
  

 

 

 

 

 

Applying Native Chemical Ligation to the Development of 

Magnetically-responsive Drug Delivery Platforms for 

Biomedical Applications 

 

 

 

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

Doctor of Philosophy 

 In the Faculty of Science & Engineering 

 

2017 

 

Raul Horacio Camarillo Lopez 

School of Chemistry 

 

 

 



 

2 
 

Table of contents  

 List of Figures and Tables 5 

 Symbols and Abbreviations 11 

 Acronyms used for magnetic nanoparticles 13 

 Abstract 14 

 Declaration 15 

 Copyright Statement 15 

 Acknowledgements 

 
16 

Chapter 1 Introduction  

1.1 Introduction  18 

1.2 Nanotechnology for biomedical applications 18 

   1.2.1 Nanomaterials for imaging and diagnostics purposes 19 

   1.2.2 Nanomaterials as biomimetic and scaffolds for tissue engineering 21 

   1.2.3 Nanotechnology for HIV therapy 23 

1.3 Phospholipids in drug delivery  23 

1.4 Stimuli-responsive drug-delivery platforms 26 

   1.4.1 Enzyme-responsive nanotechnological approaches 26 

   1.4.2 pH-responsive nanotechnological approaches 27 

   1.4.3 Magnetically-responsive approaches 28 

1.5 Magnetic Nanoparticles 33 

   1.5.1 The crystal unit of different iron oxide nanoparticles 34 

   1.5.2 Magnetic behavior of iron oxide 34 

1.6 Synthesis of iron oxide magnetic nanoparticles 35 

   1.6.1 Hydrolytic methods 36 

   1.6.2 Non-hydrolytic methods 39 

1.7 Surface modifications of iron oxide magnetic nanoparticles 41 

   1.7.1 Inorganic materials 43 

   1.7.2 Organic molecules 46 

1.8 Native chemical ligation  48 

   1.8.1 Mechanistic considerations 51 

   1.8.2 NCL beyond cysteine residues 53 

   1.8.3 Alternative NCL strategies to thioester moiety 56 

   1.8.4 Expanding  the application of NCL 60 

1.9 General aims of the research 61 

  

Chapter 2  Synthesis, Modification and Characterisation of Iron Oxide 
Nanoparticles 

 

2.1 Introduction 64 

   2.1.1 Characterisation techniques for MNP 64 

2.2 Research objectives 68 

   2.2.1 Overall experimental strategy  68 

2.3 Results and discussion 71 

   2.3.1 Synthesis of iron oxide nanoparticles and their SAR metrics 71 

   2.3.2 Parameters affecting SAR metrics of magnetite (Fe3O4) 76 

   2.3.3 Nanoparticle surface functionalisation 78 

   2.3.4 Physicochemical characterisation of magnetic nanoparticles 83 

   2.3.5 Conclusions 100 

 
 

 



 

3 
 

Chapter 3  Trans-thioesterification studies  

3.1 Introduction 103 

3.2 Research objectives and overall experimental strategy 107 

3.3 Results and Discussion 110 

   3.3.1 Synthesis of thioester derivative 38 110 

   3.3.2 Stability of thioester 38 110 

   3.3.3 Stability of thioester derivative 38 towards methanolysis 110 

   3.3.4 Stability of thioester derivative 38 towards hydrolysis 111 

   3.3.5 Reactivity of lipid 38 towards CysOMe in solution  113 

   3.3.6 Incorporation of lipid 38 within the membrane of liposomes 117 

   3.3.7 Lipid exchange 119 

   3.3.8 Reactivity of lipid 78 towards CysOMe at the phospholipid membrane 
interface 

120 

   3.3.9 The 5-(acetylthio)-nitrobenzoic acid system 123 

   3.3.10 Reactivity of lipid 78 towards thiol-capped magnetic nanoparticles 125 

   3.3.11 Reactivity of lipid 78 towards bis-cysteinyl linkers 126 

   3.3.12 Reactivity of lipid 78 towards linkers 41, 42 and 43 in solution  127 

   3.3.13 Reactivity of lipid 78 towards linkers 41, 42 and 43 at the 
phospholipid membrane interface  

129 

3.4 Conclusions 133 

   

Chapter 4 MNP-V   

4.1 Introduction 135 

4.2 Research objectives and overall experimental strategy 135 

4.3 Results and Discussion 137 

4.3.1 The N-acetyl-S-palmitoyl-cysteine lipid (48) 137 

  4.3.1.1 Formation of MNP-V aggregates 137 

  4.3.1.2 Identification of trans-thioesterification products 140 

4.3.2 The 2-nitro-5-(palmitoylthio)benzoic acid lipid (38) 141 

  4.3.2.1 Formation of MNP-V aggregates 141 

  4.3.2.2 Percentage of NTB
2-

 displaced from lipid 38 during MNP-V formation 144 

  4.3.2.3 Identification of trans-thioesterification products  145 

4.3.3 Quartz Crystal Microbalance with Dissipation (QCM-D) studies 148 

4.3.4 Release of encapsulated materials from MNP-V assemblies 150 

4.4 Conclusions 159 

   

Chapter 5 Conclusions and future work  
5.1 General conclusions 162 
5.2 Future work 164 
   
