
 

   

A Study of Doubly Crosslinked 

Microgels and Their Composites 

A thesis submitted to the University of Manchester for the degree of 

Doctor of Philosophy  

in the Faculty of Science and Engineering 

Submitted 2016 

Zhengxing Cui 

School of Materials 

The University of Manchester 



1 

 

Contents 

Contents ...................................................................................................................... 1 

List of Figures ............................................................................................................. 4 

List of Tables .............................................................................................................. 9 

List of Abbreviations ............................................................................................... 10 

List of Symbols ......................................................................................................... 12 

Abstract ..................................................................................................................... 16 

Declaration ................................................................................................................ 17 

Copyright Statement ................................................................................................ 18 

Acknowledgements ................................................................................................... 19 

Chapter 1: Introduction .......................................................................................... 20 

1.1 Aims of the study ....................................................................................... 20 

1.2 Survey of thesis .......................................................................................... 20 

1.3 References .................................................................................................. 24 

Chapter 2: Literature review .................................................................................. 25 

2.1 Microgels .................................................................................................... 25 

2.1.1 Free-radical polymerisation ............................................................... 26 

2.1.2 Polymerisation involving crosslinking monomers ........................... 29 

2.1.3 Emulsion polymerisation .................................................................... 30 

2.1.4 Colloidal dispersion ............................................................................ 32 

2.1.5 Colloidal stability and DLVO theory ................................................ 33 

2.1.6 Stabilisation of MG particles ............................................................. 37 

2.1.7 The pH-responsive microgels ............................................................. 38 

2.1.8 The swelling of microgel particles ..................................................... 39 

2.1.9 The gel networks of pH-responsive doubly crosslinked microgels. 44 

2.2 Nanocomposites hydrogels ........................................................................ 47 

2.2.1 Nanocomposite strategy ..................................................................... 47 

2.2.2 Hydrogels containing graphene oxide ............................................... 48 

2.2.3 Hydrogels contain carbon nanotubes ................................................ 50 

2.2.4 Mechanical properties of composites ................................................ 53 

2.3 Instrumentation ......................................................................................... 56 

2.3.1 Dynamic light scattering .................................................................... 56 

2.3.2 Raman spectroscopy ........................................................................... 58 

2.3.3 Dynamic rheology ............................................................................... 60 

2.3.4 Scanning electron microscopy ........................................................... 62 



2 

 

2.3.5 Transmission electron microscopy .................................................... 64 

2.4 References .................................................................................................. 67 

Chapter 3: Microgel/Graphene oxide composites ................................................. 78 

3.1 Abstract ...................................................................................................... 78 

3.2 Introduction ............................................................................................... 79 

3.3 Experimental .............................................................................................. 81 

3.3.1 Materials .............................................................................................. 81 

3.3.2 Synthesis of graphene oxide ............................................................... 81 

3.3.3 Synthesis of poly(EA/MAA/BDDA) microgel ................................... 82 

3.3.4 Synthesis of GMA-functionalised poly(EA/MAA/BDDA) microgel .. 
  .............................................................................................................. 82 

3.3.5 Preparation of SX MG/GO physical gels and DX MG/GO covalent     

gels ........................................................................................................ 83 

3.3.6 Physical measurements ....................................................................... 83 

3.3.7 Assessment of cytotoxicity .................................................................. 84 

3.4 Results and discussion ............................................................................... 85 

3.4.1 Microgel characterisation .................................................................. 85 

3.4.2 Graphene oxide characterisation ...................................................... 89 

3.4.3 Composite gel characterisation .......................................................... 92 

3.5 Conclusions .............................................................................................. 106 

3.6 References ................................................................................................ 107 

Chapter 4: Microgel / multi-walled carbon nanotubes composites ................... 111 

4.1 Abstract .................................................................................................... 111 

4.2 Introduction ............................................................................................. 112 

4.3 Experimental ............................................................................................ 115 

4.3.1 Materials ............................................................................................ 115 

4.3.2 Preparation of MG dispersion ......................................................... 115 

4.3.3 Preparation of SX/CNTx dispersions .............................................. 116 

4.3.4 Preparation of DX MG/CNTx composite gels ................................ 116 

4.3.5 Physical Measurements .................................................................... 117 

4.3.6 Cytotoxicity studies ........................................................................... 118 

4.4 Results and discussion ............................................................................. 120 

4.4.1 Microgel characterisation ................................................................ 120 

4.4.2 Characterisation of CNT .................................................................. 122 

4.4.3 Characterisation of MG/CNT dispersions ...................................... 124 

4.4.4 Characterisation of SX MG/CNT and DX MG/CNT gels ............. 128 

4.5 Conclusions .............................................................................................. 140 



3 

 

4.6 References ................................................................................................ 141 

Chapter 5: Using intra-microgel crosslinking to control the mechanical 

properties of doubly crosslinked microgels ......................................................... 144 

5.1 Abstract .................................................................................................... 144 

5.2 Introduction ............................................................................................. 145 

5.3 Experimental ............................................................................................ 149 

5.3.1 Materials ............................................................................................ 149 

5.3.2 Microgel synthesis ............................................................................. 149 

5.3.3 Preparation of doubly crosslinked microgels ................................. 151 

5.3.4 Physical Measurements .................................................................... 151 

5.4 Results and discussion ............................................................................. 153 

5.4.1 Microgel particle size and pH-triggered swelling .......................... 153 

5.4.2 Dynamic rheological measurements for SX MGs and DX MGs .. 158 

5.4.3 DX MG morphology ......................................................................... 161 

5.4.4 Uniaxial compression and bending of the DX MGs....................... 162 

5.4.5 Proposed relationship between MG and DX MG mechanical 

properties ........................................................................................... 165 

5.5 Conclusions .............................................................................................. 167 

5.6 References ................................................................................................ 168 

Chapter 6: Conclusions and future works ........................................................... 172 

6.1 Summary of conclusions ......................................................................... 172 

6.2 Future works ............................................................................................ 174 

6.3 References ................................................................................................ 176 

Appendix ................................................................................................................. 177 

Published works .................................................................................................. 177 

                                                                                              Final word count: 38872  

 

  



4 

 

List of Figures 

Fig. 2.1. The MG particle in a poor solvent (a) and a good solvent (b).  25 

Fig. 2.2. Two possible models of propagation of free radical polymerisation.  27 

Fig. 2.3. The combination and disproportionation of termination.  28 

Fig. 2.4. Chemical structures of DVB and EGDMA.  30 

Fig. 2.5. The schematic diagram of three intervals in emulsion 

polymerisation.  31 

Fig. 2.6. Schematic diagram of conversion versus reaction time for three 

intervals of a classic emulsion polymerisation.  32 

Fig. 2.7. Schematic diagram of two particles in the medium.  34 

Fig. 2.8. Schematic diagram of different planes and potentials in double 

layer.  35 

Fig. 2.9. Schematic diagram of potential energies versus distance of two 

particles.  37 

Fig 2.10. Schematic diagram of steric stabilisation between two MG 

particles.  38 

Fig 2.11. (a) Dependence of microgel size on neutralisation and crosslinker 

contents. The curves from top to bottom correspond to crosslinker 

contents from low to high. (b) Dependence of microgel size on 

degree of neutralisation and salt concentration.  44 

Fig. 2.12. The schematic diagram of DX gels formation. Step A is the 

surface of MG particles modified by vinyl groups. Step B is the 

particles swelling and contact. The final step is the formation of DX 

MGs. 45 

Fig 2.13. The formation microgel networks by direct contact ((a) and (b)), 

microgel-mediated crosslinking ((c) and (d)) and physical microgel 

entrapment ((e) and (f)).  46 

Fig 2.14. The structure of graphene oxide. 48 

Fig 2.15. (a) The structures of SWNT and MWCNT. (b) The high resolution 

TEM image of MWNT. The inset shows the structure of MWNTs.  51 

Fig. 2.16. The application of carbon nanotubes nanocomposites hydrogels.  52 

Fig. 2.17. The schematic diagram of isostrain and isostress conditions. 53 

Fig. 2.18. The comparison of isostrain and isostress conditions. The black 

data points are shown a real case of an epoxy/carbon fibre 

composites.  55 

Fig 2.19. Scheme of the set-up for DLS instrument.  56 

Fig. 2.20. Energy level diagram of Rayleigh and Raman scattering processes.  58 

Fig. 2.21. A typical Raman Spectrometer.  59 
 



5 

 

Fig. 2.22. The shear deformation of an ideal solid. 60 

Fig. 2.23. Schematic diagram of the SEM.  63 

Fig. 2.24. Schematic diagram of the TEM.  66 

Fig. 3.1. The main mechanism of GMA functionalisation reaction.  85 

Fig. 3.2. Potentiometric titration data for (a) NF MG and (b) SX MG.  86 

Fig. 3.3. (a) Hydrodynamic diameters and (b) particle volume-swelling ratios 

(Q) of NF MG and SX MG in a range of pH from 4 to 11.  88 

Fig. 3.4. SEM images of (a) NF MG and (b) SX MG particles. 88 

Fig. 3.5. SEM images of SX MG cross-section sample. The particles were on 

a silicon substrate (lower part in (b)). The layer (upper layer in (b)) 

on the substrate was the platinum coating layer with a thickness of 

~ 12 nm.  89 

Fig. 3.6. (a) TEM image of a GO sheet and (b) SEM of a GO sheet.  90 

Fig. 3.7. Raman spectra for as supplied graphite powder (a) and GO (b). 

Note that (b) is the normalised Raman spectrum.  91 

Fig. 3.8. Digital photographs of GO water dispersions. The concentrations in 

wt.% are shown in the bottom.  91 

Fig. 3.9. Digital photos of composites, (a) The pH-triggered fluid-to-gel 

transition of SX MG/GO0.50. (b) The SX MG/GO gels were 

injectable and also mouldable as can be seen from the SX 

MG/GO1.0 gel. (c) DX MG/GO gels were prepared as cylinders by 

using DX MG/GO1.0 gel as an example. The scale bars for (b) and 

(c) are 5 mm.  92 

Fig. 3.10. SEM of DX MG/GO1.0 gel ((a) and (b)) and DX MG ((c) and (d). 

(b) and (d) are higher magnification images. The yellow arrows 

show the spherical particles on the gel surface. The Red arrows 

indicate the different roughness on the surfaces of gel walls.  93 

Fig. 3.11. SEM Images are shown for freeze-dried DX MG/GO1.0 after being 

heated to 550°C under N2. The inset for (b) shows GO sheets.  94 

Fig. 3.12. Thermo gravimetric analysis data for DX MG/GO1.0. The sample 

was heated under a nitrogen atmosphere, and the temperature was 

maintained at 550 
o
C after the heating ramp was completed.  95 

Fig. 3.13. Frequency-sweep studies for various gels containing GO. (a), (b) 

and (c) showed the G’ (close symbols) and G’ (open symbols) data 

in a range of frequency for GO dispersion, SX MG/GO physical 

gels and DX MG/GO gels, respectively. (c), (d) and (e) showed the 

relaxation component, G’ and tan  as the function of CGO. The 

legend in (b) applied to (a) and (c). The legend in (d) applied to (e) 

and (f).  97 
 

  



6 

 

Fig. 3.14. Strain-sweep data showing the variation of G’ (closed symbols) 

and G” (open symbols) with strain () are shown for GO (a), SX 

MG/GO (b) and DX MG/GO (c). The legend for (a) applies to (b) 

and (c). (d) shows the G
”

n (see text) dependence on GO 

concentration (CGO). (e) shows the variation of the yield strain (*) 

with CGO.  99 

Fig. 3.15. The fitting curve of storage modulus on the volume fraction of GO 

within the DX MG/GO network.  102 

Fig. 3.16. Static compression data for various gels. (a) shows the selected 

stress versus extension ratio () curves for different DX MG/GO 

gels. (b) shows the effects of GO concentration on the maximum 

strain (max) and maximum true stress (T(max)). The variation of 

modulus with CGO is shown in (c).  103 

Fig. 3.17. Cell challenge experiments for DX MG/GO gels. Live / Dead 

assays for Nucleus pulposus cells contacted DX MG/GO0.5 in a 

period of 10 days (a) – (c), the Live control samples are shown in 

(d) – (f) and the dead control sample is shown in (g). Nucleus 

pulposus cells contacted DX MG/GO0.5 under a toroid-shaped gel 

(h) in a well plate. 104 

Fig. 3.18. The morphology of cells in Live / Dead assays. The Nucleus 

pulposus cells contacted DX MG/GO0.5 in a period of 10 days (a) – 

(c), the Live control samples are shown in (d) – (f).  105 

Fig. 4.1. Potentiometric titration data for SX MG before (a) and after (b) the 

GMA functionalisation.  120 

Fig. 4.2. (a) Hydrodynamic diameters and (b) particle volume-swelling ratios 

(Q) of SX MG particles over a range of pH values.  121 

Fig. 4.3. SEM images of SX MG particles.  122 

Fig. 4.4. SEM images of as-supplied (a) and (b), Images after dispersing 

CNT using ultrasonication (c) and (d).  123 

Fig. 4.5. Raman spectra of (a) as-supplied CNTs and (b) the CNTs after 

ultrasonication in water. 124 

Fig. 4.6. Optical micrographs of CNT (1 wt.%) dispersed in (a) MG solution 

(10 wt.%, pH = 6.8) as a viscous fluid, (b) water and (c) in aqueous 

SDS (2.5 wt.%) solution. All images were taken within 5 minutes 

after ultrasonication. 125 

Fig. 4.7. (a) Optical micrograph of SX MG/CNT1.0 gel and the photographs 

of SX MG/CNT1.0 dispersion (b) and gel ((c) and (d)). The scale 

bars in (b)-(d) represent 10 mm. The red arrows in (a) showed the 

CNT bundles.  126 

Fig. 4.8. (a) showed the MG and CNTs formed a macroscopic aggregate. (b) 

showed the sediments of CNTs in water. The CNT concentration in 

both cases was 0.5 wt.%. 127 
 



7 

 

Fig. 4.9. TEM images showed (a) CNTs were distributed in a MG 

concentrated layer and (b) the evidence of CNT-MG interaction. 

The insets of b showed (i) the entangled CNTs, (ii) the interaction 

between CNT and MG particles, (iii) MG particles bridging two 

CNTs.  128 

Fig. 4.10. SEM images of a freeze-dried DX MG1/CNT0.5. (a), (b) show low 

and high magnification images. The red arrows in (a) shows many 

CNTs can be observed on the surface of DX MGs. The inset in (b) 

shows CNT on the surface.  129 

Fig. 4.11. TGA data for DX MG/CNT0.5 when heated under a N2 

atmosphere. 130 

Fig. 4.12. SEM images of a DX MG1/CNT0.5 gel after heating at 800 ºC in 

N2.  131 

Fig. 4.13.  A sample that was fractured and then freeze-dried and the SEM 

images show a fracture surface. (a) shows a crack on the gel 

surface. (b) shows the higher magnification images of the tail part 

of the crack. The inset in (a) showed the position of the tail part. 

The insets in b showed the pulled-out CNTs, which were also 

highlighted by red arrows.  132 

Fig. 4.14. Variable pH swelling behaviour for DX MG/CNT1.0 gels. (a) 

showed the as-made DX MG/CNT1.0 gels. (b) showed the size of 

samples after being placed in various buffer solutions for 7 days. 

Volume swelling ratios are also shown. (c) and (d) showed the 

sample in buffer solutions at pH 4 and 10, respectively, after 30 

days. (e) showed a piece of SX MG/CNT1.0 gel was placed into 

buffer solution and (f) showed the gels re-dispersed after 30 

minutes.  133 

Fig. 4.15. Conductivity vs. CNT concentration for DX MG/CNT composite 

gels. The inset shows a fit for the data to the percolation power law.  134 

Fig. 4.16. Dynamic rheology data for to DX MG/CNT (black) and SX 

MG/CNT (red), respectively. Frequency-sweep data are in the left 

column. For (a), (c), (e), (g) and (i), the closed and open symbols 

are G’ and tan , respectively. Strain-sweep data are shown in in the 

right column. For (b), (d), (f), (h) and (j), The closed and open 

symbols are G’ and G”, respectively. The concentrations of CNT 

used to prepare the composite gels were 0 ((a) and (b)), 0.25 ((c) 

and (d)), 0.50 ((e) and (f)), 0.75 ((g) and (h)) and 1.0% ((i) and (j)). 135 

Fig. 4.17. Summary of dynamic rheology data for SX MG/CNT and DX 

MG/CNT gels. (a) showed the effect of CNT concentration on 

modulus and critical strain for (a)SX MG/CNT and (b) DX 

MG/CNT. 137 

Fig. 4.18. Compression data for DX MG/CNT gel composites. (a) shows 

stress vs strain curve for various CNT concentrations. (b) and (c) 

show the effect of CNT concentration on modulus and strain at 

break, respectively.  138 
 



8 

 

Fig 4.19. Cytotoxicity study for DX MG/CNT1.0. Live-Dead staining 

showing (a) ASC cells exposed to DX MG/CNT1.0 gel at day 7, and 

(b) showed cells without exposure to the composite in the same 

condition. (c) Graph showing the metabolic activity of MSCs after 

exposure to the gels for different time periods.  139 

Fig. 5.1. Potentiometric titration data for (a) SX DVB, (b) SX DVB-BDDA, 

(c) SX BDDA MGs.  153 

Fig. 5.2. (a) Hydrodynamic diameters and (b) particle volume-swelling ratios 

(Q) of SX MG particles at pH 4 to pH 11 measured at various 

value. 155 

Fig. 5.3. TEM images of (a) SX DVB, (b) SX DVB-BDDA and (c) SX 

BDDA particles. The arrows indicate the particle-particles contact 

area. The insets show higher resolution images of several 

representatives connected particles. The scale bars for each inset 

represent 50 nm.  157 

Fig. 5.4. (a) the inversion test of DVB SX (b) “MG” letters written by 

continuous injection of DVB SX gel.  158 

Fig. 5.5. Strain-sweep rheology data for SX MG physical gels (left) and the 

corresponding covalently-interlinked DX MGs (right). The data 

shown are for (a) SX DVB, (b) DX DVB. (c) SX DVB-BDDA, (d) 

DX DVB-BDDA, (e) SX BDDA and (f) DX BDDA. The closed 

and open symbols represent the storage modulus (G’) and the loss 

modulus (G”), respectively.  159 

Fig. 5.6. The critical strain of SX MG gels (a) and the DX MGs (b). Shear 

modulus of SX MG (c) and DX MGs (d).  160 

Fig. 5.7. SEM images for freeze-dried DX DVB (a) and (b), DX DVB-

BDDA (c and d) and DX BDDA (e and f). (a), (c) and (e) are low 

magnification images and (b), (d) and (f) are higher magnification 

images. 162 

Fig. 5.8. Uniaxial compression stress vs. strain data for DX MGs prepared 

using various crosslinkers. The photographs show DX DVB MG 

compressed at different strains which were (a) 0%, (b) 40% and (c) 

80%. The scale bars represent 10 mm.  163 

Fig. 5.9. The DX DVB MG film was tested under bending followed by 

relaxations cycles. The process was repeated for three times. (The 

sample is prepared as pie shape with diameter of 20 mm and 

thickness of 2 mm and cut in half).  164 

Fig. 5.10. (a) Variations of the modulus, E, and the strain-at-break, b, for the 

DX MGs with the MG particle swelling ratio, Q, for the respective 

parent MG particles. (b) and (c) show the relationships between the 

E and b values, respectively, and Q.  166 

 

  



9 

 

List of Tables 

Table 3.1. Characterisation data for MGs particles. 87 

Table 4.1. Characterisation data for the MG. 120 

Table 5.1. Compositions of the mixed co-monomer solutions used to 

synthesise the MGs. 150 

Table 5.2. Characterisation data for the MGs investigated in this work. 154 

Table 5.3. Static uniaxial compression data for the DX MGs. 164 

 

 

  



10 

 

List of Abbreviations 

APS Ammonium persulfate 

BDDA 1,4-butanediol diacrylate 

CNT Carbon nanotube 

COOH Carboxylic acid group 

CoV Coefficients of variation 

DI Deionised water 

DLS Dynamic light scattering 

DLVO Derjaguin, Landau, Verwey and Overbeek 

DVB Divinylbenzene 

DX Doubly crosslinked 

EA Ethyl acrylate 

EGDMA Ethyl glycol dimethacrylate 

GMA Glycidyl methacrylate 

GO Graphene oxide 

H2O2 Hydrogen peroxide 

H2SO4 Sulfuric acid 

HCl Hydrochloric acid 

IVD Intervertebral disc 

MAA Methacrylate acid 

MG Microgel 

MSC Mesenchymal stem cell 

MWNT Multi-wall carbon nanotube 

N2 Nitrogen 



11 

 

NaCl Sodium chloride 

NaNO3 Sodium nitrate 

NaOH Sodium hydroxide 

NF Non-functionalised 

NP Nucleus pulposus 

P2VP poly(2-vinylpyridine) 

PBS Phosphate buffered saline 

PCS Photon correlation spectroscopy 

PNIPM poly(N-isopropylacrylamide) 

PS polystyrene 

rpm Rotations per minute 

SDS Sodium dodecyl sulphate 

SEM Scanning electron microscopy 

SWNT Single-wall carbon nanotube 

SX Singly crosslinked 

TEM Transmission electron microscopy 

TGA Thermal gravimetric analysis 

 

  



12 

 

List of Symbols 

a Particle radius 

A Hamaker constant or Area 

A1 Hamaker constant for particles in vacuum  

A2 Hamaker constant for media in vacuum 

C Concentration 

Ci Concentration of ions in the solution 

Ci’ Concentration of ions in insides the swelling networks 

dc Particle diameter in collapsed state 

dh Particle diameter in swelling state 

D Translational diffusion coefficient 

e Charge 

E Modulus or compression modulus 

Em Modulus of matrix 

Er Modulus of reinforcement 

G Shear modulus 

G’ Storage modulus 

G” Loss modulus 

G(τ) Correlation coefficients functions 

f Initiator efficiency 

fe Number of counterions per chain 

F Force 

h Height 

H Distance between particles 



13 

 

I Scattered light intensity 

k Boltzmann constant 

kd Rate coefficient for initiator dissociation 

kp Rate coefficient of propagation 

kt Rate coefficient of termination 

n number of random links 

n’ Frequency exponent 

Meff Average molecular weight of the elastically effective chains 

NA Avogadro constant 

NC Effective number of chains 

q Scattering vector 

Q, QV Volume swelling ratio 

Qm Weight swelling ratio 

R Gas constant 

Ri Rate of initiation 

Rp Rate of propagation 

s Power law component of the network. 

t Time 

T Absolute temperature 

v0 Molar volume of the polymer 

v1 Molar volume of the solvent 

VA Attractive interaction energy 

VC Volume in collapsed state 

VR Electrostatic repulsive energy 

VS Volume in swelling state 



14 

 

VT The total potential energy between two particles 

z Valence 

 Deformation ratio 

 Parameter of potential 

 Phase angle 

G Free enthalpy change 

Gmix Free enthalpy of mixing polymer into solvent 

Gel Free enthalpy of elasticity  

ε Strain 

c Strain on composite 

m Strain on matrix 

r Strain on reinforcement 

εmax, εB Strain at break  

 Shear strain 

* Yield strain 

c Critical strain  

η Viscosity of medium 

θ Scattering angle 

 Debye screening Parameter 

 Extension ration 

0 Wavelength of the incident laser 

 Circular constant 

res Swelling pressure 

mix Osmotic pressure 



15 

 

el Elastic response force from networks 

ion Force of ionisation 

 Density 

 Shear stress 

 Conductivity 

c Stress on composite 

max,B Stress at break  

m Stress on matrix 

r Stress on reinforcement 

τ Delay time 

s applied force per unit area 

veff Number density of effective elastic chains, veff 

χ Flory-Huggins interaction parameter 

 Osmotic coefficient for gel phase 

0 Volume fraction of polymer without solvent 

 Volume fraction of polymer 

1 Osmotic coefficient for solvent 

2 Volume fraction of polymer in a swelling particle 

m Volume fractions of matrix 

r Volume fractions of reinforcement 

d Potential at stern plane 

 Angular frequency 

 

  



16 

 

Abstract 

This thesis presents a study of pH-responsive doubly crosslinked microgels (DX 

MGs) and associated investigations to enhance their performance. The potential 

application of this material is soft tissue engineering, so the research concerns 

mechanical properties, other properties like swelling, microporous and conductivity 

are also discussed. The MG particles are based on poly(EA/MAA/x), where EA is the 

ethyl acrylate, MAA is the methacrylate acid and x represents the crosslinker. The 

particles were subsequently functionalised using glycidyl methacrylate (GMA) to 

introduce vinyl groups in the MG particles. The formation of DX MGs includes a pH 

triggered swelling of MG particles in the dispersion to form a physical gel and a 

heat-triggered free-radical reaction to form a covalent hydrogel.  

