with a high molecular weight (10 kD). The result showed the cell viability was 90%, 

78% and 70% after day 1, 2 and 3, respectively. The slight decrease of cell viability 

supported the decrease of overall population in live-dead assays (Fig. 5.18). The release 
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of some free PEI chains likely occurred during the cell culture due to the physical 

bonding network which is dynamic. Overall, the gels had relatively low cytotoxicity. In 

principle, the cell viability could be further improved following the strategies: (1) 

decreasing the MR in T-gel, (2) chemically functionalising PEI82 and/or chemically 

crosslinking PEI.76  

 

 

Figure 5.19 MTT assay tests showed the viability of the chondrocyte cells in the 

presence of PEI/MG(50-0.50) gels relative to the control experiment from Day 1 to Day 

3. 
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5.5 Conclusions 

A new class of super-stretchable, self-healable, highly-adhesive and super-swellable 

complex coacervate hydrogel was developed from the mixture of anionic MGs and 

cationic PEI components. A highly deformable pre-gel can be transferred into an elastic 

T-gel annealing at ≥ 37 °C. There was no chemical bonds formation during the gelation, 

which has been confirmed from FTIR spectra. The interpenetration likely occurred at 

the annealing process. The mechanical properties were tuneable by controlling the 

annealing temperature and mass ratio, and the maximum breaking strain can reach 

1122%. The multiple cyclic test and self-healing experiment supported the favourable 

dynamic network of T-gel, which was not degradable at the high pH or strong ionic 

medium. These gels can adhere to a wide range of materials and have the pH-dependent 

adhesive strength in contact with a charged substrate. In addition, the mechanical 

property can be further strengthened by a high concentration of Ca2+ ions, with an 

enhanced elastic modulus ~ 34 MPa. These new gels offer potential applications as 

engineering gels, structural biomaterials including cartilage repair, wound healing, and 

also for water purification membranes. This new PMCC gel also opens a wide range of 

studies in the relevant areas, which expands the application and design of MG particles 

in the complex coacervate gel. 
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Chapter 6: Conclusions and future work 

6.1 Conclusions 

This thesis aimed to strengthen and expand the potential of existing pH-responsive 

microgels (MGs) or nanogels (NGs) in biomedical applications, which could lead to the 

next generation of therapeutic and diagnostic capabilities. Gold nanoparticles (Au NPs) 

were successfully applied to construct highly stable core-shell nanoparticles using a 

new and efficient route of the precipitation polymerisation. The synthesis produced a 

range of core-shell nanoparticles with tuneable shell thicknesses. Such a system 

promoted the fundamental understanding of the impact of pH-responsive NG shells on 

Au NPs. Their characteristic localised surface plasmonic resonance (LSPR) offered pH-

triggered responses of the optical property to NGs. Although those studies focused on 

the particle level, the overall performance of pH-responsive injectable gel was also 

improved by introducing a cationic polymer to the construction of the network. 

At the beginning of the project, the citrate stabilised Au NPs were synthesised with 

good dispersity. However, the nature of electrostatic stabilisation is strongly sensitive 

to the concentration of electrolytes. Such stabilisation was not strong enough to 

maintain the dispersity and LSPR property in the doubly crosslinked MG system. After 

evaluating different approaches, Chapter 3 established a new core-shell synthesis 

without requiring any pre-functionalisation steps. A NG shell was successfully 

constructed around each Au NP through a monomer feeding precipitation 

polymerisation. The superior efficiency of the core-shell construction was confirmed 

with scalable particle concentrations. The anionic NG shells endowed Au NPs with the 

improved colloidal stability by lowering the effective Hamaker constant in water. 



254 
 

Therefore, the LSPR property of core-shell particles was even maintainable in the 

saturated aqueous NaCl solution or restorable from the oven dried solid state. The facile 

and new core-shell synthesis expands the design of MG and NG structures toward a 

new direction.  