Chapter 6  Experimental Details  

6.1 General materials, Instrumentation and other notes 167 

6.2 Iron oxide magnetic nanoparticles 169 

   6.2.1 Synthesis of magnetic nanoparticles    169 

   6.2.2 Functionalisation of magnetic nanoparticles 170 

   6.2.3 Physicochemical characterisation of nanoparticles 172 

6.3 Synthesis 177 

6.4 General procedures 188 

   6.4.1 Formation of Large Unilamellar Vesicles (LUVs) 188 

   6.4.2 Gel Permeation Chromatography (GPC) 188 



 

4 
 

   6.4.3 Formation of MNP-V assemblies 189 

   6.4.4 Release experiments 190 

6.5 Reactivity of synthetic thioesters with thiols 192 

   6.5.1 Product identification 192 

   6.5.2 Assays of trans-thioesterification rates 193 

6.6 QCM-D monitoring 194 

6.7 Stability of 2-nitro-5-sulfidobenzoate (NTB
2-

) 195 

6.8 Incorporation of lipid 38 into phospholipid membrane 195 

   6.8.1 Lipid exchange 195 

6.9 Stability of lipid 38 towards methanolysis and hydrolysis 196 

   

Appendices  

A.1 X-Ray Diffraction (XRD) peak listing and patterns 198 

A.2 X-Ray Photoelectron Spectroscopy (XPS) peak listing and patterns 207 

A.3 FTIR spectroscopy 216 

A.4 Differential Centrifugal Sedimentation (DCS) 219 

A.5 Identification of trans-thioesterification and NCL products 221 

A.6 Reactivity of synthetic lipid 38 towards CysOMe 226 

   A.6.1 Hydrolysis of lipid 78 and TCEP effect in solution 227 

   A.6.2 Hydrolysis of lipid 78 at the phospholipid membrane interface 228 

   A.6.3 Reactivity of CysOMe towards lipid 38 in liposomes (DPPC) 228 

   A.6.4 Reactivity of CysOMe towards lipid 38 in liposomes (DOPC) 229 

   A.6.5 Reactivity of lipid 78 at the membrane of DPPC and DOPC 
liposomes with equimolar concentration of CysOMe 

230 

   A.6.6 Reactivity of lipid 78 with thiol-grafted magnetic nanoparticles 231 

A.7 Reactivity of 38 towards bis-cysteinyl linkers 41, 42 and 43 in solution 232 

A.8 Reactivity of 78 towards bis-cysteinyl linkers 41, 42 and 43 in 
liposomes 

233 

   A.8.1 Reactivity of linker 41 towards 1 % mol/mol lipid 38 in DPPC 
membranes 

234 

   A.8.2 Reactivity of linker 41 towards 2 % mol/mol lipid 38 in DPPC 
membranes 

234 

   A.8.3 Reactivity of linker 41 towards 5 % mol/mol lipid 38 in DPPC 
membranes 

235 

   A.8.4 Reactivity of linker 41 towards 1 % mol/mol lipid 38 in DOPC 
membranes 

235 

   A.8.5 Reactivity of linker 41 towards 2 % mol/mol lipid 38 in DOPC 
membranes 

236 

   A.8.6 Reactivity of linker 41 towards 5 % mol/mol lipid 38 in DOPC 
membranes 

237 

   A.8.7 Reactivity of linker 42 towards 1 % mol/mol lipid 38 in DPPC 
membranes 

237 

   A.8.8 Reactivity of linker 42 towards 1 % mol/mol lipid 38 in DOPC 
membranes 

238 

   A.8.9 Reactivity of linker 43 towards 1 % mol/mol lipid 38 in DPPC 
membranes 

238 

   A.8.10 Reactivity of linker 43 towards 1 % mol/mol lipid 38 in DOPC 
membranes 

239 

   A.8.11 Reactivity of thioester 45 towards CysOMe 239 

 

References 240 

 

Final Word Count for this thesis: 64,126 words 



 

5 
 

List of figures and tables 

Chapter 1  Introduction  

Figure 1.1 Nanoparticle-based treatment of acne. 19 

Figure 1.2 Core-shell nanoparticles for PET imaging applications. 20 

Figure 1.3 Magnetic nanoparticles for dual PET and MRI imaging applications. 21 

Figure 1.4 Chemical structure of polymeric scaffold for surgical applications. 22 

Table 1.1 Drug delivery vehicles for HIV therapy. 23 

Figure 1.5 Chemical structure of phospholipids. 24 

Figure 1.6 Self-assembling of phospholipids into liposomes in aqueous media. 25 

Figure 1.7 Cartoon of a liposome as drug delivery system. 25 

Figure 1.8 Drug release associated with Tm of liposomes. 26 

Figure 1.9 Multifunctional tumour pH-sensitive self-assembly. 28 

Figure 1.10 Magnetically responsive tumour-targeted composite. 29 

Figure 1.11 Virus-mimetic nanocapsule composite for cancer therapy. 30 

Figure 1.12 Iron oxide nanoparticles embedded in the membrane of liposomes. 31 

Figure 1.13 Chemical modification of MNP and liposomes used in SJW group. 32 

Figure 1.14 Cellular response induced by messengers released from MNP-V  32 

Figure 1.15 Iron oxide compounds found in nature. 33 

Figure 1.16 Structure of magnetite unit cell.  34 

Figure 1.17 Alignment of individual atomic magnetic moments in different materials. 34 