The starting point of this study was using graphene oxide (GO) nanosheets to prepare 

DX MGs composites with a high modulus. We mixed low concentrations of GO with 

MG particles and formed DX MG/GO gels. Both shear and compressive modulus 

linearly increased with the concentration of GO, but the ductility of gels was slightly 

reduced. The moduli for the DX MG/GO gels was increased by a factor of 5 - 6 

when only 1.0 wt.% of GO was included. 

The next study used muti-wall carbon nanotubes (CNTs) which are widely used to 

prepare electrical conductive composites. A big challenge for applying CNTs is that 

they easily form large aggregates in water, which was solved by the space-filling and 

volume excluded properties of MG particles. The ductility of the composite DX gels 

increased with CNT concentration, as did the modulus. The conductivity of gels 

significantly increased with the concentration of CNT and they had a very low 

percolation threshold. The cytotoxic study for the composite gels showed that they 

were not toxic, so they may be suitable for soft tissue engineering. 

The effect of crosslinking monomers in MG preparation was studied in the last part 

of the research. Three types of poly(EA/MAA/x) MGs were studied and compared. 

The x value was 1 mol. % of divinylbenzene (DVB); 1,4-butanediol diacrylate 

(BDDA) or a 1:1 mixture of both DVB and BDDA. The MGs containing DVB 

demonstrated higher swelling and more ductile properties and could withstand ~76% 

of compressive deformation. Moreover, the effects of intra-MG crosslinking of the 

MGs on the swelling behaviour and the mechanical properties were investigated.  
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Chapter 1: Introduction 

1.1 Aims of the study 

According to previous studies from our group, it has been shown that the pH-

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

injectable gel to restore the mechanical properties of the degenerated intervertebral 

disc (IVD).
1-2

 However, one main limitation for this system to be extensively applied 

in soft tissue engineering is the relatively low modulus and brittleness. The aim of 

this thesis was to use composite strategies or adjusting the intra-crosslinking of the 

MG particles to prepare the covalent hydrogel with improved mechanical 

performance. Moreover, the results from this study should benefit the design and 

control of the properties of future DX MG systems and composites. 

1.2 Survey of thesis 

The main part of this thesis starts with a literature review in Chapter 2. It is followed 

by three experimental Chapters (3 – 5) which will be introduced independently. The 

thesis ends with an overall conclusion in Chapter 6. Chapter 2 (literature review 

section) introduces key theories and backgrounds for the results and discussion 

chapters. This section includes an introduction to history and development of 

microgel and the nanocomposite hydrogels accompanying with associated theoretical 

information. 

Chapter 3 introduces composite gels containing graphene oxide (GO) and DX MG.
3
 

The GO dispersion was prepared by a “modified Hummers method”.
4
 The MG was 

prepared by a seed-feed emulsion polymerisation followed with a vinyl 

functionalisation step. These two materials, in the dispersed state, were mixed at low 

pH and formed a physical gel when neutralised. The covalently crosslinked 
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composite gels were formed by a free radical reaction under a heating condition in 

the presence of initiator. The mechanism of preparing the gels was summarised in 

Scheme 3.1 and will be discussed in detail later. 

 

Scheme 3.1. The depiction of the preparation of DX MG/GO gels. The MG 

particles are prepared in their latex form and undergo pH-triggered swelling at pH 

values of greater than their pKa (inset). The latex was mixed with GO and the pH 

increased to form a SX MG/GO physical gel. Heating the physical gel in the 

presence of ammonium persulfate (APS) covalently interlinked neighbouring MG 

particle interfaces (shown in red) to form a DX MG/GO gel. The MG phase is 

proposed to exist as domains within percolated, exfoliated, GO sheets.
3
 

Chapter 4 introduces electrical conducting DX MG composites by using carbon 

nanotubes (multi-wall, CNTs) to replace GO.
5
  The MG particles were synthesised 

by the same method as Chapter 3. After ultrasonication, the CNTs were well 

dispersed in a viscous fluid dispersion of MGs. The covalent gel formation process is 

same as mentioned in Chapter 3. The method used was summarised in Scheme 4.1.  
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Scheme 4.1. The depiction of CNTs using microgels and DX MG/CNT 

formation. The CNTs were initially dispersed in the presence of a viscous fluid of 

partially swollen vinyl-functionalised MG particles. The pH was increased to above 

the pKa, triggering further MG swelling, and the formation of a physical gel (SX 

MG/CNT). In the presence of ammonium persulfate (APS) covalent interlinking 

(shown in red) occurred and the DX MG/CNT gel composite formed.
5
 

Chapter 5 describes the preparation of some new MG particles by using a different 

crosslinker.
6
 These MGs were designed to improve the ductility of the DX MGs, 

which was a limitation for future biomedical applications. The structural and pH-

responsive mono-vinyl monomers (EA and MAA) were the same as used in Chapter 

4 and 5. The differences in swelling and mechanical properties caused by using DVB 

or a mixture DVB-BDDA as crosslinkers are studied. The mechanism was shown in 

Scheme 5.1.  Chapter 6 is a summary of the conclusions, and also provide ideas for 

future work. 
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Scheme 5.1. The Depiction of the method used to prepare MGs and DX MGs. 

Divinylbenzene (DVB), 1,4-butanediol diacrylate (BDDA) or a mixture of DVB and 

BDDA were used as intra-MG crosslinkers.
6
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Chapter 2: Literature review  

2.1 Microgels 

Microgels (MGs) are crosslinked polymer particles that swell in a good solvent.
1
 The 

term “microgel” was first reported by Baker at 1945 to describe the crosslinked 

polybutadiene particles.
2
 Such a term can be understood literally that the “micro” 

defines the particle size of MG in the range of 0.01 m to 1 m and the “gel” defines 

the polymeric networks can disperse and swell in a solvent to form the gel.
3
 The 

structures of a collapsed and a swollen particle are shown in Fig. 2.1. The particles of 

MG are spherical (Fig. 2.1a), they can absorb solvent (Fig 2.1b) and swell in the 

dispersion. Formally, the collapsed form is a latex. 

 
Fig. 2.1. A MG particle in a poor solvent (a) and a good solvent (b).

1
 

The following introduction to MGs will start from the preparation method. As 

colloidal dispersions, aggregation may appear on occasion if the attractive 

interactions dominate.
4
 Therefore, the colloid stability of MG particles is discussed in 

the following. The properties of MG particles are described in the last part.  
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2.1.1 Free-radical polymerisation 

Free-radical polymerisation is one of the most common reactions to synthesise 

polymers. It is a type of chain polymerisation and such chemistry can be applied to 

most of the vinyl monomers which contain the carbon-carbon double bonds. There 

are three basic stages in free radical polymerisation which are initiation, propagation 

and termination. 

2.1.1.1 Initiation 

The initiation stage can be described as the generation of active centres which are the 

precondition for polymer chain formation and growth. The active centre is generated 

by the free radicals or ions from initiators attacking the  bonds of monomers.
5
 For 

example, the free radicals (R·) can be generated by the thermal decomposition of 

persulphate in water as shown in following equations:
6
 

S2O8
2−  2 SO4

− ·                                                         (2.1) 

SO4
− · +H2O  HSO4

− + OH ∙                                    (2.2) 

Then the active centre (M·) can be generated by the free-radical (R·) attractive 

monomer (M): 

𝑅 ∙ +𝑀 → 𝑀 ∙                                                            (2.3) 

In the initial stage, the decomposition of initiator is the slow reaction which 

dominates the formation rate of the active centre. Therefore, the rate of initiation, Ri 

can be calculated by using the rate coefficient for initiator dissociation, kd, initiator 

efficiency, f and the initiator concentration, [I]: 

𝑅𝑖 = 2𝑓𝑘𝑑[𝐼]                                                             (2.4) 
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2.1.1.2 Propagation  

The propagation is the stage of growth of polymer chains. The monomers can be 

sequentially added to the active centres in the chains at a rapid rate.
5
 The following 

diagram shows the possible mode for propagation steps. 

 
Fig. 2.2. Two possible models of propagation of free radical polymerisation.

5
 

In this stage, it is assumed that the rate of propagation does not relate to the length of 

polymer chains. It depends on the concentration of active centre and monomer 

concentration. The concentration of active centre is not only determined by the 

initiation stage but also depends on the termination of free radicals. 

2.1.1.3 Termination 

The final stage of free-radical polymerisation is termination, which describes when 

active centres are annihilated and then the chain propagation is terminated. One 

mechanism of termination is the coupling of two active centres from two growing 

chains to form one dead polymer molecule. It is named as the combination of 

termination. Another mechanism is the disproportionation. Two dead polymer 

molecules are formed in this route, the active centre in two chains are terminated and 

transform to one saturated bond and one unsaturated bond.
5
 Two mechanisms of 

termination are shown in Fig. 2.3. The tendency of each mechanism in a reaction 

depends on the monomer and polymerisation conditions. In general, both of them 

occur in the polymerisation. However, at 60 ºC the polyvinyl cyanide is nearly 100% 
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terminated by combination. By contrast, the polyvinyl acetate is mostly terminated 

by disproportionation.
7
 

 
Fig. 2.3. The combination and disproportionation of termination.

5
 

The rate of termination depends on the concentration of active centres and the rate 

coefficient of termination, kt, which is the total rate coefficient of combination and 

disproportionation. Here, the rate of propagation, Rp can be calculated by a steady 

state condition in propagation when the generation and consumption rates are equal. 

Here, the rate of free-radical formation is as same as the rate of termination. The rate 

can be expressed as: 

𝑅𝑝 = 𝑘𝑝(
𝑓𝑘𝑑

𝑘𝑡
)0.5[𝑀][𝐼]0.5                             (2.5) 

Where kp is the rate coefficient of propagation. 
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2.1.2 Polymerisation involving crosslinking monomers 

In a free-radical copolymerisation, if one type of monomer contains more than one 

carbon-carbon double bonds (i.e. the crosslinker or crosslinking monomer), then non-

linear polymer chains could be formed.
8
 A copolymerisation containing crosslinker 

leads to a branched polymer or 3D polymer network. It is widely used to synthesise 

the crosslinking particles,
9-10

 which in our studies it is used to prepare MG particles. 

In most of the recipes, the amount of crosslinker only occupies a small percentage in 

the total monomers added.
5
 The degree of crosslinking in particles is determined by 

the combination of mole fraction, the reactivity during polymerisation and the final 

conversion of crosslinker. Due to the difference from various crosslinkers, they are 

considered as very important factors in particles design and property control. He et 

al.
11

 reported that the morphology and mechanical properties of polystyrene-co-

divinylbenzene (PS-DVB) particles can be affected by the mole fraction of 

crosslinker (DVB). The high content of DVB in particles have a rougher surface and 

a lower deformability. Jin et al.
12

 studied poly(glycidyl methacrylate-co-

divinylbenzene) (poly(GMA-co-DVB)) particles and indicated the yield of 

polymerisation, the size of particles and the smoothness of particle surface were 

controlled by the DVB concentration.  

Moreover, the different chemical structures of crosslinkers influence the polymer 

networks. In an ideal case, all of the double bonds from crosslinkers are involved in 

the reaction and the distribution of crosslinking junctions is homogenous. However, 

taking the ethylene glycol dimethacrylate (EGDMA) and the DVB as examples (their 

structures are shown in Fig.2.4), the two vinyl groups in one crosslinking monomer 

normally do not have equal reactivity or even cannot fully get involved into the 
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polymerisation. Landin et al.
13

 used MMA and EGDMA as monomers to study 

network formation. They reported that the reactivity of pendent vinyl groups (from 

EGDMA) in polymer chains is about half of the first vinyl groups from EGDMA 

monomers. Besides, the formation of the network during polymerisation of 

poly(MMA/EGDMA) is non-ideal due to the cyclisation of pendant vinyl groups.
13

 

Compared to DVB, the EGDMA performs much more ideal for the vinyl-divinyl 

copolymerisation.
5
 DVB normally consists of a mixture of isomers (para and meta) 

which have different reactivities.
14

 Story et al. reported a study of PS-DVB MG 

using para DVB which is not homogenous.
15

 When using a low concentration of 

DVB, a significant decrease of reactivity of the secondary vinyl groups is found after 

the first vinyl groups are reacted. However, when increasing the concentration of 

DVB, the risk from cyclisation of pendent vinyl groups will be greatly increased.
16

 

The inhomogeneous crosslinking distribution is also caused by the impurity of  DVB 

as supplied.
5
  

 
Fig. 2.4. Chemical structures of DVB and EGDMA.  

 

2.1.3 Emulsion polymerisation 

In this thesis, the synthesis of poly(EA-co-MAA-co-x) MGs is reported via a seed-

feed emulsion polymerisation. The “x” represents a type of divinyl crosslinker. 

Emulsion polymerisation is one of the most widely used methods for synthesising 
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MG particles including poly(N-isopropylacrylamide) (PNIPAM) MG
17

, poly(2-

vinylpyridine) (P2VP) MG
18

 and their extending studies.
19-20

 Classic emulsion 

polymerisation can achieve narrow polydispersed particles with a relatively rapid 

rate of free-radical based polymerisation.
21

  

The mechanism of emulsion polymerisation can be explained as follows. The 

insoluble monomers are added into an aqueous solution containing surfactants and 

water-soluble free-radical initiator. In aqueous media, the monomers form latex 

which are stabilised by the surfactant (see Fig. 2.5).  

 
Fig. 2.5. The schematic diagram of three intervals in emulsion polymerisation.

22
 

The polymerisation is initiated in the aqueous phase, and it leads to nucleation of 

particles. This step is known as interval I. Subsequently, the particles grow in the 

stable colloidal dispersion with almost constant number density. The growth is 

enabled by the absorption of monomers in the aqueous phase which was applied by 

the monomer droplets. This step is known as interval II, and the rate of 

polymerisation is almost constant and depends on the diffusion rate monomers into 

aqueous from the monomers droplets. In interval III, the monomers are gradually 

exhausted, and therefore the rate decreases.
5
 The rate of polymerisation in each 

interval was shown in Fig 2.6. 
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Fig. 2.6. Schematic diagram of conversion versus reaction time for three intervals of 

a classic emulsion polymerisation.
5
  

The rate of polymerisation is affected by the solubility of monomer. When there are 

different monomers with distinct solubility, the distribution of segments in the 

copolymer is not uniform.
5, 23

 In our case the method of Rodriguez et. al.
24

 was used, 

because the MAA is more hydrophilic than EA, a seed-feed emulsion polymerisation 

method is used to achieve relative uniform distribution particles. This is because the 

growth of particles occurred under monomer-starved conditions. A small amount of 

particles is initially formed and stayed until the interval I was completed. 

Subsequently, the co-monomer mixture was introduced with constant feeding rate. 

Here, the feeding monomers replace the role of monomer droplets (Fig 2.2b) of 

classic emulsion polymerisation to provide monomers for particles growth.  

2.1.4 Colloidal dispersions 

Colloidal dispersions are composed of a dispersed phase in a continuous medium, 

which is referred to the continuous phase.  The dispersed phase can be particles, 

bubbles and foam with sizes in the range of 1 nm to 1000 nm. The dispersed particles 
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are moved as Brownian motions which are caused by collisions with other 

surrounded molecules in the medium.
25

 It is a heterogeneous system and is widely 

applied in the normal life such as beer and milk. In our case, the colloidal dispersion 

consists of polymeric MG particles (the size is in a range of 50 - 500 nm) and the 

water is typically used as the continuous phase.  

2.1.5 Colloidal stability and DLVO theory 

As some colloids are prone to aggregation in the solvent, the kinetic stability of 

colloidal solution is worthy of consideration. The interaction between particles can 

be divided into an attractive force (van der Waals force) and a repulsive force 

(electrostatic force). The overall stability of colloidal dispersion can be described by 

the DLVO theory.
26

 

2.1.5.1 Van der Waals forces 

The attraction between two spherical particles (see Fig. 2.7) can be explained by the 

analytical equation for van der Waals interaction, which is caused by attractive 

dipole or induced dipole interaction between particles.
4, 27

 For ideal monodisperse 

spherical particles in vacuum, two particles have the same radius, a, and the distance 

between particles is H. The attractive interaction energy, VA, is derived by Hamaker
28

 

in the following equation: 

𝑉𝐴 = −
𝐴

12
[

1

𝑥(𝑥+2)
+

1

(𝑥+1)2
+ 2 ln (

𝑥(𝑥+2)

(𝑥+1)2
)]                  (2.6) 

Where A is the Hamaker constant and x = H / 2a. 

For two approaching particles or a minuscule particle-particle separation is assumed,  

 𝐻 ≪ 𝑎 or 𝑥 ≪ 1, the equation can be simplified as: 

𝑉𝐴 = −
𝐴

12
∙

1

2𝑥
=  −

𝐴𝑎

12𝐻
                                                   (2.7)  
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Fig. 2.7. Schematic diagram of two particles in the medium.  

For a non-vacuum medium, the interaction between particles and medium must be 

considered. The Hamaker constant of particles in medium can be approximated by: 

𝐴 = (𝐴1
1/2

− 𝐴2
1/2

)2                                                          (2.8)            

The A1 and A2 are the Hamaker constants for particles and medium in vacuum, 

respectively.
27, 29

 Thus, for certain colloidal system the attractive force between 

particles only relate to the particle-particle distance. 

2.1.5.2 Electrostatic forces 

In colloidal dispersions, two particles with surface charge can be stabilised by the 

electrostatic repulsive force. The repulsive force appears when one particle 

approaches another, and initiates from the overlap of the electrical double layers.
25, 30

 

An electrical double layer is created by a charged surface in contact with electrolyte 

solution consisting of solvent molecules, co-ions and counterions.
31

 The surface 

charges caused a specific structure of ions near and within the interface due to the 

balance of electrostatic force, which is called the electrical double layers (see Fig. 

2.8).  
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There are two layers in the electrical double layer includes the stern layer and the 

diffuse layer. The inner (stern) layer consists of compact counter-ions due to the 

strong electronic force from the surface charge. The outer (diffuse) layer is formed 

by gradient accumulation of both ions and counter-ions which can be affected by 

either particles charge or the thermal agitation in the medium. The stern plane and 

shear plane in Fig. 2.8 are the boundaries of the stern layer and diffuse layer, 

respectively. The electrokinetic potential measured at the shear plane is called the 

zeta potential. The thickness of the electrical double layer is not determined by the 

properties of the particles but by either the properties of the medium or the 

electrolyte concentration in the media. For a 0.1 M 1:1 electrolyte (like NaCl) in 

aqueous solution at 25 °C, the thickness is about 1 nm. 
32-34

  

 
Fig. 2.8. Schematic diagram of different planes and potentials in double layer.

35
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The electrostatic repulsive potential, VR between two same particles can be evaluated 

by the following equation: 

𝑉𝑅 =
32𝜋𝜀𝑎𝑘2𝑇2𝛾2

𝑒2𝑧2
exp (−𝜅𝐻)                                 (2.9) 

Where  is the permittivity, a is the radius of particles, k is the Boltzmann constant, T 

is the absolute temperature,  is a parameter of dimensionless potential. e is the 

charge, z is the valence,  is the Debye screening Parameter and H is the distance 

between two particles. For two approaching particles (i.e. the electrical double layers 

of particles are small overlapped), the equation 2.9 can be simplified to:  

𝑉𝑅 = 2𝜋휀𝑎𝜓𝑑
2exp (−𝜅𝐻)                                            (2.10) 

Where d is the potential at stern plane. The combination of attractive and repulsive 

forces is explained by a DLVO theory as follow. 

2.1.5.3 DLVO theory 

The DLVO theory describes a balance between the van der Waals attraction and 

electrostatic repulsion. This theory is developed by Derjaguin, Landau, Verwey, and 

Overbeek and therefore named after them.
36-38

 The total potential energy, VT between 

two particles when they approach each other can be explained by a sum of attractive 

and repulsive energies as mentioned in the front two sections. 

𝑉𝑇 = 𝑉𝐴 + 𝑉𝑅                                                                        (2.11) 

The different energy potentials as a function of H is shown in Fig 2.9. There are three 

features can be found from the potential curve of VT which includes a primary 

minimum (position D in Fig. 2.9), a primary maximum (position C) and a secondary 

minimum (position B). For the secondary minimum, it appears when two particles 

are separated by a long distance (roughly similar to particle size). For a polymer 

colloidal dispersion, if the depth of this minimum is large enough, flocculation may 
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occur in the dispersion. The height of primary maximum is also known as the 

potential barrier to prevent the contact of the particles. If the particles have enough 

energy to pass this barrier, the irreversible formation of aggregates occurs in the 

dispersion. For the primary minimum, the particles are separated by a short distance 

(molecular level), and the particles are bonded as agglomeration in the point D in Fig. 

2.9. However, the colloidal dispersion can keep a long term stability if the potential 

at this point (C) is large than 25 kT.
35, 39-40

 

 
Fig. 2.9. Schematic diagram of potential energies versus distance of two particles.

40
  

2.1.6 Stabilisation of MG particles 

The stabilisation of MG particles in water is more complex than the ideal particles in 

DLVO theory. Because the hydrophilic polymer chains in MG particles can extend 

from the particles surface into water in the forms of loop or tail. The extended 

polymer chains prevent the agglomeration of particles which is called as “steric 
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effect” or “steric stabilisation”.
41-42

 The extended polymer chains penetrate to each 

other when two particles are approaching. Then the repulsion is generated because of 

the imbalance of osmotic pressure in the overlapping area. For MG particles, the 

stabilisation becomes a total effect from the DLVO and the steric stabilisation. The 

diagram of steric repulsion is shown in Fig. 2.10 which can be divided into two types. 

The MG particles used in this thesis are surrounded by negative charges and 

therefore the electrosteric stabilisation also contributes to the increasing stability of 

MG dispersions. Moreover, to a first approximation the repulsion can also grow by 

the degree of MG particles swelling.
43-44

 

 
Fig 2.10. Schematic diagram of steric stabilisation between two MG particles.

35
 

 

2.1.7 The pH-responsive microgels 

The responsive MG is a type of particles which the swelling and de-swelling 

behaviours of MG are in responsive of environment stimuli.
45

 The response can be 

trigged by temperature,
46

 pH,
47

 light
48

 or enzymes.
49

  Therefore, they are called as 

“smart” materials and applied as “intelligent polymer therapeutics” in biomedicine 

applications.
50-51

 The pH-responsive MG can be defined as crosslinked polymer 

particles that can swell when the pH approaches their pKa.
52

 In general, some 

segments of pH-responsive MG particles are polyelectrolytes structures including 

weak acid or base or both groups. These structures can be ionised by releasing or 
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absorbing protons from solution.
53

 Because of the ionisation, the polymer chains with 

the same charge are repulsive with each other. As a result, the chains are expanded 

which lead to the size or structures of MG particles can be changed in responsive to 

environmental pH.
54

 In our case, the swelling of poly(EA/MAA/x) MGs is caused by 

the MAA segments. The dissociation of MAA groups in aqueous solution is based on 

their carboxyl groups: 

R − COOH + H2O ⇌ R − COO− + H3O+                   (2.12) 

The MAA type MGs swell with increased pH near to the pKa. Other types of  MGs 

like PVAM MG, which contain amine groups can swell with decreased pH.
55

 

Beyond the critical gelation concentrations, the physical gel can be formed at 

physiological pH. These gels are believed to be suitable for soft tissue engineering 

application
56-57

 such as degenerated intervertebral disc repair (IVD)
58

 because of 

their similarity to biological tissues. In addition, the networks expanding and 

condensing of particles are widely applied as drug carriers
59

 or rate controlling 

barriers
60

 in drug delivery systems.
61

 Considering so many applications are achieved 

by the pH-responsive system, the crucial parameters and mathematic modelling of 

swelling equilibrium are important to be mentioned. 

2.1.8 The swelling of microgel particles 

2.1.8.1 Swelling ratio 

For responsive MGs, the most important parameter to characterise the swelling 

process is the volume swelling ratio, Q which represents how much solvent can be 

absorbed by swelling particles. It can be calculated by the ratio of gel volume in 

swollen state, VS and the volume in the collapsed state VC, or by the cubic of 
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swelling/collapsed (dh / dc) particle diameter ratio. The 2 is the volume fraction of 

polymer in a swelling particle. 