Following the established core-shell synthesis, Chapter 4 carried on the research of the 

shell thickness dependent property and pH-responsive behaviour by synthesising five 

kinds of acrylic-based core-shell particles. Those particles had the shell thickness, 

ranged from 2 nm to 18 nm. Thin NG shells facilitated the analysis of LSPR sensitive 

distances. The increase of the shell thickness red-shifted LSPR peak wavelengths. When 

the shell thickness exceeded 12.5 nm, LSPR peak wavelengths became relatively 

constant. The simulated spectra and near-field map supported those spectral 

observations with the refractive index change around Au NPs. Au-MAA15 core-shell 

particles had a pronounced swelling trend from pH 6 to pH 11. The swollen shell caused 

the blue shift of LSPR peak wavelengths from deep magenta to pink. Therefore, Au-

MAA15 could be potentially used in a remote method for monitoring the size change or 

pH variation. In addition, pH-triggered reversible aggregation was also achieved by 

manipulating electrostatic repulsion in Au-CEA2 core-shell particles. The coupling 

effect of Au-CEA2 induced the visible colour change due to their thin NG shells. The 

process can occur in the physiological pH range. The cell culture and internalisation 

study highlighted the capability of Au-CEA2 for reporting pH environments within the 

HeLa cells. 

Apart from the study at the particle level, a new multifunctional gel was designed using 

anionic MG particles in Chapter 5. The appropriate addition of the cationic branched 

polyethyleneimine (PEI) generated robust ionic crosslinks based on the complex 
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coacervation. At the elevated temperature (T ≥ 37 °C), the highly deformable pre-gels 

converted to the elastic covalent-like T-gels without the formation of covalent inter-

crosslinks. The interpenetration occurred and increased the number of ionic crosslinks, 

which contributed to their extraordinary mechanical properties. The stretchability of T-

gels can reach 1122% by controlling the annealing temperature and mass ratio between 

MGs and PEI. The inherent dynamic network made this super-stretchable gel self-

healable in practice. pH-responsive MG particles also endowed the super-swellabiltiy 

to both pre-gels and T-gels. The T-gels could even maintain their robust physical gel 

network at pH 14 or in a saturated salt medium. The nature of complex coacervation 

had both hydrophobic and hydrophilic properties. The gels could adhere to a range of 

materials, with pH-dependent adhesive strength on a charged surface. The stiffness of 

T-gels was further improved by Ca2+ crosslinking the MG particles. Overall, the new 

polymer/MGs complex coacervate (PMCC) gel provides a new direction in constructing 

the robust gel network. The successful design of this super-swellable, super-stretchable, 

self-healable, adhesive gel could lead to the continuous development of pH-responsive 

MGs toward a broader biomedical area.  
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6.2 Future work 

The research of Au core-shell particles can be further explored in either compositional 

or practical studies based on the established protocols. A simple experiment would be 

the manipulation of crosslinker structure used for the NG shells. A systematic study of 

the crosslinker concentrations could enable the understanding of swelling behaviours 

with the corresponding LSPR peak wavelength shift. In addition, the high aspect ratio 

of Au nanorods can be prepared using the seed-growth method.1 Au nanorods should 

provide both transverse and longitudinal modes of LSPR in the core-shell particles. 

Near-infrared absorption of Au nanorods core shows the potential in photothermal 

therapy.2 Based on Chapter 4 and Chapter 5, a simple strain sensor could be constructed 

by incorporating the pH-triggered core-shell aggregates into PMCC gels at low pH. 

Super-stretchability should facilitate the observation of de-coupling effect in core-shell 

aggregates. Theoretically, any blue shifts of LSPR can correlate to the extension ratio 

of the gel.3,4  

More investigations of the new PMCC gel are also required in future studies. Other 

types of pH-responsive MGs could be used to deeply examine their roles in the 

construction of gel networks. The particle size, swelling degree and crosslinkers density 

should be manipulated to tune the mechanical and swelling properties of PMCC gels. 

Cationic branched PEI is also replaceable in the system using commercially available 

polyallyamine and polylysine. Those alternative polymers may further reduce the 

cytotoxicity from PEI. Crosslinking chemistry could be partially performed to constrain 

the release of PEI in cell cultures. In the gel formulation, incorporation of catechol 

groups might give a solution in improving the tissue adhesion.5  Moreover, the addition 
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of carbonate or phosphate could produce minerals in Ca2+ stiffen gel.6 The new mineral 

gel has potential to gain more attentions in biomedical and environmental uses.    
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