Figure 1.18 Multi-domain state and hysteresis loop of ferromagnetic materials. 35 

Scheme 1.1 Synthesis of magnetite by co-precipitation route 36 

Figure 1.19 Synthesis of glucose-coated magnetite nanoparticles. 37 

Table 1.2 Sonochemical synthesis of magnetite nanoparticles. 38 

Figure 1.20 Synthesis of magnetite nanoparticles by thermal-decomposition route. 40 

Table 1.3 Synthetic methods for the production of iron oxide nanoparticles. 41 

Figure 1.21 Iron oxide nanoparticles surface charge. 42 

Figure 1.22 Chemical binding functionalities used for MNP functionalisation. 42 

Figure 1.23 Interactions on MNP surface with binding functionalities.  43 

Figure 1.24 Silanization iron oxide magnetic nanoparticles. 44 

Figure 1.25 Synthesis of silica-coated magnetic nanoparticles by micro emulsion. 44 

Figure 1.26 Synthesis of core-shell magnetite-gold nanoparticles. 45 

Figure 1.27 Hydrophilic magnetic nanoparticles obtained by ligand exchange. 47 

Figure 1.28 Dopamine-nitroacetic acid coated iron oxide nanoparticles. 47 

Figure 1.29 Zwitterion dopamine-sulfonate coated iron oxide nanoparticles. 48 

Figure 1.30 Formation of amide bond trough an acyl shift. 48 

Figure 1.31 Formation of amine bond trough an O-to-N acyl shift. 49 

Figure 1.32 General principle of thiol-ligation between peptides. 49 

Figure 1.33 Formation of amine bond trough an S-to-N intramolecular shift. 50 

Figure 1.34 Schematic representation of NCL approach. 51 



 

6 
 

Figure 1.35 Chemical structures of additives commonly employed in NCL. 52 

Table 1.4 Dependency of NCL coupling on the C-terminal amino-acid residue. 52 

Figure 1.36 Peptide coupling via direct aminolysis and internal cysteine ligation. 53 

Figure 1.37 Peptide coupling via NCL followed by selective deselenization. 54 

Figure 1.38 Reaction mechanism for conversion of cysteine into serine residue. 55 

Figure 1.39 Phosphate assisted NCL. 56 

Figure 1.40 Linker mediated NCL. 57 

Figure 1.41 Oxo-ester mediated NCL. 58 

Figure 1.42 Crypto thioester mediated NCL. 59 

Figure 1.43 Selenoester mediated NCL. 59 

Figure 1.44 Hydrazide alternative to NCL. 60 

Figure 1.45 Protein immobilisation on the surface of MNP via NCL. 60 

Figure 1.46 Protein immobilisation on the surface of liposomes via NCL. 61 

Figure 1.47 Formation of MNP-V trough a NCL approach. 62 

  

Chapter 2  Synthesis, Modification and Characterisation of Iron Oxide 

Nanoparticles 

 

Figure 2.1 Typical dynamic light scattering setup. 65 

Figure 2.2 Typical differential centrifugal sedimentation setup. 66 

Figure 2.3 Principle behind the XRD analysis. 67 

Figure 2.4 Principle behind the XPS analysis. 68 

Figure 2.5 Functionalisation of nanoparticles 70 

Table 2.1 SAR metrics of produced MNP using the EASYHEAT-0224 system. 72 

Scheme 2.1 Oxidation of magnetite to maghemite. 74 

Figure 2.6 Thermal efficiency of produced MNP using the magneTherm
TM

 system. 75 

Figure 2.7 Effect of concentration on SAR metrics of [A-MNP]. 77 

Figure 2.8 Effect of dispersion technique on SAR metrics of [A-MNP]. 77 

Figure 2.9 Effect of volume on SAR metrics of [A-MNP]. 78 

Figure 2.10 Ideal surface silanitation of iron oxide nanoparticles. 79 

Figure 2.11 Functionalisation of produced MNP with cysteinyl binding motifs. 80 

Figure 2.12 Functionalisation of produced MNP with sulfhydryl binding motifs. 81 

Figure 2.13 Functionalisation of produced MNP with double shell coatings. 82 

Figure 2.14 Effect of coating functionality on SAR metrics of MNP. 83 

Table 2.2 DLS measurements of MNP (Sample R-9). 85 

Table 2.3 Correlation between particle size and thermal efficiency of MNP. 85 

Figure 2.15 Size distribution profiles of [R-MNP] from DLS measurements. 86 

Table 2.4  Average particle size of [R-MNP] from Gaussian distributions. 85 

Table 2.5 Particle population from DCS measurements. 87 

Figure 2.16 Changes in the number of primary particles for [R-MNP]. 88 

Figure 2.17 FTIR spectrum for unfunctionalised nanoparticles. 88 



 