𝑄 = 𝜑2
−1 =

𝑉𝑆

𝑉𝐶
= (

𝑑ℎ

𝑑𝑐
)3                                                  (2.13) 

As mentioned above, the fluid to gel transformation can be achieved by increase pH 

of the MG dispersion to gel. In experimental work, we are using the ratio of diameter, 

not the volume ratio to examine the ability of MG particle swelling. Because when 

the particles in concentrated MG dispersion swell, the swelling particles nearly fill all 

of the space in dispersion and the individual particle is trapped in steric confinement 

which cannot reach its fully swelling volume. The diameter of particles can be 

examined by DLS measurements or electron microscopy. However, the limitation of 

DLS measurement is that the hydrodynamic diameter of collapsed particles is not 

accurate because the polymer particles still can absorb some solvent molecules in 

dispersion. For the electron microscopes, both SEM and TEM require a dried sample 

so the swelling particles cannot be measured. Besides, the deformation of particles 

during drying process also needs to concern. According to the past works of our 

group, the values of Q are in the range of 10 – 100.
62-64

 

2.1.8.2 The theoretical background of swelling  

The mixing process of swelling polymers in solvent can de described by the Flory-

Rehner theory: the free enthalpy changes during the networks swelling, G is 

contributed by the free enthalpy of mixing polymer into solvent, Gmix and the free 

enthalpy of elasticity attributed to elastic deformation of polymer networks, Gel.
65-66

 

∆𝐺 = ∆𝐺𝑚𝑖𝑥 + ∆𝐺𝑒𝑙                                                       (2.14) 

Therefore, the swelling equilibrium can be described as a balance of osmotic 

pressure or an osmotic equilibrium. The swelling pressure, res is the sum of two 
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opposite forces: the osmotic pressure, mix and the elastic response force from 

networks, el.
66

 

𝜋𝑟𝑒𝑠 = 𝜋𝑚𝑖𝑥 + 𝜋𝑒𝑙                                                          (2.15) 

When the polymer networks are in the swelling equilibrium, the value for res is zero. 

Then the chemical potential inside and outside the particles is equal. For pH-

responsive MG particles, the repulsion from ionised polymer chains should be 

considered. The force of ionisation, ion mainly depends on the degree of ionisation 

(increased by pH) and the ionic strength in solution. So the equation 2.14 and 2.15 

can be modified to: 
66

 

∆𝐺 = ∆𝐺𝑚𝑖𝑥 + ∆𝐺𝑒𝑙 + ∆𝐺𝑖𝑜𝑛                                                (2.16)  

And    𝜋𝑟𝑒𝑠 = 𝜋𝑚𝑖𝑥 + 𝜋𝑒𝑙 + 𝜋𝑖𝑜𝑛                                          (2.17) 

The mix can be calculated by the Flory-Huggins equation: 
66

 

𝜋𝑚𝑖𝑥 = −
𝑁𝐴𝑘𝑇

𝑣1
[𝜙 + ln(1 − 𝜙) + 𝜒𝜙2]                               (2.18) 

Here, the NA is the Avogadro constant, k is the Boltzmann constant, T is the absolute 

temperature. v1 is the molar volume of the solvent,  is the volume fraction of 

polymer and χ is the Flory-Huggins interaction parameter. The χ value is an 

important parameter demonstrating the interaction of polymer and solvent which 

depends on the temperature and polymer concentration. A low value for χ indicates a 

strong interaction between polymer and solvent.
66-67

 

The el can be expressed as: 66-67
 

𝜋𝑒𝑙 =
𝑁𝑐𝑘𝑇

𝑣0
[

𝜙

2𝜙0
− (

𝜙

𝜙0
)

1

3]                                                      (2.19)     

The NC, v0 and 0 stands for the effective number of chains, molar volume of the 

polymer and volume fraction of polymer without solvent. In ideal state, 0 is equal to 

1, so 
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 Q = 1 /                                                                               (2.20) 

The ionic contribution to osmotic pressure is complex as they can be divided into 

two parts including the repulsion from the counter ion in polymer chains and the 

effect from the electrolytes in the solvent.
68

 The ion can be expressed as: 
68

 

𝜋𝑖𝑜𝑛 = 𝑅𝑇[𝛷 ∑ 𝐶𝑖
′

𝑖

+ 𝜙1 ∑ 𝐶𝑖

𝑖

]                                             (2.21) 

Where the parameter R is the gas constant,  and 1 are osmotic coefficient for gel 

phase and solvent. Ci and Ci’ are the concentration of ions in the solution and insides 

the swelling networks. The  value is related to the polyelectrolytes from polymer in 

the solution. If only considering the ions from polymer chains, the ion can be 

expressed as: 

𝜋𝑖𝑜𝑛 =
𝑓𝑒𝑁𝑐𝑘𝑇

𝑣0
(

𝜙

𝜙0
)                                                                      (2.22) 

Where fe is the number of counterions per chain.  

So in the equilibrium gel swelling state (i.e. res = 0), it is possible to combine 

equation 2.18, 2.19, 2.20 and 2.22 as follow: 
66-68

 

𝜙 + ln(1 − 𝜙) + 𝜒𝜙2 − 
𝑁𝑐𝑣1

𝑣0
[(𝑓 + 0.5)𝜙 − 𝜙

1
3] = 0      (2.23) 

In equation 3.23, the swelling ratio Q (= 1/ ) for an equilibrium state can be 

calculated. In summary, the forces from osmotic pressure, elastic networks and 

electrostatic balance are main forces to govern the swelling process of crosslinked 

particles. 

2.1.8.3 Experimental data for swelling of microgels. 

The swelling of pH-responsive microgels can be triggered by the dissociation of 

anionic or cationic groups in the polymer chains. When the pH approaches the pKa of 
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polyelectrolytes in particles, the strong force from ionisation, the osmotic 

equilibrium causes the particles sensitively to swell. For anionic MGs containing 

carboxylic groups (-COOH), they can be ionised at high pH. For example, the first 

work of poly(EA-co-MAA-co-BDDA) was reported by Rodriguez et al. at 1994.
24

 A 

volume swelling ratio of 110 at pH 8 in water was reported by Saunders et al. for this 

type of MG.
52

 A study from Lally et al.
69

 compared poly(EA-co-MAA-co-BDDA) 

MG to poly(MMA-co-MAA-co-EDGMA) MG. The result showed that the particles 

had a big difference in swelling ratio even when they have similar contents of MAA 

groups. The results supported that the swelling properties of MG particles do not 

only depend on the ionisation of polyelectrolytes in chains but also affected by 

elasticity and structure of polymer chains. For the cationic MG, in general the pH-

triggered swelling is achieved by the amine groups so that the particles size increase 

with the decreased pH. The factors that are controlling the swelling behaviours of 

particles are as same as that for anionic MGs. The poly(2-vinylpyridine-co-styrene) 

particles are a typical example of this MG style, whose swelling occurred at low 

pH.
70

 

The ionic strength can significantly affect the swelling process of MGs. The 

PNIPAM MG particles are obviously fluctuated by different electrolytes 

concentration which is reported by Daly et al.
71

 At a relative low concentration of 

salt, the particles are collapsed due to the dehydration of polymer chains. Tan et al.
72

 

reported that the particles size of pH-responsive poly(EA-co-MAA-x) MG decreased 

by the increasing concentration of salt. It also reported that the solvent contains 

different counter-ions have complex behaviours. For example, if the MG swells in a 

solvent containing both K
+
 and Na

+
 ions, some K

+
 ions prefer to penetrate into the 

porous MG particles and some Na
+
 are expelled,

72
 because  the association of ions to 
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the MGs are affected by the electrolyte polarisation.
73

 In our case, the swelling 

process of poly(EA-co-MAA-co-BDDA) MGs is controlled by all of the 

environmental conditions mentioned above which were reported by Rodriguez.
24, 74

 

The pH and ionic strength sensitive swelling process of this particles are shown in 

Fig 2.11a and b, respectively. 

Fig 2.11. (a) Dependence of microgel size on neutralisation and crosslinker contents. 

The curves from top to bottom correspond to crosslinker contents from low to high. 

(b) Dependence of microgel size on degree of neutralisation and salt concentration.
24

 

2.1.9 The gel networks of pH-responsive doubly crosslinked microgels  

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

biological tissue engineering or biomedicine applications because their similarity to 

tissues.
75

 Conventional hydrogels are normally crosslinked in bulk to form the 

macroscopic gels. They are easy to make but are generally not suitable for formation 

in vivo. In this thesis, we used the doubly crosslinked (DX) MGs which were formed 

by the covalent interlinking of swollen crosslinked MG particles. 

2.1.9.1 Mechanism of pH-responsive doubly crosslinked microgels. 

The pH-responsive DX MGs were first reported by Liu et al.
62

 The term “doubly 

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

crosslinking of particles provide a spherical internal networks and particles here are 
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termed as singly crosslinked particles. When particles come into contact (i.e. 

swelling), inter-crosslinking can be achieved to form external covalent intra-linking 

between particles via a free-radical reaction between vinyl groups on particles 

surfaces. Thus, they are called DX MG particles. The mechanism of the DX process 

is shown in Fig. 2.12. 

 
Fig. 2.12. The schematic diagram of DX gels formation. Step A is the surface of MG 

particles modified by vinyl groups. Step B is the particles swelling and contact. The 

final step is the formation of DX MGs.
62

 

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

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

The irreversible DX process provide the possibility for an injectable dispersion to 

form a load bearing gel in vivo for damaged soft tissues.
76

 

2.1.9.2 Other architectures of microgel networks  

As shown in the above section, the macroscopic gel can be achieved by the pH-

triggered swelling following covalent linking of MGs in contact. There are also some 
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other methods to form the microgel networks such as microgel-mediated crosslinking, 

and physical microgel entrapment as shown in Fig. 2.13.
77

 For the microgel-mediated 

crosslinking, this method is proposed to give gels with high mechanical performance 

by using microgel particles and the crosslinkers. The crosslinkers can form polymer 

chains between particles. The method using MG particles as building blocks and 

connected by additional crosslinkers was first reported by Hu et al.
78

 The physical 

microgel entrapment method is usually applied in preparing hydrogel/microgel 

composites which the microgel particles are trapped in the secondary networks of 

hydrogels. Because the formation of hydrogel and microgels is independent, this 

method is generally used to design gels with special morphologies and mechanical 

properties that the migration of MGs is prevented by bulk hydrogel networks and the 

MGs particles are able to hide within hydrogels.
79

 The PAMPS-PAAm double 

networks gel with super tough property is an example of this method.
80

 

 
Fig 2.13. The formation of microgel networks by direct contact ((a) and (b)), 

microgel-mediated crosslinking ((c) and (d))and physical microgel entrapment ((e) 

and (f)).
77
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2.2 Nanocomposites hydrogels 

2.2.1 Nanocomposite strategy 

Hydrogels are soft, high water content, multifunctional materials whose resemblance 

of nature living tissue makes them particularly suitable for biomedical applications.
81

 

Therefore, hydrogels are particularly suitable for use as a soft matrix in 

nanocomposites design. Hydrogels built using polymeric networks have their 

limitations. Two important factors for a hydrogel networks are the number of 

crosslinking junctions per unit volume and the average molecular weight, Mc or 

chain length between two junctions. In general, the increase of junctions will cause a 

decrease of Mc when preparing hydrogels.
82

 Besides, the distribution of crosslinking 

cannot be homogeneous in real cases and becomes less uniform with higher 

crosslinking density. These facts cause relative weak performances in optical 

transparency and mechanical properties.
82-83

 The lack of responsive properties of 

crosslinking networks is also reported by Xiang et al.
84

 The development of 

composites strategy makes it possible to combine special properties from two or 

more materials into a single material. Therefore, many works have been done to 

improve the properties of hydrogels by using nanocomposites. Nanocomposite 

hydrogels are crosslinked polymer networks prepared in aqueous solution in the 

presence of nanometre-level fillers such as nanoparticles or nanofibers.
85

 In general, 

it can be seen as nano-reinforcements distribute in the polymer networks(as the 

matrix). The introduced nano-reinforcements can be used as a function of 

crosslinker, attaching the polymer chains or introducing new properties to the 

hydrogel. The most common purpose for nano-reinforcements is to increase the 

modulus or ductility. Other properties of interest include thermal, electrical, optical, 

magnetic behaviours.
86

 This technique for preparing novel nanocomposite hydrogels 
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leads to applications in the electronics, biosensors, wound-healing, catalysis, tissue 

engineering, drug delivery and other bio-engineering areas.
85, 87-88

  

2.2.2 Hydrogels containing graphene oxide 

2.2.2.1 The structure of graphene oxide 

Graphene oxide (GO) is a 2D material composed of a parent graphene backbone and 

oxygen functional groups (see Fig. 2. 14).
89

 Most of the synthesis methods for GO 

use chemical exfoliation of graphite powders with strong oxidising agents.
90

 The 

history of studying GO started about 150 years ago. GO is well known for its 

excellent mechanical, thermal and electrical properties. Following the discovery of 

graphene at Manchester at 2004,
91

 GO became one of the hottest topics in materials 

science. GO was widely studied in polymer composites, semiconductor sensors, 

biomedical applications, paper-like materials etc.
92-93

 

 
Fig 2.14. The structure of graphene oxide.

94
 

A simple description of the structure of GO is graphene layers with oxygen groups 

on the surface. The exact structure of GO is still controversial.
93

 There are many 

early studies on models for the structure of GO. The Lerf and Klinowski’s model 
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(Fig. 2.14) which is the most widely used model to understand the structure of GO.
94

 

In their model, the GO is terminated by carboxyl and hydroxyl groups, while in the 

central part of GO two types of structures exist including unreacted benzene rings 

and oxidized aliphatic aromatic six-member rings. Layers of oxygen atoms exist on 

the surface of GO sheet. The latter concentration depends on the degree of oxidation. 

The negative charges are mobile and arrange on the oxygen layers, which could 

disable the nucleophilic attack to the carbon atoms. Therefore, the epoxy groups on 

GO are chemically inactive. 

Another feature of GO is the hydrogen bonding network can be built in water via 

oxygen groups and water molecules, which is very necessary for application in 

hydrogels.
95

 The hydrogen bonding network is a factor of mechanical properties for 

hydrogel composite containing GO. According to the study of Medhekar,
96

 two kinds 

of H-bonds exist in GO solution: the intra-layer and inter-layer H-bonds. The 

structure of interlayer hydrogen bonding depends on water content. With high water 

content, the hydrogen bonding structure is uniform, and some water clusters are 

formed to improve the layer to layer distance. For the intra-layer hydrogen bonding, 

the networks are formed from the functional groups (epoxy groups, hydroxyl group, 

etc.) on the GO layers. 

2.2.2.2 Graphene oxide enhanced hydrogels 

The structure of GO means it is easy to disperse in water, because it has lots of 

hydrophilic groups on the surface and edges of graphene sheets (see Fig. 2.14). The 

excellent elastic strength (~30 GPa), thermal and electrical properties are attracting 

considerable research attentions on its composite for hydrogels.
97

 Faghihi et al.
98

 

reported that GO can reinforce the mechanical properties of poly (acrylic acid)  
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hydrogel for soft tissue engineering. Lu et al.
99

 mixed NIPAM microgel particles 

with GO and gained a novel thermal and photo responsive hydrogel with high 

responsive sensitivity. A ~144% improvement of critical tensile strength for 

hydrogels is achieved by adding only 0.1 wt.% of GO which is reported by Huang et 

al.
100

 It is noteworthy that many of hydrogel/GO composite gels are reported as 

biocompatible materials.
101

 Thus, the large and highly reactive surfaces of GO also 

can be used to transport and deliver medicine or DNA in nanocomposites 

hydrogels.
102

 

2.2.3 Hydrogels contain carbon nanotubes 

2.2.3.1 The structure and properties of carbon nanotubes 

The structure of carbon nanotubes (CNTs) is less complicated to understand 

compared with GO. It only consists of carbon atoms and can be imagined as rolled-

up graphene sheets.
103

 Two types of CNTs are termed base on the number of layers 

in one tube including multi-wall carbon nanotubes (MWNTs) and single-wall carbon 

nanotubes (SWNTs) (see Fig 2.15a). The first observation of MWNTs is by Iijima at 

1991.
104

 A TEM image of a MWNT is shown in Fig. 2.15b and the rolled-up 

structure is shown in the inset. Typically, the diameters of SWNTs are about 0.8 – 2 

nm and for MWNTs about 5 - 20 nm.
105

 The lengths for CNTs are diverse which 

depend on the synthesis process, the most common length used in research are from 

several nanometers to tens of microns. The longest CNT at present is about 550 

mm.
106

  Because of their special structure, CNTs are considered as materials with 

high aspect ratio and extremely high surface area. 
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Fig 2.15. (a) The structures of SWNT and MWCNT. (b) The high resolution TEM 

image of MWNT. The inset shows the structure of MWNTs.
103, 107

 

2.2.3.2 The applications of carbon nanotubes in nanocomposites hydrogels 

The most attractive property of CNTs is their mechanical properties. In the axial 

direction, MWNTs are reported to have about 1 TPa of elastic modulus and 100 GPa 

of tensile strength.
108

 Besides, the CNTs are widely used to introduce electrical 

properties to hydrogels. The conductivity of CNTs depends on their quality. In 

general, the MWNTs can be seen as conductive or semi-conductive materials while 

the SWNTs are mostly semi-conductive. Without considering the impurity and the 

defects on the wall, an individual SWNT is reported to have a thermal conductivity 

of 3500 W m
−1

 K
−1

 at room temperature.
105

 Therefore, the high mechanical strength, 

conductive properties, low mass density, very high surface area of CNTs are widely 

used in nanocomposites hydrogels. However, there are also several limitations of 

CNTs in biomaterials studies. Firstly, the CNTs are hydrophobic which could form 

large agglomerations in the water or hydrogels. Secondly, the strong van der Waals 

interaction made them difficult to disperse in the hydrogel in preparing process.  

Finally, the needle-like structure made them toxic in the human body.  Fig. 2.16 

shows the main applications for the CNTs nanocomposite hydrogels such as bio-
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sensing, soft tissue engineering and biomedicine applications etc.
109

 For example, 

Zhang et al.
110

 reported pH-responsive PMMA/MWNTs composite hydrogels have a 

microporous structure which can be used in drug delivery. They functionalised the 

MWNTs with –COOH groups to improve the solubility. PAM/MWNTs hydrogels 

were introduced by Sudha et al.
111

 The mechanical properties, electrical properties 

and thermal stability of gels were significantly increased by the MWNTs. Another 

important discovery for CNTs contained hydrogels is that the toxicity and 

carcinogenicity of CNTs was significantly reduced when the CNTs were trapped in 

hydrogel networks.
112

 Because the hydrogel networks can prevent either the 

aggregate process of CNTs or the exposure of the needle-like structure.  In our case, 

the MWNTs are ideal to composite with MG particles to improve the modulus and 

the electrically conductivity, so the application of DX MGs can in principle be 

expanded to electro-responsive materials
113

 such as biosensing
114

 and electronic 

skin.
115

  

 

Fig. 2.16. The application of carbon nanotubes nanocomposites hydrogels.
109
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2.2.4 Mechanical properties of composites 

To study the mechanical properties of nanocomposite hydrogels, the factors to 

describe compositions are generally used the volume fraction,  and the modulus, E. 

For two components composites, the composites can be idealised and simulated as a 

mixture of uniform matrix and continuous fibres. There are two geometry 

possibilities to study the modulus of a composite as shown in Fig. 2.17, which are the 

isostrain model and the isostress model.
116

 

 
Fig. 2.17. The schematic diagram of isostrain and isostress conditions. 

2.2.4.1 The isostrain condition 

The isostrain condition assumes the strain on the reinforcement, and the matrix are 

equal, so this condition can be expressed as below with a further assumption that 

both reinforcement and matrix behave fully elastic. Therefore, 

휀𝑐 = 휀𝑚 = 휀𝑟                                                   (2.21) 

Where c, m and r represent the strain on the composite, matrix and reinforcement, 

respectively. 

So the stress of the matrix, m and reinforcement r can be expressed as: 
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𝜎𝑚 = 𝐸𝑚휀𝑚   and 𝜎𝑟 = 𝐸𝑟휀𝑟                            (2.22) 

The Em and Er are their moduli. 

Under the condition of isostrain, the total stress on the composite is the sum of stress 

applied on the matrix and the reinforcement. So the total stress can be expressed as: 

𝜎𝑐 = 𝜙𝑚𝜎𝑚 + 𝜙𝑟𝜎𝑟 = 𝜙𝑚𝐸𝑚휀𝑚 + 𝜙𝑟𝐸𝑟휀𝑟       (2.23) 

The m and r are the volume fractions and 

𝜙𝑚 + 𝜙𝑟 = 1                                                       (2.24) 

So the overall modulus of the composite, Ec can be expressed as: 

𝐸𝑐 = 𝜙𝑚𝐸𝑚 + 𝜙𝑟𝐸𝑟   

or  𝐸𝑐 = 𝜙𝑚𝐸𝑚 + (1 − 𝜙𝑚)𝐸𝑟                            (2.25) 

2.2.4.2 The isostress condition 

The isostess condition describes the applied stress is perpendicular to the axial 

direction of reinforcement, also when the hard reinforcements are discrete in a soft 

matrix. Under this condition, the stress is uniform. 

𝜎𝑐 = 𝜎𝑚 = 𝜎𝑟                                                        (2.26) 

So the strain of each composition under elastic deformation can be expressed as: 

휀𝑚 = 𝜎𝑚/𝐸𝑚  and 휀𝑟 = 𝜎𝑟/𝐸𝑟                              (2.27) 

The overall strain in the direction of applied force is the sum of strain in each 

composition. 

휀𝑐 = 𝜙𝑚휀𝑚 + 𝜙𝑟휀𝑟                                                 (2.28) 

So the modulus of the composite can be expressed as: 

1

𝐸𝑐
=

𝜀𝑐

𝜎𝑐
=

𝜙𝑚𝜀𝑚

𝜎𝑚
+

𝜙𝑟𝜀𝑟

𝜎𝑟
=

𝜙𝑚

𝐸𝑚
+

𝜙𝑟

𝐸𝑟
                 (2.29) 

Rearranging equation 2.24 gives: 
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𝐸𝑐 =
𝐸𝑚𝐸𝑟

𝐸𝑚𝜙𝑟+𝐸𝑟𝜙𝑚
                                                     (2.30) 

2.2.4.3 Comparison of isostress and isostrain conditions 

For most nanocomposites hydrogels, the modulus of reinforcement is much higher 

than the hydrogel matrix (i.e. Er >> Em). Both conditions indicate that the stiffness of 

composite can be improved by the increase of volume fraction of reinforcement. 

However, the stiffness of hydrogel can be more efficiently improved by the 

reinforcement under isostrain condition as shown in Fig. 2.18. In most cases, the 

situations of nanoparticles in hydrogels are more complex which may not perfectly 

fit either condition. However, these two are still used as the main predictors of stress-

strain distribution in hydrogels and to understand the modulus of composites in terms 

of component concentration.
117

  

 
Fig. 2.18. The comparison of isostrain and isostress conditions. The black data points 

are shown a real case of an epoxy/carbon fibre composites.
5
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2.3 Instrumentation 

Several characterisation techniques were performed to study the morphology, size 

distribution and properties of MGs, nano-fillers and their composites. The 

fundamental principles of frequently used techniques are outlined in this section.   

2.3.1 Dynamic light scattering 

Dynamic light scattering (DLS) is widely used for characterising the size of particles 

dispersed in a liquid. It is also referred to as photon correlation spectroscopy (PCS). 

This technique is based on measuring the intensity of scattered light by moving 

particles as a function of time. The particles in the solvent move in Brownian motion, 

which causes fluctuations of the scattered light intensity. The fluctuations can be 

converted to the mean translational diffusion coefficient which can be further 

converted to the particles size by using Stokes-Einstein equation
118

. Fig 2.19 shows 

typical set-up of a DLS instrument
119

. A vertically polarised laser beam is passed 

through the sample. The detector is fixed at a certain angle (usually at 90°), the 

scattered intensity was collected and transformed to electrical signals for the 

associated digital correlator.  