7 
 

Figure 2.18 FTIR spectrum for silica shell coated nanoparticles. 89 

Figure 2.19 FTIR spectrum for cysteinyl-coated nanoparticles. 90 

Figure 2.20 Schematic representation of TNBS assay. 91 

Figure 2.21 Estimated content of free amine groups on MNP (TNBS assay). 93 

Figure 2.22 Schematic representation of the Ellmanôs test. 94 

Figure 2.23 Particle size of MNP determined by the Debye-Sherrer equation. 95 

Figure 2.24 Content of silica and sulphur on MNP (PIXE analysis). 96 

Figure 2.25 Content of nitrogen, silicon and sulphur on MNP (XPS analysis). 97 

Figure 2.26 Proposed structure for MNP with sulfhydryl binding motifs [MNP-3]. 99 

Figure 2.27 Colloidal stability of MNP (Optical density analysis) 100 

   

Chapter 3 Trans-thioesterification studies  

Figure 3.1 Distribution of amphiphilic ligands within the liposome structure. 103 

Figure 3.2 Dynamic processes occurring in the bilayer structure of liposomes. 103 

Figure 3.3 Cholesterol derivatives used for surface modification of liposomes. 104 

Figure 3.4 Covalent cross-linking of liposomes via maleimide-thiol interactions. 105 

Figure 3.5 Cross-linking of liposomes via the Huisgen-Sharpless click reaction. 106 

Figure 3.6 Cross-linking of liposomes via thiol-thioester exchange interactions. 107 

Figure  3.7 Schematic representation of the formation of MNP-V self-assemblies. 107 

Figure  3.8 Reactivity of lipid 38 towards CysOMe 108 

Figure  3.9 Chemical structure of bis-cysteinyl linkers 41, 42 and 43. 109 

Figure  3.10 Thiol-thioester exchange between linkers and lipid 38 in liposomes. 109 

Figure 3.11 Synthetic route for the production of lipid 38. 110 

Figure 3.12 Stability of lipid 38 towards methanolysis (
1
H-NMR analysis). 111 

Table 3.1 Hydrolysis of lipid 38 in solution and in liposomes. 112 

Figure 3.13 Reactivity of lipid 38 towards CysOMe in the presence of MBA 114 

Figure  3.14 Kinetics of lipid 38 towards CysOMe. 115 

Table 3.2 Rate constants for thioester exchange of 38 in solution. 116 

Figure 3.15 Methodology employed to investigate incorporation of lipid 38 in LUVs. 117 

Figure 3.16 Effect of liposome purification in the Kinetics of lipid 38. 118 

Table 3.3 Incorporation of lipid 38 within the membrane of liposomes.  119 

Figure 3.17 Methodology employed to investigate lipid exchange of 38 in LUVs. 119 

Figure 3.18 Lipid exchange of thioester 38 towards CysOMe in liposomes 120 

Table 3.4 Reactivity of lipid 38 towards CysOMe in liposomes. 121 

Figure 3.19 Rate constants for reaction of 38 at different % loading on membranes 

towards CysOMe. 

122 

Table 3.5 Reactivity of lipid 38 towards CysOMe in liposomes at equimolar 

concentration. 

122 

Figure 3.29 Influence of CysOMe concentration on rate constants. 123 

Figure 3.21 Synthetic route for the production of thioester 45. 123 



 

8 
 

Table 3.6 Rate constants for thioester exchange of 45 in solution. 124 

Table 3.7 Rate constants for thioester exchange of 38 with thiol-grafted MNP. 125 

Figure 3.22 Kinetics of thioester 38 with thiol-grafted MNP. 126 

Figure 3.23 Synthetic route for the production of linkers 41, 42 and 43. 127 

Figure 3.24 Reactivity of lipid 38 towards bis-cysteinyl linkers. 127 

Table 3.8 Rate constants for lipid 38 towards bis-cysteinyl linkers in solution.  128 

Table 3.9 Rate constants for lipid 38 towards linker 41 in liposomes.  130 

Figure  3.25 Rate constants for reaction of 38 at different % loading on membranes 

towards bis-cysteinyl linker 41. 

130 

Table 3.10 Rate constants for reaction of 38 at different % loading on membranes 

towards bis-cysteinyl linker 41, 42 and 43. 

131 

Figure 3.26 Kinetics of lipid 38 towards 41 in liposomes at equimolar concentration. 132 

   

Chapter 4  MNP-V Conjugates  

Figure 4.1 Schematic representation of a typical QCM-D system. 135 

Figure 4.2 MNP-V formation using thioesters 38 and 48. 136 

Figure 4.3 Synthetic route for the production of thioester 48. 137 

Figure 4.4 Chemical structure of Rh-DHPE. 137 

Figure 4.5 Fluorescence micrographs of MNP-Vs using thioester 48. 138 

Figure 4.6 Fluorescence micrographs of MNP-Vs using 48 (diluted 10-fold). 138 

Figure 4.7 Suspensions of 48-doped liposomes in the presence of additives.   139 

Figure 4.8 Suspensions of 48-doped liposomes with and without [R-MNP-2]. 139 

Figure 4.9 Reactivity of lipid 48 towards CysOMe in the presence of MBA. 140 

Figure 4.10 MNP-Vs using 38 and [R-MNP-2 or [R-MNP-6]. 142 

Figure 4.11 Fluorescence micrographs of MNP-Vs using thioester 38. 142 

Figure 4.12 Control experiments for MNP-Vs without lipid 38.  143 

Figure 4.13 Control experiments for MNP-Vs without cysteinyl-coated MNP.  143 

Figure 4.14 Progress of thiol-thioester exchange in MNP-Vs using thioester 38 144 

Figure 4.15 
1
H-NMR for identification of products using lipid 38 in solution. 146 

Figure 4.16 
1
H-NMR for identification of products using lipid 38 in liposomes. 147 

Figure 4.17 Detection of single bilayer structure on QCM-D system. 148 

Figure 4.18 QCM-D experiments 149 

Table 4.1 Leakage of 5(6)-CF from LUVs and MNP-Vs using lipid 38.  151 

Figure 4.19 Rate of release for 5(6)-CF from MNP-Vs in response to AMF pulses. 152 

Figure 4.20 Release of 5(6)-CF from MNP-Vs. 153 

Figure 4.21 MNP-V formation using different types of interactions. 154 

Figure 4.22 Calibration plot for ATA 155 

Figure 4.23 Release of ATA from MNP-Vs incubated at room temperature. 155 

Figure 4.24 Release of ATA from MNP-Vs incubated at 37 °C for 90 min. 156 

Figure 4.25 Control experiments for ATA release from MNP-Vs using. 157 



 

9 
 

Figure 4.26 ATA release from MNP-Vs after removal of [MNP-1] or [MNP-4]. 157 

Figure 4.27 ATA release from MNP-Vs after removal of [MNP-2] or [MNP-6]. 158 

Figure 4.28 Synthetic route for the production of thioester 55. 159 

   

Chapter 5 Conclusions and Future Work  

Figure 5.1 Proposed studies to investigate inter and intra liposomal recognition 

using thiol-thioester exchange interactions.  

164 

  

Chapter 6 Experimental details  

Figure 6.1 Experimental setup for SAR measurements. 171 

Figure 6.2 Eddy currents induced within a coil by an AMF field. 172 

Figure 6.3 Calibration curves for TNBS assay. 173 

Figure 6.4 Calibration curves for Ellmanôs test. 174 

Table 6.1 Composition of sucrose solution for DCS analysis. 174 

Figure 6.2 Typical syringe-based extruder used to prepare LUVs.  187 

Table 6.2 Formulations for MNP-V assemblies. 188 

Table 6.3 Reactions for product identification in solution.  191 

Table 6.4 Reactions for product identification in liposomes.  192 

Table 6.5 Reactions for trans-thioesterification studies in solution. 192 

Table 6.6 Reactions for trans-thioesterification studies in liposomes. 193 

   

Appendices  

Figure A.1 XRD patterns for [R-MNP] and [A-MNP]. 197 

Figure A.2 XRD patterns for [R-MNP-1/H
+
] and [A-MNP-1/H

+
]. 198 

Figure A.3 XRD patterns for [R-MNP-1] and [A-MNP-1]. 199 

Figure A.4 XRD patterns for [R-MNP-2] and [A-MNP-2]. 200 

Figure A.5 XRD patterns for [R-MNP-3] and [A-MNP-3]. 201 

Figure A.6 XRD patterns for [R-MNP-4] and [A-MNP-4]. 202 

Figure A.7 XRD patterns for [R-MNP-5] and [A-MNP-5]. 203 

Figure A.8 XRD patterns for [R-MNP-6] and [A-MNP-6]. 204 

Figure A.9 XRD patterns for [R-MNP-7] and [A-MNP-7]. 205 

Figure A.10 XPS patterns for [R-MNP] and [A-MNP]. 206 

Figure A.11 XPS patterns for [R-MNP-1/H
+
] and [A-MNP-1/H

+
]. 207 

Figure A.12 XPS patterns for [R-MNP-1] and [A-MNP-1]. 208 

Figure A.13 XPS patterns for [R-MNP-2] and [A-MNP-2]. 209 

Figure A.14 XPS patterns for [R-MNP-3] and [A-MNP-3]. 210 

Figure A.15 XPS patterns for [R-MNP-4] and [A-MNP-4]. 211 

Figure A.16 XPS patterns for [R-MNP-5] and [A-MNP-5]. 212 

Figure A.17 XPS patterns for [R-MNP-6] and [A-MNP-6]. 213 

Figure A.18 XPS patterns for [R-MNP-7] and [A-MNP-7]. 214 



 

10 
 

Figure A.19 FTIR spectrum for [R-MNP-1/H
+
] and [A-MNP-1/H

+
]. 215 

Figure A.20 FTIR spectrum for [R-MNP-2] and [A-MNP-2]. 215 

Figure A.21 FTIR spectrum for [R-MNP-3] and [A-MNP-3]. 216 

Figure A.22 FTIR spectrum for [R-MNP-4] and [A-MNP-4]. 216 

Figure A.23 FTIR spectrum for [R-MNP-5] and [A-MNP-5]. 217 

Figure A.24 FTIR spectrum for [R-MNP-7] and [A-MNP-7]. 217 

Figure A.25 DCS particle size profile of [R-MNP] and [A-MNP]. 218 

Figure A.26 DCS particle size profile of [R-MNP-2] and [A-MNP-2]. 218 

Figure A.27 DCS particle size profile of [R-MNP-3] and [A-MNP-3]. 219 

Figure A.28 DCS particle size profile of [R-MNP-6] and [A-MNP-6]. 219 

Figure A.29 DCS particle size profile of [R-MNP-6] and [A-MNP-7]. 220 

Figure A.30 ESI
+
-MS for product identification using lipid 48 in solution.   221 