Fig 2.19. Scheme of the set-up for DLS instrument.
119
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Because the intensity is from the random Brownian motion of particles, the intensity 

autocorrelation was used as follows:  

𝐺(𝜏) = < 𝐼(𝑡)𝐼(𝑡 + 𝜏) >                                          (2.31) 

where G(τ) is the correlation coefficients functions, t is the time, I is the scattered 

light intensity at given time and τ is the delay time of time interval. 

For measuring the monodisperse particles, the G(τ) is given by: 

𝐺(𝜏) =  𝐴 (1 + 2𝐵𝑒−Γ∙𝜏)                                              (2.32) 

where A and B are constants. 

 relates to translational diffusion coefficient, D and scattering vector q: 

Γ =  𝐷𝑞2                                                                        (2.33) 

q can be calculated by: 

𝑞 =  
4𝜋𝑛

𝜆0
sin

𝜃

2
                                                                  (2.34) 

Where the n is the refractive index of the medium, 0 is the wavelength of the 

incident laser in vacuum and the θ is the scattering angle. 

D can be related to Stokes-Einstein equation: 

𝐷 =  
𝑘𝑇

3𝜋𝜂𝑑ℎ
                                                                        (2.35) 

The k is the Boltzmann constant, T is the absolute temperature, η is the viscosity of 

medium and dh is the hydrodynamic particle diameter. 

In this study, DLS are used to examine the size of MG particles in various pH and 

therefore to study the swelling properties of particles. 
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2.3.2 Raman spectroscopy 

Raman spectroscopy is a spectrum which provides the fingerprinting of molecular 

bond structures for sample identification and quantitation. It uses the inelastically 

scattered light from the photons of the molecular bond and therefore the vibration 

state of the molecule can be identified. Compared to other vibration spectrums, 

Raman spectrum does not require special sample preparation techniques; the samples 

can be liquid, solid or gas and they also can be placed on a transparent substrate like 

glass or plastic.
120

 

In Raman spectroscopy, a monochromatic light source (a laser beam) illuminate on 

the sample and the scattered lights were collected. As shown in Fig. 2.20, three types 

of light are scattered from samples. The vast majority of the photons (~ 99.9999%) 

are scattered in the Rayleigh scattering process as the wavelength of the incident and 

scattering lights are same. This is also known as the elastically scattering. The 

Raman scattering is the combination of the Stokes and anti-Stokes process. The 

intensity of each process depends on the population of the energy states in the 

molecule.
121

 In low energy side, the Stokes process is stronger than anti-Stokes. 

 
Fig. 2.20. Energy level diagram of  Rayleigh and Raman scattering processes.

121
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A conventional Raman spectrometer (Fig. 2.21) contains four major components: the 

excitation source (the laser source); the sample illumination system and light 

collection optic system; the wavelength selector (Filter); the detectors and computer 

systems.
122

 The main distinction of various Raman spectrometers is the wavelength 

range of the excitation source. In this thesis, the Raman was used to characterise the 

carbon nanostructures of the fillers (i.e. GO and CNTs), which are mainly composed 

of C-C bonds. For sp
2
-sp

2
 C-C bonds in the graphene structure, this displays a 

Raman band (G band) located at around 1600 cm
-1

. The sp
3
 carbon bonds from the 

defects on the GO sheets or walls of CNTs display a D band at around 1350 cm
-1 

which associates with the presence of disordered carbons in the graphene structure. 

 
Fig. 2.21. A typical Raman Spectrometer.

122
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2.3.3 Dynamic rheology 

Rheology is the study of deformation and flow of materials when forces are 

applied.
123

 Materials are neither ideal solid nor ideal liquid exhibit both viscous and 

elastic behaviours. Therefore, the rheometer is used to measure the viscoelasticity of 

materials. Generally, it measures the stress, the applied force per area on the sample, 

and the strain, the infinitesimal deformation of materials. The mechanical properties 

of materials, the elastic modulus and the viscosity can be calculated by the 

stress/strain and the stress/strain rate, respectively. In the studies contained in this 

thesis, the rheology is studied by oscillatory dynamic rheology measurements.  

If a tangential force is applied on the top surface of an ideal solid (Fig. 2.22), the 

shear stress,  can be calculated by the ratio of force, F and top surface area, A: 

 𝜎 = 𝐹/𝐴  (Pa)                                        (2.36) 

If the shearing velocity is V0, the shear rate, D can be calculated by: 

𝑉0 = 𝑑𝑥/𝑑𝑡 (m·s
-1

)                                 (2.37) 

𝐷 = 𝑑𝑉0/ℎ0 (s
-1

)                                       (2.38) 

where h0 is the height of the solid. 

The shear strain,  can be calculated by: 

𝛾 = 𝑑𝑥/ℎ                                                (2.39) 

 
Fig. 2.22 The shear deformation of an ideal solid. 
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The modulus G and viscosity   can be calculated by: 

𝐺 = 𝜎/𝛾 (Pa)                                              (2.40) 

𝜂 = 𝜎/𝐷  (Pa·s)                                          (2.41) 

The dynamic rheology measurements are performed by an oscillatory rheometer 

which combined with a rotating plate on the top and a steady parallel plate on the 

bottom. It applies a sinusoidal strain on the samples: 

𝛾(𝑡) = 𝛾0 sin 𝜔𝑡                                                (2.42) 

Where the  is the angular frequency, t is the time. 

The sample can provide a stress to the rotating plate in response to the applied stain. 

The responsive stress, (t)  is measured:   

𝜎(𝑡) =  𝜎0 sin(𝜔𝑡 + 𝛿)                                     (2.43) 

 is the phase angle which depends on the response of the materials. If  is zero 

which means no lag in response, the sample is ideal elastic solid.  

The modulus can be calculated with the responsive stress and applied strain by using 

equation 2.40 and 2.43: 

𝐺(𝑡) =  
𝜎0

𝛾0
sin 𝜔𝑡 cos 𝛿 +

𝜎0

𝛾0
cos 𝜔𝑡 sin 𝛿           (2.44) 

The storage modulus, G’ and the loss modulus, G” are defined as: 

𝐺′ =
𝜎0

𝛾0
cos 𝛿    and    𝐺′′ =

𝜎0

𝛾0
sin 𝛿                    (2.45) 

The loss tangent, tan  is: 

𝑡𝑎𝑛 𝛿 = 𝐺′′/𝐺′                                                     (2.46) 

For materials tested by oscillatory rheology measurements, the value of G’ can be 

seen as a measure of elasticity or how much energy is stored; the values of G” can be 

seen as a measure of viscosity or how much energy is dissipated per unit strain. The 

viscoelasticity is assessed by tan .
124-125

 For perfectly elastic networks, the value for 
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tan  is 0. When tan  < 1, the sample performs more elastic behaviour than viscous. 

In our study, we use tan to define if a sample is a gel (tan  < 1) or a fluid (tan  > 

1). The critical strain at tan  = 1 is the strain when the gel substantially breaks which 

can be used as a measure of ductility. The values for G’ were used as a measure of 

elasticity or stiffness. Therefore, the modulus (G’) and viscoelasticity (tan ) of SX 

and DX MGs can be examined over a range of frequencies and strain. 

2.3.4 Scanning electron microscopy 

Scanning electron microscopy (SEM) is one of the most popular instruments to 

obtain information on microstructure morphology and chemical composition of 

samples non-destructively.
126

 A diagram of SEM is shown in Fig. 2.23 and showed 

that an electron is produced from an electron gun in the top of the column in SEM. 

The beam can focus on a tiny spot on the surface of specimens, and a computer can 

detect various of signals from the interaction between the sample and the beam. The 

signals include secondary electrons, backscattered electrons, Auger electrons, X-rays 

and perhaps light.
127

 Subsequently, the image of specimen can be displayed on the 

computer screen base on the variations in brightness.
128

 The signal of secondary 

electrons and backscattered electrons are the most common used for imaging because 

they can provide high spatial resolution and strong contract to images. Diffracted 

backscattered electrons can be used for electron backscattered diffraction, it can be 

used to analysis the crystallography and the orientation information of the surface. 

The fixed wavelength of X-ray can be used for elemental analysis. 

The configuration of SEM instrument includes AN electron gun, electromagnetic 

lenses and apertures, detecting system and deflectors. The electron gun provides and 

accelerates an electron beam with an energy of 1 to 30 keV in a high vacuum 
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environment. Subsequently, the beam is demagnified by the sets of lens and 

apertures to focus as a required spot with a diameter of 1 to 10 nm on the surface of 

the specimen. Signals are generated at a depth of ~1 m on the contact surface.
126

 

 
Fig. 2.23. Schematic diagram of the SEM.

128
  

The aim of using SEM in this study is to observe the morphologies of samples 

including MG particles, CNTs, and freeze-dried SX or DX MGs. Most of our 

samples for SEM were polymers or contained polymer components. There are three 

major limitations to apply SEM on these samples.
129

 Firstly, most of the polymers 

have low electron density, and hence display low contrast. Secondly, the polymers 
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are poor in propagating the negative charges which significantly decrease the 

resolution. Finally, the incident beam focused on the soft surface of samples results 

in a thermalised region that damages the sample surface. Therefore, all organic 

sample mentioned in this thesis are coated by a thin metal film (platinum or gold) to 

increase the conductivity. Besides, some conductive pathways (such us using silver 

paint) were painted to propagate the accumulated charges. Furthermore, the applied 

accelerating voltage in SEM was kept relatively low (3 - 10 kV) to avoid damages of 

sample surfaces.  

2.3.5 Transmission electron microscopy 

Transmission electron microscope (TEM) is a directly visualised characterisation 

technique with ultra-high spatial and magnification, which also can be coupled with 

other quantitative understanding techniques.
130

 The first TEM was built in Berlin at 

1931 by Max Knoll and Ernst Ruska and was reported as not better than a light 

microscope. Nowadays, the resolution of TEM is consistently developed to an 

extraordinarily high resolution at the atomic level, and it appears in different forms 

of TEM such us scanning TEM, high resolution TEM and analytical electron 

microscope, etc. The resolution of the TEM depends on the wavelength of the beam. 

Since the wavelength of the electron beam from an electron gun (~ 4 × 10
-12

 m with 

100 keV acceleration) is much smaller than the light source (~ 500 nm), TEM can 

obtain the resolution at the interatomic level compared to the greater than ~1000 

atoms resolution of light. 

The configuration of TEM includes four main components: an electron column, a 

vacuum system, the necessary electronics (the lens the high voltage generator), and 

the controlling system.
128

 Figure 2.24 shows a cross-section schematic of a typical 
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TEM. A beam of monochromatic electrons is emitted by the electron gun on the top. 

Similar to SEM, several condenser lenses are applied to control the spot size and the 

intensity, the high angle electrons are removed by the condenser aperture. The 

remaining focused electrons can transmit through the specimen which are further 

focused by the objective lens. The images can be displayed on a fluorescent screen 

coupled with a film camera or a direct electron detector. The darker areas on a 

fluorescent screen or TEM images represent a lower amount of electrons can be 

transmitted through while the lighter areas can transmit and collect more electrons. 

The application of TEM in this thesis is to observe the size and structure of GO, 

CNTs and MG particles.   
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Fig. 2.24. Schematic diagram of the TEM.
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Chapter 3: Microgel/Graphene oxide composites 

3.1 Abstract  

Earlier studies in our group have shown that concentrated dispersions of pH-

responsive microgel (MG) particles can form macroscopic gels.
1
 However, the 

mechanical properties of such gels were limited by the chain elasticity of polymers. 

In this chapter, we mixed low concentrations of graphene oxide (GO) with MG 

particles and formed composite DX MG/GO gels. The MG / GO mixture formed 

physical gels of SX MG/GO and were further proceed to be DX MG/GO gels by a 

free-radical reaction from pendant vinyl groups. The influence of the GO 

concentration on the mechanical properties of the SX MG/GO and DX MG/GO gels 

was investigated using dynamic rheology and static axial compression measurements. 

An isostrain model was used to describe the modulus of composites. The data 

support that the inclusion of GO can increase the modulus and tune the mechanical 

properties by adjusting the concentration of GO. The composite DX gels with only 1 

wt.% of GO introduced significantly improved the stiffness compared to the GO free 

gels.  Moreover, a Live / dead assay on the composite suggested that the composites 

were biocompatible. This new composite hydrogel was designed as a potential 

material for soft tissue engineering applications. 
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3.2 Introduction  

The properties of hydrogels are attracting large interest and their structural 

complexity is increasing.
2
 Remarkable improvements in gel modulus

3
, ductility

4
, 

swelling ratios
5
 and toughness

6
 have been achieved. The MGs and DX MGs were 

introduced in Chapter 2. In this study, we investigate DX MGs prepared in the 

presence of low concentrations of GO which are expected to provide a potential 

mechanical property enhancement, which was the aim of this research.  

The MGs studied here were prepared by a seed-feed emulsion polymerisation. The 

as-made poly(ethyl acrylate-co-methacrylic acid-co-1,4-butanediol diacrylate) MG 

particles (poly(EA/MAA/BDDA)) were functionalised by glycidyl methacrylate 

(GMA) to introduce the pendant vinyl groups. These non-functionalised and 

functionalised MG particles are abbreviated as NF MG and SX MG particles. These 

MG particles can swell with increasing pH, and the phenomenon of this swelling 

process can be described as a transformation from a white latex liquid to a 

transparent physical gel.
7
 After gel formation, the DX process can be achieved via a 

free-radical coupling of vinyl groups among the particle-particle contact area
1
. This 

liquid to gel process has been proved to be suitable for injectable medicine which can 

be applied to the restoration of degenerated intervertebral discs (IVDs)
8
. 

Graphene has outstanding mechanical, electrical and thermal properties
9-13

. GO as a 

well-known member of the graphene family, is rich with hydrophilic groups 

distributed in the entire sheets
14

. The oxidised groups contribute solubility and most 

of them can form hydrogen bonds or be chemical reactive
11

. Therefore, GO is water-

dispersable which is suitable for blending with hydrogels.
9
 Furthermore, GO has 

received a lot of attention because of its high aspect ratio and high modulus
15

 which 
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are also frequently applied in studies of novel gels.
16-18

 The biological applicability 

of GO is also well known,
19-21

 which showed promising potential for soft tissue 

engneering
22

.  

The composite gel preparation is shown in Scheme 1. The chemical structures of 

monomers are shown on the top. The DX process was started with a mixed 

dispersion of SX MG in latex form and GO dispersion. The physical gel was formed 

by pH-triggered swelling of the MG particles and it is termed as SX MG/GOx, where 

x is the weight concentration of GO.  Subsequently, the covalently interlinked gels 

were achieved by heating in the presence of an initiator (APS), and this is termed as 

DX MG/GOx. In this chapter the morphology, swelling and mechanical properties of 

SX MG/GO and DX MG/GO composite gels are studied. The main aim of this 

chapter is to investigate how added GO enhances the mechanical properties of the 

DX gels, and assess if it has the potential for application in soft tissue engineering. 

 
Scheme 3.1. The depiction of the preparation of DX MG/GO gels. The structures of 

monomers and particles were shown the in the top. The pH-triggered swelling and 

the DX process of MG/GO composite gel is shown in the bottom.  
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3.3 Experimental  

3.3.1 Materials 

Graphite (Graphexel grade 2369), EA, MAA, BDDA, GMA, H2SO4, NaNO3, NaOH, 

KMnO4, H2O2, APS, phosphate buffered saline (PBS, pH = 7.4 bioreagent) were all 

purchased from Sigma-Aldrich. All reagents were the highest purity available and 

were used as received. Biological reagents were prepared using Dulbecco’s modified 

Eagle’s medium (DMEM, Gibco), fetal bovine serum (FBS, Gibco) and 

antibiotic/antimycotic (Sigma-Aldrich). All water was of ultrahigh purity and was 

distilled and deionised. 

3.3.2 Synthesis of graphene oxide 

Preparation of GO was achieved using “modified Hummers method”.
23

 Graphite 

powder (5 g) and concentrated H2SO4 (170 ml) were introduced into a 5 L flask with 

stirring and an ice bath was placed on the bottom. NaNO3 (3.75 g, 0.04 mol.) was 

added and stirring continued for 5 h. KMnO4 (25 g, 0.16 mol.) was carefully added to 

prevent the temperature of the mixture exceeding 20 ˚C. After all of the additives 

were dissolved, the ice bath was removed and the mixture was heated at 35 ˚C with 

stirring for 2 h. The dispersion was further stirred at room temperature for seven days. 

After the reaction, a washing method was applied to obtain exfoliated the GO 

dispersion. The product was slowly dispersed into H2SO4 solution (5 wt.%, 550 ml) 

and stirred for 3 h. Then, aqueous H2O2 (15 g, 30 vol.%) was slowly added over a 

period of 5 min. The mixture became a gold coloured dispersion and stirring was 

continued for a further 2 h. The suspension was diluted with 500 ml of 3 wt% H2SO4 

containing 0.5 wt% H2O2 solution and left overnight. The product was centrifuged at 

9000 rpm for 20 min, and the clear supernatant liquid was removed. The remaining 
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viscous liquid was washed with a further 3 wt.% H2SO4 / 0.5 wt.% H2O2 solution 

(500 ml). The washing process was repeated nine times, and then the mixture was 

further purified by dialysis for 7 days. The final pH of the purified, exfoliated, GO 

dispersion was 7.2. 

3.3.3 Synthesis of poly(EA/MAA/BDDA) microgel 

The synthesis of the MG was conducted using seed-feed emulsion polymerisation 

method according to a previously published method
24

 and is briefly described here. 

The MG particles contained about 33 wt.% of MAA on total monomer mass. A co-

monomer solution (250 g) containing EA (167 g, 1.88 mol), MAA (83 g, 0.83 mol), 

BDDA (2.5 g, 0.01 mol) was prepared. A total of 31.5 g of the co-monomer solution 

was used for the seed formation. The solution was added to water (518 g) containing 

SDS (1.8 g, 6.0 mmol) and then K2HPO4 (3.15 g of a 7 wt.% solution) and APS (10 g 

of a 2 wt.% solution) were added. The seed was prepared at 80 ˚C with mechanical 

stirring under nitrogen for 30 min. Then the remaining monomers were added at a 

uniform rate over a period of 1.5 h. The reaction was continued for a further 2 h. The 

product was purified by extensive dialysis using water. 

3.3.4 Synthesis of GMA-functionalised poly(EA/MAA/BDDA) microgel 

MG dispersion (100 g of 10 wt.% dispersion) was mixed with GMA (16.6 g, 0.12 

mol). The pH of the mixture was adjusted to about 5.4 using NaOH solution (0.05 

M). The mixture was heated at 50 ˚C for 8 h. After the reaction, chloroform was used 

to wash the product twice and then removed using rotary evaporation. The MG-

GMA dispersion was further purified by extensive dialysis. 
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3.3.5 Preparation of SX MG/GO physical gels and DX MG/GO covalent gels 

To prepare the composite gels a thoroughly mixed dispersion containing MG-GMA 

and GO was first prepared at a pH of about 4.7. As an example, the DX MG/GO1.0 

composite was prepared by thoroughly mixing MG-GMA (6.67 g of 15 wt.% 

dispersion) and GO (22.22 g of 0.45 wt.% dispersion). (For the other DX MG/GOx 

systems the masses of GO were reduced accordingly.) The mixed dispersion was 

concentrated to ~ 10 g using rotary evaporation at room temperature. An aqueous 

solution (0.2 g) of APS and NaOH was then added with stirring. The added solution 

contained 3.4 wt % of APS, and the concentration of NaOH was 4 M. The gel had a 

final pH of ∼7.2. This process triggered the formation of an SX MG/GO physical gel. 

To form the DX MG/GO gel, the SX MG/GO mixture was heated at 50 ˚C for 8 h. 

All the gels studied in this work contained a MG particle concentration of 10 wt.%, 

and the pH values were adjusted to ~ 7.2. The SX MG/GO physical gels were studied 

in the absence of added APS.  

3.3.6 Physical measurements 

Titration measurements were performed using a Mettler Toledo DL 15 titrator in the 

presence of aqueous 0.1 M NaCl. TGA measurements were performed using a TA 

Instrument Q500 with a heating rate of 10 ºC / min. Photon correlation spectroscopy 

(PCS) measurements were performed using a BI-9000 Brookhaven light scattering 

apparatus (Brookhaven Instrument Cooperation) equipped with a 20 mW HeNe 

Laser and the detector was set at a scattering angle of 90
o
. TEM data were obtained 

using a JEOL JEM-2011F operating at an accelerating voltage of 200 kV. Zeta 

potential data were obtained using a Malvern Nano ZS using a GO concentration of 

0.01 wt.% and a background electrolyte concentration (NaNO3) of 0.01 M. The 

rheological properties of the gels were measured using a TA Instruments AR-G2 
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temperature-controlled rheometer equipped with an environmental chamber. The 

measurement geometry used a 20 mm flat disc. Frequency-sweep and strain-sweep 

data were measured at 25 ˚C. For the frequency-sweep data a strain of 1% was used. 

The strain sweep data were measured using a frequency of 1 Hz. The compression 

tests were conducted using an Instron Series 5569 load frame equipped with a 100 N 

compression testing head. The compression rate was 2 mm/min, and the average size 

of the gel cylinders was 10.8 mm in height and 9.6 mm in diameter, respectively. 

MG and GO particle size and the morphology of GO, MG and composites were 

probed by SEM using a Philips xl30 instrument. Before observation, the gel samples 

were rapidly freeze-dried using liquid nitrogen. The SEM samples were coated by 

platinum before the examination. 

3.3.7 Assessment of cytotoxicity 

The operational details and results of cytotoxicity measurements are provided by 

Daman Adlam (Manchester University). Human nucleus pulposus (NP) cells were 

cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal 

bovine serum and antibiotic / antimycotic at 37 °C in a humidified 5% CO2 

atmosphere. Cells were harvested by trypsinisation and seeded at a density of 2 x 10
4
 

cells/well into 24-well culture plates containing 13 mm diameter sterile glass 

coverslips. After 24 h in culture, sterile toroid-shaped composites (inset of Fig. 

3.17(a)) were introduced into wells and cultured for a further 10 days. After this time 

the coverslips were removed and cell viability assessed by live / dead assay 

(Invitrogen, UK) on the NP cells exposed to gels versus controls. Images were taken 

with an Olympus BX51 fluorescence microscope and a Leitz Diavert inverted light 

microscope.  
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3.4 Results and discussion 

3.4.1 Microgel characterisation 

In this study, the non-functionalised MG, functional MG and doubly crosslinked MG 

were abbreviated as NF MG, SX MG and DX MG.  The chemistry of 

functionalisation for introducing vinyl groups to MG is described in Fig 3.1. The 

GMA is believed to have reacted with the carboxylic groups in the MG particles via 

a ring-opening reaction. There are two reaction mechanism routes to modify the MG 

particles with GMA. As shown in Fig. 3.1, the GMA can attack either a 3º carbon 

atom (position 1) or a 2º carbon atom (position 2). For an epoxide ring, the 

carbocation is more stable in 3º carbon than 2º carbon and therefore the main product 

is the reaction in position 1.  This proposal follows from the work of Reis et al.,
25

 

which showed that ~87.5% of -COOH groups in polymers were attached to position 

1 at pH 3.5 for related species.  

 
Fig. 3.1. The main mechanism of GMA functionalisation reaction. 

3.4.1.1 Potentiometric titration 

The potentiometric titration was performed to calculate the functional degree of SX 

MG. As shown in Fig. 3.2, the difference in MAA content between NF MG and SX 
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MG was caused from the GMA functionalisation. Therefore, the difference (= 3.0 

mol. %) can be defined as functionalisation degree of SX MG (Table 3.1). The pKa 

values were also measured. The pKa value of SX MG (6.6) was larger than NF MG 

(6.4) that is due to the acid content consumed during functionalisation.   

 
Fig. 3.2. Potentiometric titration data for (a) NF MG and (b) SX MG. 

The calculation of pKa was derived as below: 

For the pH of a solution: 

pH = - log10 [H3O
+
]                                                                             (3.1) 

The situation for MG solution is the titration of a weak acid (R-COOH) with a strong 

base (NaOH). The dynamic equilibrium of R-COOH is represented as following 

equation: 

  

The pKa of R-COOH is: 

pKa = - log10 ([H3O
+
][R-COO

-
]/[R-COOH])                                       (3.3) 

where the symbol of “[ ]” indicate concentrations. The process of titration is adding 

NaOH to decrease [R-COOH]. At the half way point of the titration, the value of [R-

COOH] is equal to [R-COO
-
]. Hence, the pKa values of MG are equal to the pH 

value at 50% neutralisation. 
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Table 3.1. Characterisation data for MGs particles. 

Abbreviation 
mol.% 

GMA 

dn(SEM)/ 

nm
a
 

dh(4) / 

nm 

dh(8)
 
/ 

nm 
Q(8) pKa 

NF MG 0 120 [10%] 119.4 306.7 16.9 6.4 

SX MG 3.0 125 [16%] 120.2 306.5 16.6 6.6 

a
 The values in the “[ ]” indicate coefficient of variation.  

3.4.1.2 PCS measurements 

The swelling properties of NF MG and SX MG particles were examined by PCS 

measurements over a range of pH values (Fig. 3.3). The pH-responsive curves for 

both particles were very similar. Considering the very close values for their MAA 

contents and pKa values as shown in Table 3.1, the swelling of particles should not 

be significantly different. The pH-responsive swelling can be described by using SX 

MG as an example. The particles at pH = 4 had a hydrodynamic diameter of 120 nm. 

We defined the particles in this pH as the collapsed state. The particles size, dh starts 

to increase when the pH approaches its pKa and then the MG particles exhibited pH-

dependent swelling with a maximum diameter at about 310 nm at pH = 7.4. After 

this pH, the size is constant because the particles swell to most of its maximum 

volume.  

The volume swelling ratio (Q) of particles was calculated by the following equation: 

𝑄 = (
𝑑ℎ(𝑥)

𝑑ℎ(4)
)

3

      (3.4) 

where dh is the hydrodynamic diameter and x represents the pH value. A volume 

swelling ratio of 16.6 at pH = 8 can be calculated based on this diameter and that of 

the fully collapsed particles. According to previously work,
26

 this Q value is suitable 

for gel formation and can be further considered for biomaterial applications.  
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Fig. 3.3. (a) Hydrodynamic diameters and (b) particle volume-swelling ratios (Q) of 

NF MG and SX MG in a range of pH from 4 to 11.  

3.4.1.3 SEM investigations 

SEM images were used to observe the size and the morphologies of the MG particles. 

As shown in Fig 3.4, both NF MG particles and SX MG particles are circular (in 2D) 

with the size of about 120 nm and 125 nm in diameter, respectively. There was no 

obvious different observed from the SEM images of the two MGs and so GMA 

functionalisation did not affect the morphology of MG particles. 

 
Fig. 3.4. SEM images of (a) NF MG and (b) SX MG particles.  

One interesting question for SEM samples concerns whether the particles deformed 

as a consequence of sample preparation? Because it is difficult to deduce from Fig. 

3.4 if the particles are pancake shape or spherical shape. The samples were prepared 
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by slowly drying several dilute MG solution droplets. A cross section SEM was 

performed (Fig 3.5). The SEM images showed that the particles were slightly 

deformed when dried on the substrate. The particles in Figure were hemispheres 

which showed the particles were only deformed in the part which contact to the 

substrate. Considering platinum coating layer for this sample is about 12 nm, the real 

diameter of particles is probably slightly lower than dsem.  

 
Fig. 3.5. SEM images of SX MG cross-section sample. The particles were on a 

silicon substrate (lower part in (b)). The layer (upper layer in (b)) on the substrate 

was the platinum coating layer with a thickness of ~ 12 nm.  

3.4.2 Graphene oxide characterisation 

3.4.2.1 SEM and TEM characterisation 

The GO solution was synthesised by chemical exfoliation of graphite powder. The 

as-made GO had inhomogeneous size and number of layers. A TEM image for GO is 

shown in Fig. 3.6a, and a folded sheet is evident. A representative SEM image (Fig. 

3.6b) indicated an average sheet diameter of ~ 2 m. The morphology of sheet-like 

GO is as expected and similar to that reported in literature.
27 
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Fig. 3.6. (a) TEM image of a GO sheet and (b) SEM image of a GO sheet. 

3.4.2.2 Raman spectroscopy 

The Raman spectrum (Fig. 3.7) is typical of that reported for GO
28

 and graphite with 

the G band at ~1650 cm
-1

 and the D band at ~1350 cm
-1

. In Fig 3.7b, the intensity of 

the D band is similar to the G band while the G band is a much higher and sharper 

peaks than D band for graphite (Fig. 3.7a). The quality of the “graphene family” 

materials is normally defined by the D band which indicates the defects on the 

carbon rings. The G band is due to C-C (sp
2
-sp

2
) structures in the graphene layer.  

The difference in these bands confirmed the reaction of oxidisation broke structure of 

graphite and showed the evident for the formation of graphene oxide. The 

combination of these GO properties is consistent with those reported for GO in the 

literature.
13, 29-30
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Fig. 3.7. Raman spectra for as supplied graphite powder (a) and GO (b). Note that (b) 

is the normalised Raman spectrum. The unit of Raman intensity is arbitrary unit. 

3.4.2.3 Gel point of GO dispersion 

The GO dispersions are also known to form gels.
31

  The gel formation from GO 

solution might have an effect on the composite gel when mixing with SX MG 

solution because both GO and MG are negatively charged. The zeta potential 

measured for GO (0.1 wt.% of 0.001M NaNO3 solution,) was - 63.5 mV, and this 

suggests a very strong negative charge for GO sheets in water. To study the gel point 

of GO solution, a tube inversion experiment was performed. The images of tubes 

containing different GO concentrations (CGO) for this study are shown in Fig. 3.8. It 

is shown that the GO solution can form a gel when the CGO approach to 0.4 wt.% 

 
Fig. 3.8. Digital photographs of GO water dispersions. The concentrations in wt.% 

are shown in white values.   
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3.4.3 Composite gel characterisation 

The SX MG/GO composite gels were prepared by blending the SX MG and GO 

dispersions. The composites were abbreviated as SX MG/GOx or DX MG/GOx, 

which represent the composite dispersion or chemical gel, respectively. The value of 

x represents the total weight concentration of GO. The concentration of MG was 10 

wt.% and was constant. The physical gel formation of SX MG/GOx (Fig 3.9a) was 

achieved by increasing the pH from ~ 4.3 (as prepared) to ~7.2 with a colour change 

from brown to dark brown. The colour change is due to the MG particles becoming 

transparent at high pH, exposing the original colour of the GO dispersion. At pH = 

4.3 (< pKa of the MG particles), the SX MG/GO dispersions were free-flowing fluid 

(Fig. 3.9a). The fluid-to-gel transition of occurred (Fig. 3.9b) when increasing the pH 

to 7.2 (> pKa). In this state the swollen MG particles filled most of the space and 

prevented translation of nearest-neighbour particles (and GO) due to excluded 

volume effects. The SX MG/GO gels at pH of 7.2 could be injected through a narrow 

gauge syringe (1.1 × 50 mm, diameter × length) and were able to be molded into 

shapes after injection (Fig. 3.9b). The injectability is essential for a possible medical 

material. The DX MG/GO composite gel could be achieved by heating the SX 

MG/GO physical gel in the presence of APS (Fig. 3.9c). 

 
Fig. 3.9. Digital photos of composites, (a) The pH-triggered fluid-to-gel transition of 

SX MG/GO0.50. (b) The SX MG/GO gels were injectable and also mouldable as can 

be seen from the SX MG/GO1.0 gel. (c) DX MG/GO gels were prepared as cylinders 

by using DX MG/GO1.0 gel as an example. The scale bars for (b) and (c) are 5 mm. 
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3.4.3.1 Morphology of composite gel 

The morphology of the freeze-dried DX MG/GO gels were studied by SEM. The GO 

free gel was also studied as a control. Fig. 3.10a and 3.10b show SEM image for 

freeze-dried DX MG/GO1.0 in the as-made state. Fig. 3.10c and 3.10d show the 

freeze-dried DX MG gel. The morphologies for both gels were porous and typical of 

that reported for freeze-dried hydrogel or conventional hydrogel / GO composites
32-34

.  

 
Fig. 3.10. SEM of DX MG/GO1.0 gel ((a) and (b)) and DX MG ((c) and (d). (b) and 

(d) are higher magnification images. The yellow arrows show the spherical particles 

on the gel surface. The red arrows indicate the different roughness on the surfaces of 

gel walls.   

The spherical particles for both gels can be seen on the surface as shown in Fig. 

3.10b and 3.10d. Because the morphology of composite DX gel and GO free DX gel 
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are very similar, the GO sheets were less evident to see. One possible evidence of 

GO in Fig 3.10b is that the surfaces of gel wall for DX MG/GO1.0 are rougher (red 

arrows) than the ones shown for DX MG (red arrows in 3.10d). The presence of GO 

prevented forming smooth surface when the gels were freeze dried.  

3.4.3.2 Thermogravimetric analysis and SEM of heat-triggered DX MG/GO 

As shown in Fig 3.10, the GO sheets were hidden in the MG matrix. In order to 

reveal the structure of GO sheets without the presence of MG, a freeze-dried DX 

MG/GO1.0 hydrogel was heated at 550°C under N2 for 1 h to remove most of MG 

component. This process was conducted because GO has superior thermal stability 

compare to conventional polymers
35

. After the heating process, ~ 10 % of mass 

remained and we estimated most of them are from GO sheets (Fig 3.12). During the 

thermal treatment, the GO sheets might be reduced to graphene sheets. SEM images 

(Fig. 3.11) showed the evident that some of the graphene-like sheets were exposed. 

The exposed GO sheets had a space-filling morphology. This morphology supports 

our proposal that they formed a percolated network throughout the DX MG/GO gels. 

 
Fig. 3.11. SEM Images are shown for freeze-dried DX MG/GO1.0 after being heated 

to 550°C under N2. The inset for (b) shows GO sheets. 
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Fig. 3.12. Thermo gravimetric analysis data for DX MG/GO1.0. The sample was 

heated under a nitrogen atmosphere, and the temperature was maintained at 550 
o
C 

after the heating ramp was completed. 

3.4.3.3 Frequency sweep dynamic rheology  

The mechanical properties of GO dispersion and SX MG/GO and DX MG/GO gels 

were studied using dynamic rheology measurements. The frequency-sweep dynamic 

rheology data for GO dispersion, SX MG/GO and DX MG/GO gels are shown in Fig. 

3.13a, b and c, respectively. For these systems, the storage modulus (G’) is greater 

than the loss modulus (G”) invariably. The moduli followed the order: DX > SX > 

GO with the same values of CGO, and the G’ and G” value were weakly frequency 

dependent. Therefore, we can consider those gels as viscoelastic solids. The G’ and 

G” are known as following a power law
36-39

: 

G’ ~ G” ~ n’
                                                                      (3.5) 

Where  is the oscillation frequency, and n’ is called frequency exponent or 

relaxation exponent. 

Here, the value for n’ can be seen as a measure of viscoelastic behaviour of gels. In 

Fig. 3.13d, we used the frequency dependence behaviour of G’ and G” in Fig 3.13 a-
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c to fit the power law, and the values for n’ were plotted versus CGO in Fig .3.13d 

which showed a decreasing order that GO > SX MG/GO > DX MG-GO. The small 

value for n’ is related to the elastic networks structure and viscoelastic properties.
40

 

The presence of swelled MG particles (to form SX MG/GO) occupied most of the 

space in the composites (with considerable excluded volume), which resulted in a 

more discontinuous GO phase compare to GO dispersion. When the SX gels were 

covalently inter-linked to form DX MG/GO, the GO become further discontinuous. 

These results indicate that the presence of covalently inter-linked MG particles 

significant reduced the freedom of GO which leads to a more elastic response to the 

applied strain and a lower n’ value. Both experimental observations (Fig. 3.9a) and 

rheology data showed that the GO dispersions were very viscous and formed gels. 

We conclude from the rheology data that percolation concentration for GO in MG 

dispersion should be lower than 0.25 wt.%. This conclusion is consistent with similar 

results from Vasu et al.
31

 

The values for G’ and G” provide measures of the proportion of energy stored and 

dissipated, respectively, per unit strain 
41

. They are the elastic and viscous modulus, 

respectively.  The behaviours of G’ with the same CGO in Fig. 3.13e have an order 

that GO < SX MG/GO < DX MG-GO, it followed what we observed above which 

caused by the physical and covalent gel formation. Moreover, the G’ was also 

increased by increasing CGO as more rigid components were introduced, as expected. 
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Fig. 3.13. Frequency-sweep studies for various gels containing GO. (a), (b) and (c) 

showed the G’ (close symbols) and G” (open symbols) data in a range of frequency 

for GO dispersion, SX MG/GO physical gels and DX MG/GO gels, respectively. (c), 

(d) and (e) showed the relaxation component, G’ and tan  as the function of CGO. 

The legend in (b) applied to (a) and (c).The legend in (d) applied to (e) and (f). 

The value for tan  is proportion to the energy dissipated by the gel under strain if G’ 

is constant. In Fig 3.13f, the pure GO dispersion has greatest tan  values because the 

GO sheets in dispersion were weakly linked together. Because the attractive 

interactions of GO sheets are from Van der Waals interaction and hydrogen 

bonding,
42-43

 both of which are weaker than the covalent bonds. Therefore, the GO 

gels showed a most viscous behaviour. Compared to GO gels, the inclusion of 

swelled MG particles (SX MG/GO) greatly decreased tan  (Fig. 3.13f) and another 

significant decrease was caused by the DX process. The physical and covalently 

interlinked MG particle matrixes were both effective in decreasing dissipation and 

must have greatly restricted the ability of the GO sheets to move in response to strain. 

Another discovery from Fig 3.13f is that the tan  of DX MG/GO was increased as 

the CGO increased. tan  of DX MG/GO1.0 was much lower than DX MG. Therefore, 

we proposed that the GO sheets were not involved in the covalent inter-crosslinking. 
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Instead, they caused a greater degree of movement within the DX MG/GO gels (and 

hence increased dissipation). 

3.4.3.4 Strain sweep dynamic rheology 

Strain-sweep dynamic rheology of GO was performed to study the strain-induced 

network breaking mechanism of gels. The data for GO dispersions, SX MG/GO and 

DX MG/GO were shown in Fig 3.14a – c, respectively. For ideal polymer networks, 

the G’ was constant at low strain and started to decrease at the strain where the 

polymer network starts to fail. The relative G” was constant at low strain and started 

to increase to a maximum value (i.e. the gel point) and then decrease. The critical 

point is also defined where G’ and G” crossed. It usually indicates the breakdown of 

gel structure occur when tan  = 1. This phenomenon can be seen in Fig 3.14b and 

3.14c. Conversely, the GO gels (Fig. 3.14a) had low ductility in that G’ cannot keep 

constant and decreased at about 0.2%. This tendency for G’ to decrease at low strain 

for GO gels was reported by Vasu et al.
31

 Besides, no clearly evidence for a maxima 

of G” for GO gels can be found and both the G’ and G” data were both decrease 

with increasing strain.  
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Fig. 3.14. Strain-sweep data showing the variation of G’ (closed symbols) and G” 

(open symbols) with strain () are shown for GO (a), SX MG/GO (b) and DX 

MG/GO (c). The legend for (a) applies to (b) and (c). (d) shows the G
”

n (see text) 

dependence on GO concentration (CGO). (e) shows the variation of the yield strain 

(*) with CGO. 

The cross-over of G’ and G” (i.e. tan ) is used as a measure of ductility. 

However, as the behaviour of GO gel is unified with composite gels, we applied 

another general approach for brittle viscoelastic solids
44

 to study the ductility of gels. 

We define a yield strain (*) at where modulus was reduced by 10% compared to the 

initial value. The data for * were plotted in Fig 3.14d, and it shows that the GO gels 

were very brittle, which is due to the percolated network of stiff GO sheets. The 

inclusion of GO and the continuous MG phase provide the highest * value for SX 

MG/GO gels. However, the ductility of SX MG/GO is less than SX MG which also 

due to the inclusion of stiff phase. The * value for DX MG/GO were in the middle 

of SX MG/GO and GO dispersion which due to the covalent MG phase have less 

ability to restore the gel structure under excessive strain. Moreover, the * value for 

SX MG/GO and DX MG/GO gels do not significantly depend on the CGO values. 
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These data matched with our early proposal that a percolated GO network was 

contained in MG particle phase. It suggests that the failure mechanism of both SX 

MG/GO and DX MG/GO are more similar to GO gels. Considering these results and 

the size of GO sheets, we think that the GO sheets were not involved in the 

crosslinking of MG gel phase. 

3.4.3.5 Isostrain condition for DX/MG composite.  

We consider the composites had two phases: the DX MG phase which can be seen as 

the hydrogel matrix, and the GO phase which can be seen as the stiff reinforcement. 

Two models were widely used to describe the mechanical properties of a biphase 

composite which are the isostrain and isostress models. Considering the discussion 

above it suggests that there is a lack of interaction between GO and MG and the 

modulus linearly increased with the GO concentration. The isostrain model that 

assumes the interaction between filler and matrix is in a perfect condition that the 

stress can transfer between filler and matrix without loss. For the DX MG/GO 

composites, it consists of a relatively low modulus phase (MG phase) dispersed 

within a high modulus phase (GO sheets). The isostrain model can be applied using 

the following equation: 

𝐺′ = 𝐺′𝐺𝑂𝛷𝐺𝑂 + 𝐺′𝑀𝐺𝛷𝑀𝐺             (3.6) 

where the G’ is the storage modulus of the composite, and the G’GO and G’MG are the 

storage moduli for GO and DX MG, respectively. The GO and MG are the volume 

fractions of GO and DX MG gel networks.  

For the biphase composite system: 

GO + MG = 1                                                 (3.7) 
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The GO can be calculated from CGO using the following equation (3.9) by assuming 

the density of GO (GO) and MG (MG) are 1.2 and 1.8 g cm
-3

, respectively.
1, 15

 

𝐶𝐺𝑂  =    
100 𝐺𝑂𝛷𝐺𝑂

𝐺𝑂𝛷𝐺𝑂+ 𝑀𝐺𝛷𝑀𝐺
                                      (3.8) 

Put equation (3.7) into (3.8) and rearrange, we get: 

𝛷𝐺𝑂  =    
1

1+ 
𝐺𝑂
𝑀𝐺

×
100 − 𝐶𝐺𝑂

𝐶𝐺𝑂

                                       (3.9) 

The equation (3.6) can be derived by following steps: 

 𝐺′ = 𝐺′
𝐺𝑂𝛷𝐺𝑂 + 𝐺′

𝑀𝐺𝛷𝑀𝐺 

      = 𝐺′
𝐺𝑂𝛷𝐺𝑂 + 𝐺′

𝑀𝐺(1 − 𝛷𝐺𝑂)  

      = 𝐺′
𝑀𝐺 + 𝛷𝐺𝑂(𝐺′

𝐺𝑂 − 𝐺′
𝑀𝐺)                          (3.10) 

Here, we can plot G’ versus GO by using our experimental data. A linear curve was 

shown in Fig. 3.15 which fitted equation (3.10) (R
2
 = 0.97, R

2
 is coefficient of 

determination).  The values of 14.67 MPa and 36.3 kPa for G’GO and G’MG were 

calculated by using the gradient and intercept. The value for G’MG matches the earlier 

work in our group.
1
 However, the value for G’GO was much lower than what is 

reported. Dikin et al.
15

 reported a tensile modulus of 32 GPa for “GO paper”, which 

is four orders of magnitude higher than G’GO. 

The reason why G’GO is much lower is that the GO sheets were dispersed within a 

gel. The MG-GO and GO-GO were not tightly contacted, and the GO sheets had 

freedom to move under strain. The interactions that transfer stress between the GO 

sheets and DX MG domains most likely involve water-mediated hydrogen bonding 

and also reversible hydrophobic interactions. These interactions were very inefficient 
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to transfer or distribute the load within the DX MG/GO gels compared to dry GO 

paper.
15

 

 
Fig. 3.15. The fitting curve of storage modulus on the volume fraction of GO within 

the DX MG/GO network.  

3.4.3.6 Static axial compression tests  

Static axial compression tests were performed for DX gels to further study their 

mechanical properties. The stress versus extension ratio data for selected samples 

with different CGO is shown in Fig. 3.16a which gave an idea of the distinction from 

various CGO. The extension ratio,  can be calculated by: 

𝜆 = 1 − 휀                                                     (3.11) 

Where ε is the strain. For the DX MG/GO composites, the average data for strain at 

break (εmax), stress at break (max,) and compression modulus (E) as a function of  

CGO were shown in Fig 3.16b and c. The εmax values can be used to measure the 

ductility of materials. The data showed that DX MG has the highest value for εmax 

while the data for the DX MG/GO gels is lower. For the DX MG/GO gels in Fig 

3.16b, the value of CGO did not significantly affect the εmax values. However, the 

values of max(T) were increased by CGO.  The trend of εmax followed what was found 

in strain-sweep rheology data (Fig 3.14d).  
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Fig. 3.16. Static compression data for various gels. (a) shows the selected stress 

versus extension ratio () curves for different DX MG/GO gels. (b) shows the effects 

of GO concentration on the maximum strain (max) and maximum true stress (T(max)). 

The variation of modulus with CGO is shown in (c). 

The values for E were calculated from the gradients of the initial 10% part of stress-

strain curves. The plot of E versus CGO was shown in Fig. 3.16c which showed a 

linear relationship. This trend also followed the trend of G’ established from 

rheology. From this trend, it is clear that the modulus of DX MG/GO can be tuned by 

controlling CGO, which could be useful in the context of IVD repair.
8
 We also 

achieve a highest E value at present (DX MG/GO1.0) in the DX MG system.  

3.4.3.7 Live / dead assay of DX composite gel 

Since the DX MG/GO gels are designed for future application in soft tissue repair 

applications, a preliminary biocompatible test was performed. The biocompatibility 

of DX MG/GO0.5 gels was investigated by culturing human NP cells in direct contact 

with composites for ten days and cell viability was assessed by live / dead assay (Fig. 

3.17 and Fig. 3.18). Annular DX MG/GO0.5 composites (Fig 3.17h) were introduced 

into 24-well culture plates containing cultures of human NP cells on glass coverslips. 

Live cells in the assay are distinguished by the presence of calcein (green) whereas, 

dead cells are stained with ethidium homodimer-1 (red). Fig. 3.17a - c shows live / 

dead assay fluorescent microscopy images of NP cells in contact with the gel and a 

very high proportion of live cells were evident (greater than ~ 95% from our images). 

Fig. 3.18a - c shows the adherence and morphology of NP cells in culture with the 
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DX MG-GO0.50 composite. It follows that there was a high proportion of viable, 

adherent NP cells present after ten days of culture in direct contact with DX 

MG/GO0.50. The biocompatibility of DX MG-GO can be expected under this 

condition. This result is similar to the result for GO-free DX MGs.
8
  

 
Fig. 3.17. Cell challenge experiments for DX MG/GO gels. Live / Dead assays for 

Nucleus pulposus cells contacted DX MG/GO0.5 in a period of 10 days (a) – (c), the 

Live control samples are shown in (d) – (f) and the dead control sample is shown in 

(g). Nucleus pulposus cells contacted DX MG/GO0.5 under a toroid-shaped gel (h) in 

a well plate. 
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Fig. 3.18. The morphology of cells in Live / Dead assays. The Nucleus pulposus 

cells contacted DX MG/GO0.5 in a period of 10 days (a) – (c), the Live control 

samples are shown in (d) – (f).  
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3.5 Conclusions 

In this chapter, a new composited material containing pH-responsive MG and GO 

was studied. The morphology and mechanical properties of both SX MG/GO and DX 

MG/GO were studied. The good dispersion of GO sheets in MG phase was 

confirmed by SEM. The modulus values (G’ and E) for DX MG/GO were found to 

be proportional to CGO. The modulus values can be tuned to about five times more 

than GO-free sample with only 1 wt.% of GO introduced. The modulus data could be 

described by using an isostrain model. The high modulus values for the SX MG/GO 

guarantee they could form mouldable gels. Besides, the shear thinning properties of 

SX MG/GO also guarantee the injectability. The inclusion of GO changed the failure 

mechanism for the gels to one that resembled that of pure GO gels. The results of 

live / dead assay showed that the DX MG/GO0.5 gel was not cytotoxic to NP cells. 

Considering the excellent mechanical performance of these novel gel composites, 

they can be considered as a promising candidate for injectable load-supporting soft 

tissue repair therapies in the future. 
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Chapter 4: Microgel / multi-walled carbon nanotubes 

composites 

4.1 Abstract 

In this chapter, new types of composites were constructed using vinyl-functionalised 

pH-responsive MG particles and multi-walled carbon nanotubes (CNTs) and studied. 