Figure A.31 1
H-NMR for product identification using lipid 48 in solution.   222 

Figure A.32 ESI
+
-MS for product identification using lipid 38 in solution.   223 

Figure A.33 1
H-NMR (COSY) for product identification using lipid 38 in solution.   224 

Figure A.34 13
C-NMR for product identification using lipid 38 in solution.   225 

Figure A.35 1
H-NMR for product identification using lipid 38 in liposomes.   226 

Figure A.36 Hydrolysis of lipid 38 in solution. 227 

Figure A.37 Hydrolysis of lipid 38 in liposomes. 227 

Figure A.38 Kinetics for 1 % mol/mol lipid 38 in 800 nm LUVs (DPPC). 228 

Figure A.39 Kinetics for 2 % mol/mol lipid 38 in 800 nm LUVs (DPPC). 228 

Figure A.40 Kinetics for 5 % mol/mol lipid 38 in 800 nm LUVs (DPPC). 229 

Figure A.41 Kinetics for 1% mol/mol lipid 38 in 800 nm LUVs (DOPC). 229 

Figure A.42 Kinetics for 2 % mol/mol lipid 38 in 800 nm LUVs (DOPC). 230 

Figure A.43 Kinetics for 5 % mol/mol lipid 38 in 800 nm LUVs (DOPC). 230 

Figure A.44 Kinetics for 38-dopped liposomes with equimolar [CysOMe]. 231 

Figure A.45 Kinetics for lipid 38 in solution towards [MNP-2] or [MNP-3]. 231 

Figure A.46 Kinetics for lipid 38 in solution with linkers 41, 42 and 43. 232 

Figure A.47 Kinetics for 1 % mol/mol lipid 38 in DPPC with linker 41.  233 

Figure A.48 Kinetics for 2 % mol/mol lipid 38 in DPPC with linker 41.  234 

Figure A.49 Kinetics for 5 % mol/mol lipid 38 in DPPC with linker 41.  234 

Figure A.50 Kinetics for 1 % mol/mol lipid 38 in DOPC with linker 41.  235 

Figure A.51 Kinetics for 2 % mol/mol lipid 38 in DOPC with linker 41.  236 

Figure A.52 Kinetics for 5 % mol/mol lipid 38 in DOPC with linker 41.  236 

Figure A.53 Kinetics for 1 % mol/mol lipid 38 in DPPC with linker 42.  237 

Figure A.54 Kinetics for 1 % mol/mol lipid 38 in DOPC with linker 42.  237 

Figure A.55 Kinetics for 1 % mol/mol lipid 38 in DPPC with linker 43.  238 

Figure A.56 Kinetics for 1 % mol/mol lipid 38 in DOPC with linker 43.  238 

Figure A.57 Hydrolysis and kinetics of thioester 45 in buffered conditions. 239 

 



 

11 
 

Symbols and Abbreviations 

 

ɓME 2-mercaptoethanol 

5(6)-CF 5(6)-carboxyfluorescein 

AMF alternating magnetic field 

APTES (3-aminopropyl)triethoxysilane 

CysOMe L-Cysteine methyl ester 

Dbf 4-hydroxy-6-mercaptodibenzofuran template 

DCC N,Nô-dicyclohexylcarbodiimide 

DCS differential centrifugal sedimentation 

DCU N,Nǋ-dicyclohexylurea 

DI deionised water  

DIPEA N,N-diisopropylethylamine 

DLS dynamic light scattering 

DMAP 4-(dimethylamino)pyridine 

DMF N,N-dimethylformamide 

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocoline 

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocoline 

DOXO doxorubicin 

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocoline 

DTT dithiothreitol 

EDTA ethylenediaminetetraacetic acid 

FTIR fourier transform infrared spectroscopy 

GnÅHCl guanidine hydrochloride 

GPC gel-permeation chromatography 

HBTU O-(benzotriazol-1-yl)-N,N,Nô,Nô-tetramethyluronium hexafluorophosphate 

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 

HOBt 1-Hydroxybenzotriazole hydrate 

LCMS liquid chromatography mass spectrometry 

LMV large multilamellar vesicles 

LUV large unilamellar vesicles 

MBA 4-mercaptobenzoic acid 

MESNa sodium 2-mercaptoethanesulfonate 

MLV multilamellar vesicles 

MNP-V magnetic nanoparticle-vesicle  

MOPS 3-(N-morpholino)propanesulfonic acid 

MPA 3-Mercaptopropionic acid 

MPAA 4-mercaptophenylacetic acid 

MPMS (3-Mercaptopropyl)trimethoxysilane 

MRI magnetic resonance imaging 



 