The mixed MG/CNT dispersion has the same ability to form injectable and 

mouldable physical gels as MG/GO. However, the DX MG/CNT gels are different to 

DX MG/GO because they are electrically conductive gels. Moreover, the MGs 

played the dual roles of a dispersant for the CNTs and a macro-crosslinker for the 

composite. TEM and SEM showed the evidence of attraction between the MG 

particles and the CNTs, which is believed to form after ultrasonication to stabilise the 

CNT dispersion. Both the ductility and the stiffness of the composites increased with 

increasing CNT concentration which was examined by dynamic rheology and static 

axial compression measurements. The conductive percolation threshold was found to 

be 0.015 wt.%. Cytotoxicity tests were also performed for DX MG/CNT which 

indicated that the composites had low cytotoxicity. These conductive composites 

may have future applications as injectable gels for soft-tissue repairing with 

biomechanical monitoring, myocardial patches or electronic skin. 
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4.2 Introduction 

In Chapter 3, the study of MG/GO composites showed the possibility to gain 

mechanically enhanced SX MG/GO and DX MG/GO gels.  The mechanical 

properties of DX MG gels can be tuned by adding carbon reinforcements. In the 

present study we expand the work using another type of reinforcement to introduce 

new properties to DX gels such us electrical conductivity. Hence, in this study multi-

wall carbon nanotubes (CNTs) was used in place of GO. The MG/CNT composite 

study should not only benefit in understanding the interactions of fillers and MGs in 

MG composite system but also increase the conductivity of the gel. The conductive 

injectable gel system might be a potential biomaterial for IVD repair or electronic 

skin.
1-2

 

Similar to graphene, CNTs are famous for the high aspect ratio nanostructure,
3
 low 

density,
4
 mechanical and electrical properties which have made them be widely 

applied in nanocomposites
5
. Hydrogel composites containing a low content of CNTs 

are ideal for biosensors
6
, drug delivery

7
 and tissue engineering

8-9
 applications. 

However, CNTs tend to form aggregates in water due to their very large attractive 

forces (van der Waals interaction),
10

 this significantly increases the difficulties in 

dispersing CNTs and preparing hydrogel composites. The high hydrophobicity of 

CNTs requires the use of surfactants, linear polymers or bespoke polymers for 

dispersing in aqueous.
11-13

 However, the total content of CNT in hydrogel composites 

is usually relative low.  In this study we used MG particles and the swollen MGs 

could be used to stabilise dispersions of CNTs and enable further preparation of DX 

MG/CNT gel composites.  

The MG system investigated here is the same as that studied in Chapter 3. The 



113 

 

structure of MG particles and the formation of the gel composites involved using 

concentrated MG dispersions (and pH-triggered particle swelling) are depicted in 

Scheme 4.1. The MG particles were in their collapsed (latex) form at low pH (pH < 

pKa). The viscosity of concentrated MG dispersions increased and they formed 

viscous fluids when the pH approached their pKa. The state of viscous fluid was 

defined separately because this dispersion is able to disperse CNTs during 

ultrasonication. If the pH is too low, the MG particles tend to form aggregates which 

caused by ultrasonication. A fluid-to-gel transformation occurred when the pH 

increased to above the pKa that produced a SX MG/CNT physical gel. The vinyl 

groups of the swollen MG particles then came into close contact enabling conversion 

of the physical gels into DX MG/CNT gels.  

 
Scheme 4.1. Dispersion of CNTs using MGs and DX MG/CNT formation. The 

CNTs were dispersed in a viscous fluid of partially swollen MG particles. The pH 

was increased to trigger further MG swelling, and formed a physical gel (SX 

MG/CNT). In the presence of APS, covalent interlinking (shown in red) occurred 

and the DX MG/CNT gel composite formed after heating for 8 hours. x is the 

concentration of CNTs used in composites. 

The aim of this chapter is to understand the construction of MG/CNT composites and 

investigate the role of MG particles in dispersing CNT. The characterisation of the 

MG and CNT building blocks used for gel composite construction are studied first. 
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Subsequently, the interaction between the MGs and CNTs are examined, and the 

morphology, mechanical, electrical and pH-responsive properties of the DX 

MG/CNT gel composites are studied. We show that both the modulus and ductility 

increased with the increasing CNT concentration and a mechanism for this unusual 

behaviour is proposed. The electrical conductivity data showed a very low 

percolation threshold for CNT within the DX MG/CNT composites. 
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4.3 Experimental 

4.3.1 Materials 

CNTs (multi-walled, outer-diameter  length 6 - 13 nm  2.5 - 20 m), EA (99%), 

MA (99%), MAA (99%), BDDA, (90%), GMA (97%), NaOH (97%), APS (98%), 

SDS (> 92.5%), K2HPO4 (97%), PBS (phosphate buffered saline, pH = 7.4 

bioreagent), α-MEM medium (minimum essential medium eagle, α 

modification),FBS(foetal bovine serum) and L-ascorbic acid-2 phosphate were all 

purchased from Sigma-Aldrich and used as received. All water was distilled and 

deionised. 

4.3.2 Preparation of MG dispersion 

The synthesis of poly(EA/MAA/BDDA) MG used the seed-feed emulsion 

polymerisation method. Briefly, a mixed monomer solution (250 g) of EA (62.9 

mol.%), MAA (36.6 mol.%), BDDA (0.5 mol.%) was prepared. Seed formation was 

conducted using a portion of the monomer mixture (31.5 g) after addition of water 

(517.5 g) containing the SDS (1.8 g), K2HPO4 (3.15 g of 7 wt.% solution) and APS 

(10 g of 2 wt.% solution). The seed was formed at 80 ˚C with mechanical stirring in a 

nitrogen atmosphere. The remaining monomer solution was added uniformly with a 

rate of 2.4 g/min. After feed completion the temperature was maintained for a further 

2 h. The product was extensively dialysed against water for 3 weeks. The method for 

functionalisation was the same as given in Chapter 3, Section 3.3.3, which is, heating 

the mixture of 100 g MG (10 wt.%) dispersion with 16.6 g GMA (0.12 mol.) for 8 h 

and following by extensive dialysis. 
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4.3.3 Preparation of SX/CNTx dispersions 

The MG content for all gels used in this study was 10 wt.% unless otherwise stated. 

To prepare SX MG/CNTx mixed dispersions as viscous fluids (x is the wt.% of CNTs) 

the pH of a concentrated mixed dispersion containing 10 wt.% MG was adjusted to 

6.8 using NaOH solution (0.5 M) and then the appropriate mass of CNTs added. 

Mechanical stirring (700 rpm) was used until a mixed dispersion was formed. The 

mixture was then placed into an ice bath and an ultrasonic probe was used (ultrasonic 

processor, 750 W) for 60 min and combined with mechanical stirring. 

Ultrasonication used sequential power step cycles of “on” (30 s) and “off” (30 s). 

The total sonication time was 30 min and the energy used was ~ 96 kJ. 

4.3.4 Preparation of DX MG/CNTx composite gels 

The DX MG/CNT gel composites were prepared at 37 or 50 
o
C. The following 

example describes the preparation of DX MG/CNT1.0. The latter was prepared by 

adding NaOH (4 M, 40 l) and also APS solution (3.4 wt %, 230 l) to the mixed 

MG/CNT1.0 viscous dispersion (6 g) described above. The final pH was adjusted to 

7.4. The crosslinking process was initiated by heating at 50 ˚C for 8 h within sealed 

molds. Identical methods were used for the preparation of the other DX MG/CNTx 

gel composites. DX MG/CNT gel composites were also prepared at physiological 

temperature (37 
o
C). In these cases, APS solution (3.4 wt %, 230 l) and TEMED 

(0.08 M, 200 l) were added to the parent viscous mixed dispersions. The 

crosslinking process was initiated by heating at 37˚C for 20 min. 
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4.3.5 Physical Measurements  

Potentiometric titration measurements were performed using a Mettler Toledo DL 15 

titrator in the presence of a supporting electrolyte (0.1 M NaCl). Photon correlation 

spectroscopy (PCS) measurements were performed using a BI-9000 Brookhaven 

light scattering apparatus equipped with a 20 mW HeNe laser and the detector was 

set at a scattering angle of 90
o
. SEM images were obtained using a Philips FEGSEM 

instrument. Samples were dried at room temperature (MG particles) or by freeze-

drying (gels). TEM measurements were obtained using a JEOL JEM-2011F 

operating at an accelerating voltage of 200 kV and the samples were supported by 

200 mesh carbon supported film on copper TEM grids. TGA measurements were 

performed in N2 atmosphere using a TA Instrument Q500 with a heating rate of 10 

ºC / min. The electrical conductivity measurements were performed on the gel 

composite samples in the hydrated state using a Jandel multi-height four-point probe 

station with cylindrical tungsten carbide four probe head (spacing 1.0 mm between 

each probe head). The measurement results were recorded by Keithley 2440 

multimeter. The samples were prepared inside the O-rings with a constant diameter 

of 20.8 mm and thickness of 2.4 mm.  

The swelling tests for the DX microgels were performed by placing the samples in 

the buffer solutions for 7 days. The buffers were refreshed every day. To measure the 

weight and the volume change, a sample was removed from buffer solution, the 

excess solution from the surface carefully removed using an absorbent tissue and the 

sample weighed and then returned to the buffer solution. The volume swelling ratio 
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of the gel composites (Qv) was calculated from the difference of the sample weight 

before and after swelling by using the following equation: 

𝑄𝑣 =
𝜌𝑚𝑖𝑥(𝑄𝑚 − 1)

𝜌𝑠
+ 1                         (4.1) 

Where Qm is  the weight swelling ratio, s is the density of water, and the mix were 

calculated by polymer (gel = 1.2 g·cm
-3

) and CNT (CNT = 2.1 g·cm
-3

) densities as 

below: 

𝜌𝑚𝑖𝑥 = 𝜌𝑔𝑒𝑙𝑥𝑔𝑒𝑙 + 𝜌𝐶𝑁𝑇𝑥𝐶𝑁𝑇              (4.2) 

Where xgel and xCNT are the weight fractions. 

Dynamic rheology measurements were conducted using a TA Instruments AR-G2 

temperature-controlled rheometer equipped with an environmental chamber. A 

parallel plate geometry (20 mm) was used. For the frequency-sweep data a strain of 1% 

was used; whilst for the strain-sweep data a frequency of 1 Hz was used. The 

compression tests were conducted using an Instron series 5569 load frame equipped 

with a 100 N compression testing head. Nominal stress and strain values are reported. 

4.3.6 Cytotoxicity studies  

The cytotoxicity measurements were performed by Dr. Mi Zhou (Faculty of Medical 

and Human science, Univerisity of Manchester): Adipose derived human 

mesenchymal stem cells (MSCs) were grown in α-MEM medium supplemented with 

10 % v/v FBS, L-ascorbic acid-2 phosphate (10 µM), 1x Glutamax (Life Invitrogen, 

UK) and an antibiotic mixture of penicillin (100 units/ml), streptomycin (100 μg/ml) 

and amphotericin (0.25 μg/ml) were used for cytotoxicity studies of the gel 

composites. Cells were regularly passaged at 80% confluence and cells at passage 3 

were used in the cytotoxicity assessments. The gel composites were fabricated into 
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round disc-like shape with a diameter of 12 mm. Prior to assessments, the hydrogels 

were pre-soaked in PBS for 24 h. MSCs were trypsinized and cultured in a density of 

20,000 cells/cm
2
 into 6-well plates. The cells were allowed to adhere to the bottom of 

the well for 24 h before exposure to the hydrogels. The hydrogels in tissue culture 

inserts were then introduced into the wells and were maintained for a further 7 days. 

Cell viability and proliferation was measured respectively at 1, 4, and 7 days post 

hydrogel introduction. At each time point, samples were incubated in a Live / Dead 

solution containing calcein AM and ethidium homodimer-1 (Life Invitrogen, UK), 

and the cells were imaged using an Olympus BX51 fluorescence microscope fixed 

with a Qimaging Retiga-SRV camera. Other samples were incubated at the same 

time in normal medium containing Alamar Blue solution (Life Invitrogen, UK) for 2 

h and fluorescence changes of the medium supernatant were measured at a 560 nm 

EX (excitation) / 590 nm EM (emission) setting using a BioTek FLx800 fluorescence 

plate reader combined with a Gen5 data analysis software.  
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4.4 Results and discussion 

4.4.1 Microgel characterisation 

The hydrodynamic size and pH- responsive swelling behaviours of the SX MG 

particles were examined by DLS measurements. The content of MAA groups and 

GMA groups contained in the MG particles were determined by potentiometric 

titration data. The morphology of the MG particles was observed from SEM images. 

These aspects are discussed below. 

4.4.1.1 Potentiometric titration  

Titration data (Fig. 4.1) gave the apparent pKa values for SX MG particles of 6.3 and 

38.2 mol.% of MAA content. As shown in Table 4.1, the mol.% of GMA 

functionalisation groups was 8.0 %. The values were calculated by the difference of 

MAA groups before and after the GMA functionalisation. 

 
Fig. 4.1. Potentiometric titration data for SX MG before (a) and after (b) the GMA 

functionalisation. 

Table 4.1. Characterisation data for the MG. 

Abbreviation 
Mol.% 

MAA
a 

Mol.% 

GMA
a
 

dn(SEM)
 b
/ nm dh(4)

c
/ nm dh(10)

c
/ nm Q(10) pKa 

SX MG 38.2 8.0 74 (12) 77 278 47 6.3 

a 
Calculated from potentiometric titration data. 

b
 Number-average diameters determined 

from SEM. The number in brackets is the coefficient of variation. 
c 
The hydrodynamic 

diameters (dh) at pH 4.0 and 10.0.  
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4.4.1.2 DLS measurements 

The swelling behaviour of SX MG was examined using DLS data. The SX particles 

were pH-responsive (Fig. 4.2) with a hydrodynamic diameter (dh) of 77 nm at pH = 4. 

The latter size was defined as collapsed size. This size is much smaller than what we 

found in Chapter 3 (125 nm). The smaller size is due to the smaller amount of 

initiator introduced during polymerisation of the present MG particles. With 

increasing pH the MG-GMA particles exhibited pH-dependent swelling with a 

maximum dh of 278 nm at pH = 10 (dh(10)). The maximum volume swelling ratio, QV 

(= (dh(10)/dh(4.0))
3
) is 47. In the following works, most of the gels were prepared at pH 

= 7.4 which is a common target pH for biomaterial applications. 

 
Fig. 4.2. (a) Hydrodynamic diameters and (b) particle volume-swelling ratios (Q) of 

SX MG particles over a range of pH values. 

4.4.1.3 Scanning Electron Microscopy 

The spherical MG particles were observed by SEM (see Fig 4.3). The number-

average diameter (dSEM) of SX MG particles is about 74.0 nm (coefficient of 

variation = 12%). The values for dSEM are slightly larger than the collapsed size of the 

particles determined by DLS. Considering the value for dSEM is close to the value for 

dh(4.0), we estimate that the dh(4.0) are the size of collapsed particles in the dispersion. 
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Fig. 4.3. SEM images of SX MG particles. 

4.4.2 Characterisation of CNT 

The details of the CNT were given by the supplier. The outer diameter of the tubes 

was in the range of 6 to 13 nm, and the length was between 2.5 to 20 m. The CNTs 

are a hydrophobic material and tends to be entangled or aggregated in the 

dispersion.
14

 Therefore, in this study ultrasonication was used to separate the CNTs 

and disperse them in the water media. However, it is noted that the length of CNTs 

may become shorter due to ultrasonication.
15-16

 The structures of both as-applied 

CNTs and the ultrasonicated CNT were examed by SEM and Raman spectroscopy. 

4.4.2.1 Scanning Electron Microscopy 

The quality of as-supplied CNTs was observed by SEM and the images are shown in 

Fig 4.4 (a) and (b). Fig 4.4a showed the edge of an aggregate form CNT powder, 

which the CNTs are highly entangled. By contrast, 0.5 wt.% of CNT was added into 

water and ultrasonicated for 10 minutes and an image is shown in Fig 4.4c. It can be 

seen that the large aggregates of CNT were separated into individual and small 

bundles (Fig 4.4d). Also, the length of CNT became shorter than the as-supplied 

CNTs. This behaviour is similar to that reported for CNTs under ultrasonication
16

.  
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Fig. 4.4. SEM images of as-supplied (a) and (b), Images after dispersing CNTs using 

ultrasonication (c) and (d). 

4.4.2.2 Raman spectroscopy 

The dispersing process for the CNTs was also characterised by Raman spectroscopy 

as shown in Fig 4.5. Fig. 4.5a presents the spectrum of as-supplied CNTs. The D 

band located at around 1350 cm
-1

 and the G band located at around 1600 cm
-1

. Both 

spectra (before and after dispersing) showed a typical characterisation of CNTs 

(Multi-walled),
17

 which is the prominent D band, the latter is from the disordered 

carbons in multi-layers of graphene structures and the defects on the walls. In 

contrast, the SWNTs normally have a lower prominent D band, and the graphite does 

not show this band. The Raman spectrum for CNTs after ultrasonication showed very 

similar intensities of the D and G bands which indicate that ultrasonication did not 
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induce more defects on the walls of the CNTs (Fig 4.5b). 

 
Fig. 4.5. Raman spectra of (a) as-supplied CNTs and (b) the CNTs after 

ultrasonication in water.  

4.4.3 Characterisation of MG/CNT dispersions  

Dispersing CNTs using MGs was a crucial step in this study since a relatively high 

concentration of CNTs (> 0.05 wt.%) tend to precipitate in water rapidly.
18

 Here, we 

dispersed the CNTs in viscous MG dispersions (pH = 6.8) by performing 

ultrasonication. After ultrasonication, the MG/CNT dispersion could form a physical 

gel rapidly, so the swollen particles opposed the movement of CNTs which were 

trapped in the dispersed state and the formation of large CNT aggregates was 

avoided. Also, there were hydrophobic groups on the MG particles (e.g. ethyl groups 

in EA) which may have interacted with the hydrophobic surfaces to increase the 

stability of the CNT dispersion. Finally, the high content of –COOH groups on the 

surface of the MG particles assist dispersing the CNTs.
19

 Here, we need to note that 

the MG dispersion become not stable with ultrasonication when the pH was lower 

than 6.8.  Then, the MG particles could swell to form a viscous solution which also 

could stabilise the dispersion of CNTs. This viscous CNT/MG mixture dispersion 

was characterised by optical microscopy and TEM images. 
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4.4.3.1 Optical microscopy  

The MG/CNT1.0 viscous dispersion (pH = 6.8) was investigated by an optical 

microscopy as shown in Fig 4.6a. By contrast, water and SDS (2.5 wt.%) solutions 

were used to disperse the same concentration of CNTs as shown in Fig 4.6 (b) and 

(c), respectively. For dispersing the CNTs, the MG particles were more effective than 

either water or SDS solutions. In water, the CNTs could form large aggregates and 

the CNT could not be dispersed in water at this concentration (1 wt.%). For SDS 

solutions, obvious aggregates were observed, but the average size was smaller than 

for water. For MG/CNT dispersions, no large aggregates can be found in Fig 4.6a. 

However, some small spherical aggregates were still present, which were most likely 

small CNT bundles. 

 
Fig. 4.6. Optical micrographs of CNT (1 wt.%) dispersed in (a) MG solution (10 

wt.%, pH = 6.8) as a viscous fluid, (b) water and (c) in aqueous SDS (2.5 wt.%) 

solution. All images were taken within 5 minutes after ultrasonication. 

The CNT bundles are also clearly revealed from the image for the SX MG/CNT1.0 

gel (Fig 4.7a) since the MG particles are transparent in this state. Considering the 

MG particles were swollen and occupied most of the space, we believe that the CNTs 

did not form large aggregates within the composites gel but tended to form small and 

uniformly distributed CNT bundles. Therefore, the MG-assisted dispersion/trapping 

method enabled CNTs to be dispersed at CCNT values up to 1 wt.%. The latter value is 
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relatively high compared with the CCNT values reported for CNTs dispersed by 

conventional surfactants.
20-21

 The dispersed nature of SX MG/CNT1.0 dispersion is 

shown in Fig. 4.7b and the gels were formed when increasing the pH to 7.2. In the 

gel state the composites were not only injectable (Fig. 4.7c) but also moldable as 

shown in Fig. 4.7d when the gel could maintain a cylinder shape on a rod. 

 
Fig. 4.7. (a) Optical micrograph of SX MG/CNT1.0 gel and the photographs of SX 

MG/CNT1.0 dispersion (b) and gel ((c) and (d)). The scale bars in (b)-(d) represent 10 

mm. The red arrows in (a) showed the CNT bundles. 

One important question concerns whether the MG particles and CNTs have 

interactions in the composites. It was mentioned that the MG particles aggregated at 

low pH during ultrasonication. Interestingly, when the MG/CNT dispersion (pH ~ 

4.3) was ultrasonicated, the MG particles and CNTs formed macroscopic aggregates 

together (Fig. 4.8a), and the remaining solution was slightly turbid. By contrast, a 

CNT dispersion with the same concentration in water is shown in Fig. 4.8b, and 

many sediments were observed. Therefore, we propose there was an attractive 

interaction between CNTs and MG particles. 
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Fig. 4.8. (a) showed the MG and CNTs formed a macroscopic aggregate. (b) showed 

the sediments of CNTs in water. The CNT concentration in both cases was 0.5 wt.%  

4.4.3.2 TEM studies 

The dispersions of  MG/CNT1.0 were also examined by TEM after sample deposition. 

Fig. 4.9a showed that the CNTs were clearly evident as separately and uniformly 

distributed state within a concentrated MG layer on the carbon film. There are some 

other observations to understand the complex morphology of CNTs within MGs 

matrix. Fig 4.9b shows an area with low concentration of MG particles where some 

CNTs are exposed. In this images, three observations are worth to indicate. Firstly, in 

Fig. 4.9b(i) one straight CNT passed through a looped CNT, this feature could 

explain the entangled CNT bundles which is because of some CNTs are significantly 

bent or even looped. Furthermore, several MG particles adhered directly to the wall 

of CNTs (Fig. 4.9b(ii)), which probed the interaction between CNT and MGs. If 

there is no interaction, the MG particles and CNTs should stay separately because of 

MG particles are much more hydrophilic than CTNs.  Finally, Fig. 4.9b(iii) showed 

the MG particles bridged the adjacent CNTs which would be an important interaction 

for stress transfer within the composites.  
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Fig. 4.9. TEM images showed (a) CNTs were distributed in a concentrated MG layer 

and (b) evidence of CNT-MG interaction. The insets of b showed (i) the entangled 

CNTs, (ii) the interaction between CNT and MG particles, (iii) MG particles 

bridging two CNTs.  

 

4.4.4 Characterisation of SX MG/CNT and DX MG/CNT gels 

4.4.4.1 Morphology of freeze-dried DX MG/CNT gel 

The morphology of DX MG/CNT gels was examined by SEM (Fig. 4.10). The 

porous structure is a typical morphology for freeze-dried hydrogel as shown in Fig 

4.10a. The evidence of discrete CNTs was clearly shown on the walls of composite 

gel, which indicate an excellent dispersibility of CNTs within the gel matrix. The 

higher magnification image (Fig. 4.10b) focused on the surface of the composite gel. 

The rod-like features are most likely CNTs, but the diameter of the rod is much 

higher than the as-supplied CNTs.  
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Fig. 4.10. SEM images of a freeze-dried DX MG1/CNT0.5. (a), (b) show low and 

high magnification images. The red arrows in (a) shows many CNTs can be observed 

on the surface of DX MGs. The inset in (b) shows CNT on the surface. 

4.4.4.2 Structure of CNT networks 

CNTs are thermal stable materials at 900 
o
C in N2 atmosphere.

22
 Hence, this property 

can be used to explore the morphology of CNT percolated networks and the 

distribution of CNTs within the gel matrix. A freeze-dried composite gel sample was 

heated at 850 ºC in N2 for 1 hr. Under this condition, about 85% of the weight of 

freeze-dried composite gel was removed (Fig. 4.11) and the CNTs were exposed (Fig 

4.12). The remaining matter revealed a nanoporous morphology with pore walls that 

were composed of the CNTs networks. The overall microscopic porous structure in 

Fig. 4.10 was very similar to what we observed in Fig 4.12, which indicates the 
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CNTs networks were able to keep the structure after removing the MGs. The higher 

magnification image (Fig 4.12b) showed that the CNTs were entangled and formed a 

3D mesh structure. However, there was a large volume reduction in gel structure 

during the drying process due to the removal of water. This compressed the space for 

the CNTs networks. Considering the structure shown in Fig. 4.9a, we propose that 

the CNTs structure in the as-prepared composite gels consisted of dispersed 

individual CNTs and a network of entangled CNTs. Moreover, considering inter-

linked MG particles were present, we also proposed that these gel composites 

contained interpenetrating networks of interlinked MGs and entangled CNTs. 