12 
 

MS mass spectrometry 

NCL native chemical ligation 

NdFeB neodymium iron boron 

NHS N-hydroxysuccinimide   

NMR nuclear magnetic resonance spectroscopy 

Npys 5-nitro-2-pyridinesulfenyl 

NTB
2-

 2-nitro-5-thiobenzoate 

OD optical density 

PBS phosphate buffered saline 

PEG polyethylene glycol 

PFH perfluorohexane 

PIXE particle-induced x-ray emission 

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

PmST1 sialyltransferase from Pasteurella multocida  

PTX paclitaxel 

PyBOP (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate 

QCM-D quartz crystal microbalance with dissipation 

Rh-DHPE rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine 

SAR specific absorption rate 

SLB single lipid bilayer 

SUV small unilamellar vesicles 

TCEP tris(2-carboxyethyl)phosphine hydrochloride 

TEOS tetraethoxysilane 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

TIS triisopropylsilane 

Tm transition temperature 

TNBS 2,4,6-trinitrobenzenesulfonic acid 

XPS x-ray photoelectron spectroscopy 

XRD x-ray diffraction 

ɚmax maximum absorbance band 

 

 

 

 

 

 



 

13 
 

Acronyms used for magnetic nanoparticles 

 

IOMNP Iron oxide magnetic nanoparticles 

MNP magnetic nanoparticles  

 

Nanoparticle coating  Synthesised* Commercial** 

Unfunctionalised nanoparticles  [R-MNP] [A-MNP] 

APTES coating [R-MNP-1] [A-MNP-1] 

APTES coating  (obtained in acid catalysis conditions) [R-MNP-1]/H
+
 [A-MNP-1] /H

+
 

APTES-cysteine coating [R-MNP-2] [A-MNP-2] 

MPMS coating [R-MNP-3] [A-MNP-3] 

TEOS coating [R-MNP-4] [A-MNP-4] 

TEOS-APTES coating [R-MNP-5] [A-MNP-5] 

TEOS-APTES-cysteine coating [R-MNP-6] [A-MNP-6] 

TEOS-MPMS coating [R-MNP-7] [A-MNP-7] 

*In-house synthesised nanoparticles obtained by thermal co-precipitation route 

**Commercially available nanoparticles (Sigma-Aldrich) 
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The potential of magnetic nanoparticle-vesicle assemblies (MNP-V) as 

remote controlled drug delivery platforms capable of inducing cellular 

responses under magnetic stimuli has been previously demonstrated in the 

Webb group at the University of Manchester. To create these 

magnetoresponsive nanomaterials biotin-avidin and Cu-histidinyl multivalent 

recognition were employed. This thesis describes an exploration of the 

potential of thiol-thioester exchange reactions (leading to native chemical 

ligation, NCL) to create magnetoresponsive materials, which potentially have 

applications in biomedicine.  

Firstly, iron oxide magnetic nanoparticles have been synthesised using a 

thermal co-precipitation method followed by chemical modification with 

sulfhydryl motifs for use as smart biomaterials. Knowing that the behaviour 

and reactivity of nanoparticles is highly influenced by their physicochemical 

properties, a thourough characterisation of these particles has been 

obtained.  

Secondly, during this project, several thioester derivatives have been 

synthesised that can be incorporated into the membranes of 800 nm 

liposomes. Among these, the spectrophotometric properties of synthetic lipid 

38 allowed the investigation of trans-thioesterification rates with cysteinyl 

functionalities, both in solution and at the phospholipid membrane interface 

of liposomes. Product identification has been achieved using mass 

spectrometry and 1H-NMR spectroscopy.  

Finally, the conditions required to induce the release of a dye (e.g. 5(6)-CF) 

from MNP-V upon exposure to an AMF pulse have been established. 

Aurintricarboxylic acid (ATA), a general inhibitor of nucleases has been 

investigated as interesting payload due to its fluorescent and anti-viral 

properties.  
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1.1 Introduction    

Nanotechnology is a fast developing multidisciplinary area with tremendous potential in 

several fields, including the food and pharmaceutical industries, environmental and 

agricultural sciences, in electronics and information technology among others. In 

biomedicine for example, nanomaterials could help improve human health by delivering high 

concentrations of therapeutic molecules inside specific cells in the body, reducing the side 

effects of medicines and preventing the surrounding tissue to be damaged.  These materials 

can also find application in areas such as diagnostics, imaging, and tissue regeneration.
1
  

1.2 Nanotechnology for biomedical applications  

The engineering of nanomaterials for biomedical applications has increased exponentially in 

the last decade.
2
 Multiple challenges need to be addressed to develop safe and effective 

drug delivery platforms for in vivo application. For example, nanomaterials have to face 

several physiological barriers (e.g. endonucleases, macrophages, renal excretion, and poor 

cellular uptake) before they reach to their targets. Besides, nano-medicine approaches are 

required to comply with rigorous criteria in regards to their adsorption, distribution, 

metabolism, excretion and toxicity profiles.
3
 The intrinsic properties of these nanomaterials 

(e.g. shape, size, and coating) play an essential role in their pharmacokinetic behaviour. For 

instance, nanoparticles with high degree of polydispersity can lead to broad retention times.
4
 