 
Fig. 4.11. TGA data for DX MG/CNT0.5 when heated under a N2 atmosphere.  
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Fig. 4.12. SEM images of a DX MG1/CNT0.5 gel after heating at 800 ºC in N2. 

4.4.4.3 Morphology of fracture surface 

The fracture surfaces of the freeze-dried gel composite sample were observed by 

SEM as shown in Fig 4.13.  One crack was produced on the gel surface, and then the 

samples were rapidly immersed into liquid N2 which followed with freeze-drying. 

The crack is shown in Fig. 4.13a and the close examination showed some protruding 

CNTs on the fracture surface (Fig 4.9b). The presence of “pulled out” CNTs at the 

fracture surface indicates some of the CNTs acted as bridges in the MG matrix 

instead of forming isolated agglomerates.  
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Fig. 4.13.  A sample that was fractured and then freeze-dried and the SEM images 

show a fracture surface. (a) shows a crack on the gel surface. (b) shows the higher 

magnification images of the tail part of the crack. The inset in (a) showed the 

position of the tail part. The insets in b showed the pulled-out CNTs, which were also 

highlighted by red arrows. 

4.4.4.4 Swelling test 

The swelling behaviours of DX MG/CNT gels is shown in Fig. 4.14. The as-made 

gels were prepared at a similar size (Fig. 4.14a)  and placed into buffer solutions with 

various pH values of 4.0, 7.6 and 10.0. Fig. 4.14b showed that the gel was collapsed 

at pH 4 and swelled at pH 7.6 and 10.0.  The gels were further placed in solution for 

30 days, which indicated that neither the collapsed gel (Fig. 4.14c) or the swollen gel 

(Fig. 4.14 d) ruptured or generated sediments. By contrast, one sample of SX 

MG/CNT physical gel was placed into buffer solution (pH = 7.6) and the gel 
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redispersed after 30 minutes. These observations confirmed the existence of inter-

linking between particles (for DX MG/CNT) which could retain the gel structure at 

both low and high pH environments for an extended period. 

 
Fig. 4.14. Variable pH swelling behaviour for DX MG/CNT1.0 gels. (a) showed the 

as-made DX MG/CNT1.0 gels. (b) showed the size of samples after being placed in 

various buffer solutions for 7 days. Volume swelling ratios are also shown. (c) and (d) 

showed the sample in buffer solutions at pH 4 and 10, respectively, after 30 days. (e) 

showed a piece of SX MG/CNT1.0 gel was placed into buffer solution and (f) showed 

the gels re-dispersed after 30 minutes. 

4.4.4.5 Electrical conductivity measurements for DX MG/CNT gels. 

Electrical conductivity measurements were performed on the gel composites to study 

the conductivity of CNT networks and percolation threshold. The data from Fig. 4.15 

showed that the DX MG/CNT1.0 had the highest conductivity values () of 0.032 

S/cm which is two orders of magnitude higher than the values for CNT-free gels. The 

conductivity of gels increased with the CCNT, and this tendency was simulated by a 

percolation power law.
23

  

𝜎 = 𝜎𝑜(𝐶𝐶𝑁𝑇 − 𝐶𝐶𝑁𝑇(𝑝))𝑠  (4.3) 
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where o is a factor relate to the conductivity of CNT, CCNT(p) is the concentration of 

CNTs at the percolation threshold, and s is the power law component associated with 

the dimensionality of the network.  

 
Fig. 4.15. Conductivity vs CNT concentration for DX MG/CNT composite gels. The 

inset shows a fit for the data to the percolation power law. 

The fitting result for equation 4.3 are shown in Fig. 4.15 (inset). The percolation 

threshold of the composite gel was 0.015 wt.%. The value of o is 0.027 S/cm and s 

= 0.61. The value for CCNT(p) is one of the lowest reported values for hydrogel/CNT 

composites.
19, 23-24

 This may be because the CNTs were not dispersed in a 

homogeneous matrix. The matrix constructed by swollen MG particles is a volume 

excluded system and is not considered by Equation (4.3). This structure reduced the 

space for dispersing CNTs and thus reduced the percolation threshold. The value for 

s was also smaller than the reported values for 3D CNTs networks in composites.
19

 

The reason for the relatively low value of s may cause by the non-uniform 

arrangements of CNTs within composites. The aggregations process of CNTs might 

reduce the value of s.
25
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4.4.4.6 Dynamic rheology measurements 

The mechanical properties of both the physical gels (SX MG/CNT) and covalent gels 

(DX MG/CNT) were examined by the frequency-sweep and strain-sweep dynamic 

rheology as shown in Fig. 4.16.  

 
Fig. 4.16. Dynamic rheology data for to DX MG/CNT (black) and SX MG/CNT 

(red), respectively. Frequency-sweep data are in the left column. For (a), (c), (e), (g) 

and (i), the closed and open symbols are G’ and tan , respectively. Strain-sweep 

data are shown in in the right column. For (b), (d), (f), (h) and (j),The closed and 

open symbols are G’ and G”, respectively. The concentrations of CNT used to 

prepare the composite gels were 0 ((a) and (b)), 0.25 ((c) and (d)), 0.50 ((e) and (f)), 

0.75 ((g) and (h)) and 1.0% ((i) and (j)). 
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For the frequency sweep data, the storage modulus (G’) for DX MG/CNT and SX 

MG/CNT showed weak frequency dependencies. The values of G’ and tan  (= 

G”/G’, where G” is the loss modulus) for the DX gels were obviously higher than 

SX because of the formation of covalent interlinkages between the MGs increased 

networks elasticity. The strain-sweep data for DX MG/CNT and SX MG/CNT 

showed a typical behaviour of hydrogel
26

 or hydrogel composites
27

. The critical 

strain (c) is defined as the strain at when G’ = G”. The curves started with a linear 

viscoelastic behaviour at a low strain before the gel can no longer withstand the 

strain and began to break. Subsequently, the G’ started to decrease because the break 

of elastic networks. The G” values increased until reaching its maximum when G’ 

and G” crossed. After that, the gel networks were increasingly destroyed and both G’ 

and G” decreased. 

To analyse the effect of CCNT on the rheology behaviour of gels, the data in Fig. 4.16 

was summarised and showed in Fig. 4.17. The G’ can be used to assess stiffness, and 

the c are commonly used to evaluate ductility. The G’ values at 1 Hz and 1% strain 

were used because they correspond to the linear viscoelastic region. For the physical 

gels, the values for G’ slightly increased with CCNT. This is because the MG particles 

are not tightly inter-linked. They have the same freedom to move under stress. 

Therefore, compared to DX MGs the SX MG is a less efficient tool to transform 

stress into the CNT networks. Interestingly, the increase of CCNT caused a significant 

different in values of B, which indicates the CNTs increased ductility of the physical 

gel. These results are opposite to the general understanding of a composite 

conducting soft matrix and stiff fibre reinforcement in which the filler should 

increase the stiffness and the brittleness. One possible explanation is that the CNT 

networks can force the MGs to withstand a higher degree of deformation. The 
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attractive MG-CNT interaction shown in TEM images (Fig. 4.9) may have played a 

part in the ductility improvement. 

 
Fig. 4.17. Summary of dynamic rheology data for SX MG/CNT and DX MG/CNT 

gels. (a) showed the effect of CNT concentration on modulus and critical strain for 

(a)SX MG/CNT and (b) DX MG/CNT. 

For the DX gels, there was a significant linear increase in modulus with the CCNTs 

(see Fig. 4.17b), which indicate the CNTs were much more effectively involved in 

energy dissipation than for the physical gels. This is because the MGs were 

covalently inter-linked. Both the CNT networks and the MG particles had less space 

for movement and formed a stable macroscopic gel structure. Similar as SX gels, the 

ductility of DX gels was also increased by increasing CCNT, which is due to CNT pull 

out as discussed below. 

4.4.4.7 Static axial compression tests 

The mechanical properties of the composite gels were also examined by testing the 

cylinder samples (insets of Fig. 4.18a) using static axial compression. Fig 4.18a 

shows the stress vs. strain curve for DX MG/CNT gels over a range of CCNT values. It 

can be seen that the CNTs enhance the mechanical properties of DX MGs as CCNT 

increased. The DX MG/CNT1.0 is the best sample which can stand both highest strain 

and stress. The compression modulus values for the samples were calculated and are 
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shown in Fig. 4.18b. The modulus of the gels increased with the increase of CCNT. 

The ductility of gels is shown in Fig. 4.18c which gives the values for the strain-at-

break. These values also increased as the CCNT increased. Those observations 

followed and confirmed the results shown by rheology data that the modulus and 

ductility of DX composite gels increased as the CCNT increased. These results can be 

explained by a pull-out mechanism. Firstly, in the crack tip the pulled out CNTs 

contributes to bridging the microcracks. When the CNTs are fully pulled out, the 

fracture surfaces are totally separated. In this mechanism, the interaction between 

CNTs and MG matrix dominated.
28

 So the energy was wasted because of dissipation 

and this decreases the crack propagation. Another energy dissipation mechanism is 

that the CNTs are flexible
29

 which the CNT deformation are involved within the MG 

matrix to resist the separation of fracture MG surfaces.  

 
Fig. 4.18. Compression data for DX MG/CNT gel composites. (a) shows stress vs 

strain curve for various CNT concentrations. (b) and (c) show the effect of CNT 

concentration on modulus and strain at break, respectively. 

4.4.4.8 Cytotoxicity study 

The cytotoxicity of the DX MG/CNT gel was examined using live / dead and Alamar 

blue assays. Human adipose-derived human mesenchymal stem cells (ASCs) were 

used because they have potential application for a range of regenerative 

medicine/tissue engineering applications including IVD repair.
30-31

 Here, the cell 

viability was studied in the presence of the gel composites. The data from live / dead 
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assay (Fig. 4.19a and b) showed that over 99% of cells remain alive after exposure to 

DX MG/CNT1.0 for 7 days. Furthermore, the cell cytotoxicity data at 1, 4, 7 day time 

points were similar to the cells not exposed to the gel composites (Fig. 4.19c). 

Therefore, exposure of adhered ASC cells to DX MG/CNT maintained normal cell 

viability and also metabolic activity. We conclude that the DX MG/CNT was not 

cytotoxic under the conditions used. 

 
Fig 4.19. Cytotoxicity study for DX MG/CNT1.0. Live-Dead staining showing (a) 

ASC cells exposed to DX MG/CNT1.0 gel at day 7, and (b) showed cells without 

exposure to the composite at the same condition. (c) Graph showing metabolic 

activity of MSCs after exposure to the gels for different time periods. 
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4.5 Conclusions 

A new type of composite constructed from colloidal building blocks of MGs and 

CNTs was studied in this chapter. The MG particles played the multiple roles as 

dispersant and stabiliser for CNTs, building units for gels and macro-crosslinker for 

covalent gel formation. As the reinforcement, the CNT was used to provide electrical 

conductivity and enhance the mechanical properties of gels. The ability of the MGs 

to disperse the CNTs were proved, and the proposed mechanism was explained by a 

combination of attractive MG-CNT interactions and the excluded volume from 

swollen MG particles. The physical composite gels were injectable and mouldable. 

The DX MG/CNTs were electrically conductive which had a very low percolation 

threshold at 0.15 wt.%. The DX MG/CNT gels were pH-responsive and had the 

ability to avoid falling apart in an aqueous environment. The mechanical properties 

of both composite gels can be tuned by the concentration of CNT.  The data showed 

both modulus and the ductility of the SX MG/CNT and DX MG/CNT gels increased 

with the loading of CNTs. The ductility increase was ascribed to dissipation 

associated with the pull out of the CNTs from the matrix. The cytotoxic data showed 

the DX MG/CNT gels are not toxic to cells. Our injectable DX MG/CNT showed the 

potential for applications in soft tissue engineering such us heart tissue repair and 

electronic skin.  
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Chapter 5: Using intra-microgel crosslinking to control the 

mechanical properties of doubly crosslinked microgels  

5.1 Abstract 

In this chapter, three types of microgels (MGs) were studied by tuning the 

crosslinking monomers and we expected to have more ductile hydrogels while the 

composite gels studied in the earlier chapters were relative brittle. The MGs were 

synthesised by emulsion polymerisation of ethyl acrylate, methacrylic acid and a 

crosslinking monomer. Three types of MGs were prepared using different 

crosslinking monomers: divinylbenzene (DVB); 1,4-butanediol diacrylate (BDDA) 

or a 1:1 mixture of both DVB and BDDA. Compared to the earlier chapters, DVB 

was a new crosslinking monomer. Here, the effects of intra-MG crosslinking of the 

MGs on the swelling behaviour and the mechanical properties were investigated. The 

swelling behaviours were studied by DLS and the mechanical properties were 

studied by both dynamic rheology and uniaxial compression measurements. The 

MGs containing DVB demonstrated higher swelling and more ductile properties 

when compared with the control sample which was the MG formed with BDDA. The 

average compressive strain for the DVB-containing DX MGs before the break was 

76 % which is the highest value reported for a DX MG system to date. The study 

also showed a potential method to tune the DX MG properties by adjusting the DVB 

and BDDA contents within the MG particles. The results of this study provide design 

tools for improving DX MG ductility and hence increasing the range of potential 

applications for this new class of hydrogel. 
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5.2  Introduction 

Hydrogels are high water content swollen polymer network and are attracting large 

interest in biomaterial applications
1-3

 such as drug delivery
4
, regenerative medicine

5
 

and soft tissue engineering
6-7

 due to their strong property resemblance with native 

extracellular matrix
8
. The swelling and mechanical properties of hydrogels are 

directly connected to the number-density of elastically effective chains
9
. When 

compared to high ductility gels such as double network hydrogels
10

, our previous 

doubly crosslinked microgels (DX MGs) were relatively brittle
11-12

. In the earlier 

chapters, the composite strategy has proved an efficient method to improve the 

stiffness of the DX MGs. However, a lack of ductility is a key limitation for the DX 

MG systems. In this study, we aimed to design a new microgel (MG) system to 

reduce the brittleness. 

Considering the polymer networks have the same concentration of crosslinks, when 

it disperses in a good solvent, a network containing an inhomogeneous distribution of 

crosslinks tend to swell more than the one with uniform distribution. The distribution 

of crosslinking junctions in polymer particles is determined during emulsion 

polymerisation and controlled by the nature and concentration of crosslinker
13-15

. The 

preparation of uniformly crosslinked polymer particles has been reported
16-17

. 

Meanwhile, inhomogeneous crosslinking distributions have also been studied to 

prepare highly swellable MGs
18

. The idea of changing crosslinking distribution is to 

improve the swelling behaviour of pH-responsive MGs by using divinylbenzene 

(DVB) to replace the 1,4-butanediol diacrylate (BDDA) as the crosslinker is depicted 

in Scheme 5.1. We expect the inhomogeneous junction distribution could improve 

the inter-linking of the particles when DX gel formed covalently and produced a 
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more ductile hydrogel. BDDA and EA have similar solubility. Conversely, DVB is a 

more hydrophobic monomer
19-20

. Furthermore, if we assume that when paired with 

EA, the reactivity rate for DVB and BDDA are similar to those for styrene and 

hydroxyethyl acrylate, respectively
21

, then DVB should distribute less uniformly 

within the EA matrix compared to BDDA. Consequently, major differences in the 

partitioning of the crosslinker into the growing particles were expected for DVB and 

BDDA. 

 
Scheme 5.1. Outline of the method used to prepare MGs and DX MGs. The MG 

particles contained ethyl acrylate (EA) and methacrylic acid (MAA) and were 

prepared by emulsion polymerisation. Divinylbenzene (DVB), 1,4-butanediol 

diacrylate (BDDA) or a mixture of DVB and BDDA were used as intra-MG 

crosslinkers. The MGs are termed singly-crosslinked microgels (SX MGs) and were 

functionalised with glycidyl methacrylate (GMA). Concentrated dispersions formed 

physical gels (pH > pKa) which were transformed into doubly crosslinked microgels 

(DX MGs) by covalent inter-MG crosslinking. 

The first MG system using poly(EA-co-MAA-co-BDDA) were introduced by 

Rodriguez et al in 1994
22

. A core-shell model was introduced to simulate the 
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properties of this system. In the past decade, Saunders’ group and others have 

expanded this family of pH-responsive MGs.
23-24

 In 2011 these MGs (after vinyl 

functionalisation) were inter-linked together to form hydrogels.
11

 DX MGs have 

potential application in regeneration medicine for intervertebral disc (IVD) repair.
25

 

In this chapter, three MGs containing different crosslinker combinations were 

synthesised using emulsion polymerisation as shown in Scheme 5.1. As the BDDA 

system is our old system, the new system (DVB-containing gels) were compared. A 

hybrid MG system was also synthesised by using a mixture of 0.5 mol.% of DVB 

and 0.5 mol.% of BDDA. These MGs were functionalised by glycidyl methacrylate 

(GMA) to achieve formation of covalent inter-linking (Scheme 5.1). The three MG 

(poly(EA-co-MAA-co-DVB), poly(EA-co-MAA-co-DVB-co-BDDA), poly(EA-co-

MAA-co-BDDA) dispersions are abbreviated as SX DVB, SX DVB-BDDA and SX 

BDDA, respectively. The SX term differs from DX because there is no interlinking 

of particles in the SX system. The SX MG dispersions are formed physical gels at pH 

~ 7.6, whereas, the formation of covalently inter-linked MGs (i.e., DX MGs) was 

achieved by adding ammonium persulfate (APS) and N,N,N′,N′-

tetramethylethylenediamine (TEMED) at 37 
o
C. 

The motivation and aim of this chapter is to improve the ductility of DX MG system. 

The improvement is sought from using a different crosslinking monomer which can 

provide a distinct crosslinking distribution within the MG particles. The effects were 

examined in swelling behaviours, morphologies and the mechanical properties which 

are important factors for biomaterial applications. The dynamic rheology and static 

axial compression tests showed that inclusion of DVB produced a remarkably ductile 

DX MG. An analysis based on data indicates that the nature of crosslinking 

monomer can control the swelling properties of MG particles. In addition, the 
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analysis suggested that the swelling of MG relate to the mechanical properties and 

therefore, the crosslinking monomer can further determine the mechanical properties 

of the DX MG. The improved ductility of the DX DVB gels can provide more 

applications in soft tissue engineering, such as IVD repair.
25
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5.3  Experimental 

5.3.1 Materials 

EA (99%), MAA (99%), GMA (97%), BDDA (90%), DVB (80%), NaOH (97%), 

APS (98%), sodium dodecyl sulphate (SDS, > 92.5%), TEMED (99%) and 

dipotassium phosphate (K2HPO4, 97%) were purchased from Sigma-Aldrich and 

used as received. All water was of ultra-high purity de-ionised quality. 

5.3.2 Microgel synthesis 

The synthesis of SX DVB, SX DVB-BDDA and SX BDDA MGs used seed-feed 

emulsion polymerisation. The compositions of the mixed monomer feeds are shown 

in Table 5.1. The preparation of SX DVB is given in detail as an example: A mixed 

co-monomer solution (250 g) containing EA (164.4 g, 1.64 mol.), MAA (82.2 g, 0.95 

mol.) and DVB (3.4 g, 0.026 mol.) was prepared. Seed formation was conducted 

using a portion of the co-monomer mixture (31.5 g) after adding water (510 g) 

containing SDS (1.8 g) and K2HPO4 (3.15 g of 7.0 wt.% solution) under a nitrogen 

atmosphere. Subsequently, the APS (10.0 g of 2.0 wt.% solution) was introduced 

rapidly. The seed was formed at 80 ˚C with mechanical stirring (300 rpm) for 30 

minutes. The remaining co-monomer solution was added uniformly to the seed at a 

rate of about 2.4 g/min feed by a pump (i.e. feed 90 minutes for remaining 218.5 g 

monomers mixture). After completion of the feed, the temperature was maintained at 

80 
o
C for a further 2.5 h. During the reaction, samples were collected from reaction 

solution every 15 minutes to monitor the growth of particles by using DLS 

measurement. Each collected sample was diluted by buffer (pH = 4) and cooled in an 

ice bath. Filtration was used to remove aggregates from the main product after 
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cooling in the ice bath.  Finally, the product was extensively dialysed against water 

for three weeks and store at 3°C in the fridge. 

Table 5.1. Compositions of the mixed co-monomer solutions used to synthesise the 

MGs. 

Sample 

Abbreviations 

EA 

mol.% 

MAA 

mol.% 

DVB 

mol.% 

BDDA 

mol.% 

SX DVB 62.6 36.4 1.0 0 

SX DVB-BDDA 62.6 36.4 0.5 0.5 

SX BDDA 62.6 36.4 0 1.0 

The GMA functionalisation for all of the MGs used the same conditions. The 

functionalisation process used here differs from earlier chapters where the pH of the 

MG solution was not adjusted at first and reaction time was shortened to 4 h. GMA 

(30 g, 0.2 mol.) was added to MG dispersion (400 g, 5 wt.%) in a 2 L flask. The 

dispersion was mixed by mechanical stirring at 400 rpm and heated at 50 °C for 4 h. 

After the reaction, the product was cooled in an ice bath and the aggregates were 

removed by a film mesh (pore size = 0.2 mm). The unreacted GMA was removed by 

washing with chloroform (200 ml) in a separating funnel twice. Any remaining 

chloroform was removed by rotary evaporation (vacuum = 160 mbar) at room 

temperature, and the final GMA-functionalised MG was concentrated to about 10 

wt.% (vacuum = 20 mbar). The final wt.% of MG was determined by a gravimetric 

total solids content test. 

The other MGs were prepared using the procedure described above by replacing 

DVB with either a 1:1 DVB/BDDA mixture (for SX DVB-BDDA) or BDDA (for 

SX BDDA) as shown in Table 5.1. 
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5.3.3 Preparation of doubly crosslinked microgels  

All of the covalently interlinked DX MG gels were prepared using the same 

conditions (depicted in Scheme 5.1). Aqueous NaOH solution (~700 l, 4 M) was 

added to MG dispersion (10 g of 10 wt.% dispersion) and the pH adjusted to ~7.6 to 

form a SX MG physical gel. DX MGs were formed by mixing APS solution (250 l, 

1.6 wt. %) with the SX MG physical gel and then TEMED solution (250 l, 2 wt.%) 

with stirring. The physical gels were subsequently heated in sealed moulds at 37 ˚C 

for 2 h to form DX MGs. 

5.3.4 Physical Measurements 

Potentiometric titration was conducted using a Mettler Toledo DL15 titrator. The 

titrations were performed by adding 3 g MG (10wt.%) in 40 g NaCl solution (0.01 M) 

and the titrant was aqueous NaOH solution (1.0 M). Dynamic light scattering (DLS) 

measurements were conducted using a 50 mW He/Ne laser operated at 633 nm with 

a standard avalanche photodiode (APD) and 90° detection optics connected to a 

Malvern Zetasizer Nano ZS90 autocorrelator. For measuring the pH-responsive 

swelling, a series of buffer solutions were prepared (pH 4.0 to 11.0). The ionic 

strength of all buffer was about 0.1 M excluding pH 4.0 solution which was prepared 

by dilute hydrochloride acid solution to avoid the aggregation of SX MGs. The 

swelling behaviours of the SX MGs were assessed using the particle volume swelling 

ratio (Q) which was calculated using the following equation. 

𝑄 = (
𝑑ℎ(𝑥)

𝑑ℎ(4)
)

3

                                           (5.1) 

where dh is the hydrodynamic diameter and x represents the pH value. The MG 

particles were considered to be in their collapsed state at pH 4.0.  
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TEM measurements were obtained using a JEOL JEM-2011F instrument operated at 

an accelerating voltage of 200 kV and the samples were deposited onto 200 mesh 

copper TEM grids. SEM images were obtained using a Philips FEGSEM XL30 

instrument. The freeze-dried DX MG samples were coated by platinum with a 

thickness of about 3 nm.  

Dynamic rheology measurements were conducted using a TA Instruments AR-G2 

temperature-controlled rheometer equipped with an environmental chamber. A 

parallel plate geometry (diameter = 20 mm) was used.  Each DX MG sample was 

prepared in a rubber ring which was clamped in the middle of two parallel glass 

slides. The shape of sample matches the parallel plate of rheometer with a diameter 

of 20 mm and a thickness of 1 mm. For the strain-sweep data, a frequency of 1 Hz 

was used to test the samples. Uniaxial compression measurements were conducted 

using an Instron series 5569 load frame equipped with a 100 N compression testing 

head with a testing rate of 2 mm per minute. The samples were cylindrical, and the 

height and diameter were both 12 mm.  
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5.4  Results and discussion 

5.4.1 Microgel particle size and pH-triggered swelling  

Three types of GMA-functionalised MG were prepared for this study. The SX MGs 

were prepared using 1.0 mol.% of either DVB or BDDA or a crosslinking monomer 

mixture containing both DVB (0.5 mol.%) and BDDA (0.5 mol.%) (see Table 5.1). 

In the following sections, the difference in swelling behaviour, morphology, 

mechanical properties of both SX MGs and DX MGs will be mentioned which is 

resulted from the crosslinkers only within the MG particles. 

5.4.1.1 Potentiometric titration  

The content of acid group (-COOH) and the content of GMA functionalisation of SX 

MGs was determined by potentiometric titration data. The –COOH contents were 

directly determined by the potentiometric titration data of SX MGs, and the GMA 

contents were determined from the difference of MAA content in particles before 

and after GMA functionalisation (i.e. the mol.% of MAA consumed during GMA 

functionalisation). The measurements were performed in the presence of aqueous 

0.01 M NaCl solution as electrolyte background. 

 
Fig. 5.1. Potentiometric titration data for (a) DVB, (b) DVB-BDDA, (c) BDDA 

MGs. The NF in the captions represent the non-functional MGs which is used to 

distinguish from functional MGs.  
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The calculated values from titration data were shown in Table 5.2. All the SX MGs 

had similar -COOH contents (about 32 mol.%) and the concentrations of GMA in the 

MGs were between 5.3 and 8.2 mol.%, which is enough to achieve the DX process. 

The pKa values of these MGs were in the range of 6.5 to 6.9 (Table 5.2). Those pKa 

values are less than physiological pH (~7.4) which means that the MG particles (and 

respective DX MGs) would be swollen in such an environment. 

Table 5.2. Characterisation data for the MGs investigated in this work. 

Abbreviation 

mol.% 

GMA
a 

mol.% 

MAA
b
  

dn(TEM)/ nm 

[CV]
c
 

dh(4) / nm
 d
 dh(8) / nm

 d
 Q(8) 

e 
pKa

f 

SX DVB 5.3 32.5 55 [12] 79 321 68 6.5  

SX DVB-BDDA 8.2 32.4 57 [12] 81 280 41 6.7  

SX BDDA 6.3 31.1 64 [10] 91 217 13 6.9  

a
 Calculated from the difference in the mol.% MAA values measured using 

potentiometric titration before and after GMA functionalisation. 
b 

MAA content of 

SX MG particles. 
c
 Number-average diameters determined from TEM images. The 

number in brackets is the coefficient of variation. 
d
 Hydrodynamic diameters 

measured at pH values of 4.0 and 8.0. 
e 

Volume-swelling ratio calculated from the 

dh(8) and d(4) values for the parent microgel using equation (1). 
f 
Apparent pKa values.  

5.4.1.2 DLS measurements 

The hydrodynamic diameter (dh) of the SX MGs over a range of pH values was 

determined by DLS measurements (see Fig. 3.3). The dh values for the three SX MGs 

were in the range of 79 to 91 nm at pH 4.0 (Table 5.2), which is the collapsed state, 

and the dh(4) value decreased with increasing DVB content.  
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Fig. 5.2. (a) Hydrodynamic diameters and (b) particle volume-swelling ratios (Q) of 

SX MG particles at pH 4 to pH 11 measured at various values. 

The MG systems were pH-responsive, and the particles swelled when the increasing 

pH increased (Fig. 5.2a). The variation of particles size is due to neutralisation of –

COOH groups. For MG particles, the polymer chain expansion of MG particles was 

caused by inter-segment electrostatic repulsion from –COO
-
 groups. A strong effect 

from crosslinking monomer on the pH-dependent swelling behaviour can be seen in 

Fig. 5.2. The extent of pH-triggered swelling strongly increased as the DVB content 

increased. This was caused by the nature of the crosslinker because all three SX MGs 

had very similar –COOH group contents. The Q values for the SX MG systems are 

shown in Fig. 5.2b. The Q value decreased in the order SX DVB > SX DVB-BDDA 

> SX BDDA and therefore we identify SX DVB as highly swellable particles with a 

Q of 68, by contracts, the SX BDDA and SX DVB-BDDA are low swelling (Q = 13) 

and medium swelling particles (Q = 41). It is a new observation that the MGs 

containing DVB as crosslinker swelled more than those containing BDDA. This 

trend shows that there was a lower number-average density of intra-particle 

elastically effective chains (intra) for the DVB-containing MGs. This behaviour is 

attended to an inhomogeneous crosslinking distribution within DVB MGs and 

therefore, DVB was a less efficient crosslinker than BDDA for these MGs. 
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5.4.1.3 Transmission Electron Microscopy  

The TEM images of three SX MGs were shown in Fig. 5.3. The particles were 

spherical and the number-average diameters from TEM (dn(TEM)) were in the range of 

55 to 64 nm and were not significantly different (Table 5.2). Compared to the 

respective hydrodynamic diameter (dh(4)) in the collapsed state, the dn(TEM) values are 

smaller. Because the MGs particles are not totally “dry” in water.
26

 The particles still 

absorbed water molecules in the collapsed state which give a larger size in DLS. The 

MG particles had a tendency to partially coalesce when dried on the carbon film as 

shown from insets of Fig. 5.3, which showed the MG dispersion had a good film-

forming properties
27

. Interestingly, the higher magnification images show significant 

differences in the area of particle-particle contract which is indicated by yellow 

arrows. The particle-particle contact points for the MGs containing DVB and DVB-

BDDA were relatively smooth (insets in Fig. 5.3a and b) and no clear particle-

particle boundary can be seen. By contrast, a distinct particle-particle boundary can 

be seen for the MG particles containing BDDA (insets in Fig. 5.3c). Coalescence of 

MG particles was obstructed by intra-particle crosslinking. Consequently, these data 

suggest that the BDDA-containing MG particles had a relatively high concentration 

of crosslinks at the periphery of the particles compared to the DVB-containing MG 

particles.  
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Fig. 5.3. TEM images of (a) SX DVB, (b) SX DVB-BDDA and (c) SX BDDA 

particles. The arrows indicate the particle-particles contact area. The insets show 

higher resolution images of several representatives connected particles. The scale 

bars for each inset represent 50 nm.  
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5.4.2 Dynamic rheological measurements for SX MGs and DX MGs 

In this study, SX MGs dispersions and DX MGs with a solid content of 10 wt.% 

were prepared and examined. The SX MG physical gel formation was achieved by 

increasing the pH at 7.6, and such gels are transparent and injectable in SX DVB is 

shown as an example in Fig 5.4. Physical gels formed because the MGs particles 

were trapped by the neighbour particles when all particles are swollen at certain pH. 

For the covalently DX gels, they were formed by adding initiator (APS) and 

accelerator (TEMED) to the physical gels and heating to 37 
o
C in order to link the 

particles with each other by the reaction of GMA groups. This physical gel to 

covalently gel transformation occurred after injection medical (physical gel state) 

and could fill an irregular space to transform to stronger covalently gel. This 

approach may be suitable for biomaterial applications
25

.  

 
Fig. 5.4. (a) the inversion test of DVB SX (b) “MG” letters written by continuous 

injection of DVB SX gel.  

The mechanical properties were studied by strain-sweep dynamic rheological 

measurements for both SX MGs and DX MGs in order to study the effect of 

crosslinking monomer on the viscoelastic properties (Fig. 5.5). Here, the storage 

modulus (G’), the loss modulus (G”) and tan (= G”/G’) were used to study the 

viscoelasticity of various MG gels. All data in Fig. 5.5 had a similar shape and were 

characterised by three regions: The curves start with linear G’ and G” behaviours in 

low strain region; Then a non-linear decrease of G’ and an increase of G” at 
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intermediate strain occurs and G” increases until G” = G’ (tan  = 1).  (3) at high 

strain the G” starts to decrease. 

For the low strain region, the values of G’ and G” were stable and we can consider 

that the gel can withstand the strain in this region without any structural damage. So 

the G’ are compared to access the elasticities of the gels. As shown in Fig. 5.5, the 

modulus of DX MG gels is always higher than the value for the respective SX MG 

gel which can be seen as a proof of DX formation. Both SX BDDA and DX BDDA 

MGs have the highest G’ values in the SX and DX series which indicates the BDDA 

containing gels are more elastic than DVB containing gels. 

 
Fig. 5.5. Strain-sweep rheology data for SX MG physical gels (left) and the 

corresponding covalently-interlinked DX MGs (right). The data shown are for (a) SX 

DVB, (b) DX DVB. (c) SX DVB-BDDA, (d) DX DVB-BDDA, (e) SX BDDA and (f) 

DX BDDA. The closed and open symbols represent the storage modulus (G’) and the 

loss modulus (G”), respectively.  
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For region (2), the decrease of G’ occurs indicates that the gel structures start to fail. 

The point where the G’ data passed through the G” maximum is considered as a 

critical point indicating the gel structure fully failed. The strain at this point is 

defined as critical strain (c) and it can be used as a defined value to judge the 

ductility of the gels. Therefore, for the DX gels, the c value for DX DVB was much 

higher than the other two as shown in Fig 5.6. The c value for SX gels (See Fig. 5.6a 

and b) follows the same trend as DX gels, which is, SX DVB > SX DVB-BDDA > 

SX BDDA. These data show that construction of MGs using DVB gave more ductile 

SX MGs and DX MGs.  However, the modulus of DX DVB gels were lower than 

DX BDDA gels. Both SX BDDA and DX BDDA had the highest modulus as shown 

in Fig. 5.6a and b. 

 
Fig. 5.6. Critical strain of SX MG gels (a) and the DX MGs (b). Shear modulus of 

SX MG (c) and DX MGs (d). 
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The variation of c for the various gel can be explained using a well-known cage-

breaking theory
28

. In this theory, each particle is trapped in a cage of its nearest 

neighbour particles
29

 and the c values of DX gels can be considered as the minimum 

strain for this particles to escape from the cage (i.e. cage break) or the maximum 

strain to cause irreversible particle rearrangement.  For the c values in Fig. 5.6a, the 

SX DVB MG gel had the highest value indicate that the SX MG particle is the most 

deformable particles in three. With the cage built by these particles and inter-linked 

with each other, the DX DVB MG can stand a relatively high strain before cage 

breaking as shown in Fig 5.6b. Here, we propose that internal failure of the intra-

particle network within the MGs determined the c values, and this was highest for 

the DVB MG because those particles were the most flexible which has been 

indicated by their pronounced particles swelling as shown in Fig. 5.2. 

5.4.3 DX MG morphology 

The morphology of DX MGs was assessed by SEM images as shown in Fig 5.7. The 

images of freeze-dried DX MGs showed typical hydrogel structures
23

 which are 

highly porous. The pores were formed during the rapid ice formation.  Interestingly, 

an obvious difference between Fig 5.7a and Fig. 5.7e is that the average pore size of 

DX DVB gels is larger than the DX BDDA gel.  The average pore sizes were 

determined by measuring 100 pores and the average values for DX DVB, DX DVB-

BDDA and DX BDDA were 6.3 ± 3.2, 5.3 ± 1.8 and 1.1 ± 0.4 m, respectively. The 

average pore size of the freeze-dried gels increased as the DVB content for the parent 

MGs increased. It follows that the DX DVB gels were the most deformable under 

same applied force condition (ice formation). Such porous materials have been 

considered as potential materials for tissue scaffold applications
30-31

. Moreover, the 



162 

 

present work gives a possible method in tuning the pore size of the freeze-dried 

hydrogel by selection of the crosslinking monomers
32

. 

 
Fig. 5.7. SEM images for freeze-dried DX DVB (a) and (b), DX DVB-BDDA (c and 

d) and DX BDDA (e and f). (a), (c) and (e) are low magnification images and (b), (d) 

and (f) are higher magnification images. 

5.4.4 Uniaxial compression and bending of the DX MGs 

The static uniaxial compression tests were performed for all DX MG gels. The stress 

vs. strain data of selected representative measurements are shown in Fig. 5.8. The 

compression modulus (E) was calculated from the slope of the initial 10% part in the 

total curves before failure. The strain-at-break (B) was determined when the curve 

started to fall and the associated stress at this point is the maximum stress (B). The 
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average values of these parameters are shown in Table 5.3. The DX DVB was much 

more ductile than DX BDDA MG system. The deformation of DX DVB sample 

under compression was photographed insets in Fig 5.8).  The average value of B for 

the DX DVB was 76.1 % which is an outstanding improvement compared to 19.7 % 

for DX BDDA (the latter is a standard DX MG). In addition, the DX DVB gel can 

also stand about 14 times more stress before being broken compared to DX BDDA. 

The E value modulus showed the opposite behaviour and increased in the order DX 

DVB < DX DVB-BDDA < DX BDDA. (See Table 5.3). This trend follows the 

observation of pore size in Fig 5.7 and supports the view that the stiffer gels formed 

the smaller pores. The E, B and B values for DX DVB-BDDA were always 

between those for DX DVB and DX BDDA. The compression data trends for 

stiffness (E) and ductility (B) matched those observed from rheology as measured by 

G’ and c (see Fig. 5.5), respectively. DX DVB was very ductile. In fact, the average 

B value of 76.1% for DX DVB MG is a record for DX MGs prepared using GMA 

functionalisation.
11, 33

   

 
Fig. 5.8. Uniaxial compression stress vs. strain data for DX MGs prepared using 

various crosslinkers. The photographs show DX DVB MG compressed at different 

strains which were (a) 0%, (b) 40% and (c) 80%. The scale bars represent 10 mm. 
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Table 5.3. Static uniaxial compression data for the DX MGs. 

Abbreviations E / kPa 
a
  / % 

b
 B  / kPa 

c
 

DX DVB 19.8 ± 1.6 
c
 76.1± 4.8 207.1 ± 10 

DX DVB-BDDA 26.4 ± 1.0 57.8 ± 3.7 54 ± 11 

DX BDDA 53.2 ± 5.2 19.7 ± 0.4 14.5± 0.1 

a
 Calculated from the initial gradient of stress vs. strain curves. 

b
 and 

c
 B are 

strain-at-break and stress-at-break values, respectively. 

Fig. 5.9 shows a series of screenshot images from a video which demonstrated that a 

DX DVB gel film was completely folded over and subsequently relaxed without 

damage. This process was repeated for three times. This performance cannot be 

achieved by any DX gels shown in earlier chapters, and these images demonstrate 

the remarkably flexible nature of the DX DVB systems. 

 
Fig. 5.9. The DX DVB MG film was tested under bending followed by relaxations 

cycles. The process was repeated for three times. (The sample is prepared as pie 

shape with diameter of 20 mm and thickness of 2 mm and cut in half) 
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5.4.5 Proposed relationship between MG and DX MG mechanical properties 

In the following, we test our assumption that the mechanical properties of the DX 

MGs were governed by those of the constituent MGs. The variation of E and B are 

plotted as a function of Q in Fig. 7a. It can be seen from these data that the ductility 

of DX MGs (as measured by B) increased with increasing Q for the parent SX MGs. 

By contrast, the E values decreased with increasing Q.  

We assume that the MG particles consist of perfect polymer networks as described in 

Flory’s theory
34

 and the swelling equilibrium with two components (polymer and 

solvent) are ideal as described in Chapter 2, Section 2.1.8.2. When the DX MG are 

applied by a small deformation, the applied force per unit area, s can be expressed 

by following equation
35-37

: 

𝜏𝑠 = (
𝑣𝑒

𝑉0
) 𝑅𝑇𝜑1

1/3
𝜑2

2/3
(𝛼 − 𝛼−2)                        (5.2)           

Where is (ve/V0) is effective chain network density (i.e. the effective crosslinking 

degree of DX MGs), R is the gas constant, T is absolute temperature, α is the 

deformation ratio, 1 is the polymer volume fraction for a swollen hydrogel (i.e. for 

DX gels), 2 is the polymer volume fraction for swollen particles. So, we could 

assume  E ~ s and 2 = Q
-1

, and hence the E and Q values for the DX MG and parent 

MG should be related by E
3/2

 ~ Q
-1

 or E~ Q
-2/3

. This relationship was tested for the 

MGs and DX MGs (Fig. 7b). The data from our three DX MGs and parent MG 

systems showed perfect linearity.  
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Fig. 5.10. (a) Variations of the modulus, E, and the strain-at-break, b, for the DX 

MGs with the MG particle swelling ratio, Q, for the respective parent MG particles. 

(b) and (c) show the relationships between the E and b values, respectively, and Q. 

For a three dimensions network,
34

 the modulus of networks is proportional to the 

number density of effective elastic chains, veff within MGs, then we can get veff
 
 ~ Q

-

2/3
. We next consider the ductility of the DX MGs. According to rubbery elasticity 

theory,
38

  the maximum extension of a polymer chain is proportional to square root 

of the number of random links, n
1/2

 in the chain (i.e.b ~ n
1/2

). The n is proportional 

to the average molecular weight of the elastically effective chains, Meff.  The relation 

between Meff and veff can be expressed as: 

𝜌 = 𝑀𝑒𝑓𝑓 × 𝑣𝑒𝑓𝑓                                       (5.3) 

Where  is the density of the total networks within MGs. So the relationship between 

Q andb can be derived as B ~ Q
1/3

. The plot of this relationship is shown in Fig. 

5.10c, which showed an excellent linear behaviour. 

In summary, both modulus and ductility of DX MGs are related to the swelling 

properties of MG particles, which is further controlled by the veff within MGs.  The 

mechanical properties are dominated by the intra-linking of MGs particles but not the 

inter-linking. The main function for inter-linking in DX system is to fasten and 

adhere the MG particles to neighbouring particles to form the macroscopic gels. 
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5.5  Conclusions 

In this chapter, the effects of the crosslinking monomer (DVB and BDDA) on the 

properties of pH-responsive MGs and DX MGs were investigated. The highly 

hydrophobic and fast-reacting crosslinker (DVB) was studied to prepare highly 

swellable MG particles. The results indicate that the selection of crosslinking 

monomer is important for controlling and determining the mechanical properties of 

DX MGs. The high Q values of MG particles lead to a highly ductile DX MGs. The 

novel DX DVB MG system performed as a ductile hydrogel with a very high B 

value of 76%.  This value is a new record for this class of DX MGs. Here, we 

provide a new possible tool to control the ductility of this system by selecting the 

crosslinkers. This ability benefits for designing and preparing improved injectable 

pH-responsive DX MG systems in future and these materials may provide a 

promising route for fabrication soft tissue engineering or degenerative medicine 

application.
39
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Chapter 6: Conclusions and future works 

6.1 Summary of conclusions 

The main aim of this research is to design and develop the pH-responsive doubly 

crosslinked(DX) microgels(MGs) based materials and composites for potential use in 

soft tissue engineering. The mechanical properties of each material were specially 

focused through it directly relate to if they can support mechanical loading when 

applied in vivo. Besides, other properties like swelling properties, morphology and 

cytotoxicity were also studied to comprehensively understand MG and MG-

contained composites systems.   

Composite strategy offered a simple and flexible route to prepare high modulus gels 

using the incorporation of vinyl functionalised MG particles and graphene oxide 

(GO). The study of MG/GO composites was described in Chapter 3, which showed 

the possibility to blend the concentrated MG dispersion with the GO dispersion. The 

singly crosslinked (SX) was successfully prepared by increasing the pH of the 

blending dispersion. The physical gel is injectable and enables a further curing 

process to form a covalently gels (DX) in the presence of an initiator. This process 

can be applied to an injected medicine. The introduced GO was proved to 

significantly improve the modulus for both SX gels and DX gels which followed a 

linear isostrain model for GO loading. The results from live / dead assay for DX 

MG/GO composites demonstrate the gels were not toxic that the gel had potential 

application in biomaterials such us IVD repair.  

Chapter 4 showed a method to prepare a new class of MG composites constructed by 

carbon nanotubes (CNTs) networks and MG building blocks. The method also 
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includes the MGs which were used as a dispersant for CNTs to obtain a stable and 

finely dispersed composites. Similar to MG/GO composites, the SX MG/CNT 

physical gels are injectable which were formed when the pH was increased to 

approach human body environment. Both modulus and ductility of DX MG/CNT 

composite gels were improved by the addition of CNT, and these gels showed a 

long-period structural stability in PBS solution. Moreover, the DX MG/CNT 

composite gels were electrical conductive with a very low percolation threshold of 

CNT. The feedback from cytotoxicity measurements for the composites showed they 

are not cytotoxic. These conductive composites have potential applications in soft 

tissue repairing like biomechanical monitoring or electronic skin. 

Though Chapter 4 and 5, we have shown the ability to design a DX gel with 

considerable enhancement in modulus. However, there is a lack of tools to improve 

the ductility. Chapter 6 investigate the effect from the nature of crosslinking 

monomers on the pH-responsive and mechanical properties of MG particles. The 

investigation in this chapter analysed the relationship between the swelling properties 

of MG particles and the mechanical properties of their corresponded DX MGs. The 

comparison data about the crosslinking monomers was focused on the differences 

from divinylbenzene (DVB), or 1,4-butanediol diacrylate (BDDA) or their mixtures. 

The results demonstrate that the crosslinking monomer played a considerable role in 

determining the swelling ratio of MG particles and the mechanical properties of DX 

gels.  As results, a new type of MG particles using divinylbenzene (DVB) as 

crosslinking monomer showed a significant improvement comparing to other MGs. 

The results also showed the possible design tools for improving DX MG ductility by 

adjusting the crosslinking monomers, and therefore expanding the range of potential 

applications for this new class of hydrogel.   
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6.2 Future works 

The results from Chapter 4 and 5 show it is possible to introduce a 1D or 2D filler 

into MG dispersion. However, the dark colour and the low transparency of GO/MG 

and CNT/MG composites may significantly affect the impression of clients and limit 

their applications in biomedicine field. Therefore, some fillers with similar structures 

such as gold nanorods, cellulose and chitosan nanowires (1D), or silicate and calcium 

phosphate nanoplates (2D) are worthwhile. Furthermore, the method for utilising GO 

sheets in Chapter 4 can be updated. The thickness and size of as-made GO sheets are 

not uniform. The large pieces of GO significantly increase the possibility of 

mechanical defects. It can be improved by adding a size-selecting process and 

investigating the effect of the size of uniform GO sheets on the mechanical properties 

of DX gels. Moreover, the surface and edge of GO sheets are chemically reactive. If 

nano-sized GO sheets can be separated and functionalised which enables the GO 

involving in the crosslinking structure, it could be more efficient to improve the 

modulus of DX gels than simply blending two dispersions without solid interaction 

between filler and the MG particles. Besides, the morphology data in Chapter 4 and 5 

show that the fillers are randomly distributed in the MG continuous phase. If the 

filler can be aligned to selected orientations, some new features can be introduced to 

MGs. For example, if the CNTs are aligned in one direction, the modulus in the axial 

direction are supposed to be larger than other directions, and this axial direction can 

be placed as same as stress direction. The alignment of CNTs can be achieved by 

applying force
1
 or by applying an electric field.

2-3
 

In Chapter 6, we have shown the crosslinking monomers can significantly affect the 

mechanical properties of DX gels. However, we only studied the effect from various 
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types of crosslinking monomers, the relationship between structures of microscopic 

MG structures and the properties of macroscopic are worthy to dig further. One 

possible proposal is to study the influence of mechanical properties DX gels on the 

total feeding amount of crosslinking monomers. Higher feeding amount offered a 

higher crosslinking degree which may increase the modulus of DX gels.
4
  Besides, 

the distribution of crosslinking junctions is worth to be controlled during seed-feed 

emulsion polymerisation.  In our method, the co-monomers were continuously fed 

with the same composition. If the crosslinking monomer of high concentration in 

total co-monomer mixtures is fed at first and followed by the one in low 

concentration, a particle structure with a highly crosslinked “core” surrounded by 

some polymer arms may occur. The outer part could be more flexible and stand more 

deformation under strain and hence improve the ductility of DX gels.  
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