The shape of nanoparticles has been reported to influence the internalisation into the cell, 

for example, PEGylated spherical gold nanoparticles can not only exhibit higher cellular 

uptake profiles, but remain in the blood for longer and accumulate in a higher extent, 

compared to their rod-shape counterparts.
5
 Surface modification of nanomaterials is another 

feature to be considered; particles of polystyrene grafted with primary amines are reported to 

have higher rates of macrophages uptake compared to those coated with sulfate, hydroxyl 

or carboxylic groups.
6
 This behaviour seems to be related with the electrical charge of the 

particle, for example, particles negatively charged or electrically neutral are reported to have 

larger times of circulation and lower rates of non-specific uptake compared to those 

positively charged.
7,5

 The success of any drug delivery platform relies on the rational design 

of the nanomaterial based on the requirements and needs of a medical problem. The 

development of polymeric micelles loaded with a wide variety of cytotoxic agents (currently 

in clinical trials) for the treatment of cancer is an example of these breakthroughs.
1
 Paclitaxel 

(PTX)-loaded nanoparticles (currently in Phase III of clinical trials) for example are expecting 

to proceed into application in patients with metastatic and recurrent breast cancer.
8
 Another 

example of proof-of concept to application in biomedicine is the development of 

subconjunctival injected liposomes (made of L-Ŭ-phosphatidylcholine) with the capability of 

long-term (3-5 month) release of latanoprost for glaucoma treatment.
9,10

 In a different 

approach, poly(ethylene glycol)-coated silica-gold nanoparticles have proven useful for the 

treatment of acne (Figure 1.1) using low frequency ultrasound and near-infrared light.
11
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Figure 1.1 Schematic representation of nanoparticle-based treatment of acne. The low-
frequency ultrasound stimuli delivers the silica core shell gold nanoparticles into sebaceous 
glands and near-infrared light induces thermolysis.

1,11
 

 

1.2.1 Nanomaterials for imaging and diagnostics purposes 

Nanotechnology can also find application in diagnostics and monitoring of small molecules.  

For example, dumbbell and core-shell magnetic nanoparticles have been developed for the 

detection of hydrogen peroxide (H2O2). This is an important reactive oxygen species actively 

involved in cell signalling and cell growth; its overproduction can potentially lead to 

neurodegeneration, aging, cancer and other diseases. The platinum-palladium-magnetite 

dumbbell-like nanoparticles (PtPd-Fe3O4) exhibit efficient catalytic activity for H2O2 reduction 

and are sensitive probes for real-time detection in cells at 5 nM levels.
12

 The core-shell gold-

manganese oxide nanoparticles (Au-MnO) are highly efficient probes for H2O2 detection (8 

nM) in cells and distinguish between non-tumour from tumorigenic cells.
13

   

Nano-based materials can also find application in medical imaging as contrast agents in 

positron emission tomography (PET). This technique is based on the detection of gamma 

rays when a radiotracer with short half-lives (e.g. 
18

F, 
13

N, 
11

C) is introduced in the body for 

the study of metabolic processes including the bio-distribution of drugs, the detection of 

bacterial infections. This is a valuable technique to evaluate organs or tissues for the 

purpose of detection and diagnosis of cancer, Alzheimerôs disease, Parkinsonôs disease, 

stroke, epilepsy and other medical conditions.
14

  

Among the wide variety of nanomaterials developed to date, only few have moved to human 

trials due to the lack of understanding of their biological fate and behaviour.
15

 For example, 

hybrid surface functionalised fluorescent core-shell silica nanoparticles (ñC dotsò) have been 

recently reported to successfully find application in PET for diagnostic purposes in patients 

with metastatic melanoma.
4
 These nanomaterials are derivatives of the Cy5 fluorescent dye 

1 entrapped within a silica shell to which poly(ethylene glycol) (PEG) radiolabelled small 

peptide (cyclic arginine-glycine-aspartic acid, cRGDY) 2 is attached (Figure 1.2).
16

  



Chapter 1                                                                                                   Introduction 
 

20 
 

The authors claimed these materials allowed real-time detection and imaging of lymphatic 

tumours in mouse models. Besides it was found that this material can be excreted through 

the kidneys in approximately one week.
17

  

 

Figure 1.2 Schematic representation of fluorescent dye nanoparticle with a silica shell 
grafted with radio labelled PEGylated tumour targeting peptides for PET diagnostic 
applications.

16
 

 

Other interesting approaches for biomedical imaging applications rely on the use of iron 

oxide magnetic nanoparticles (MNP). The basic principles of magnetic resonance imaging 

(MRI) and key parameters to consider for the design and development of multi-modal 

nanomaterials are summarised by Shin et al. in a tutorial review.
18

 Few examples of these 

materials combining PET and MRI capabilities can be highlighted. Serum albumin coated 

manganese-ferrite nanoparticles linked to a radiolabel via tyrosine residues (
124

I-SA-

MnFe2O4) for example have proven useful platforms to accurately identify and differentiate 

unambiguously both axillary and branchial sentinel lymph nodes in mice models.
19

 This is 

particularly interesting because it is well known that malignant tumours use the lymphatic 

system to spread to other parts of the body.
20

 Other approach used the amino groups on the 

surface of polyaspartic acid-grafted magnetite nanoparticles to attach a cyclic arginine-

glycine-aspartic peptide 3 through an hetero-bifunctional linker 4 and a macrocyclic 

1,4,7,10-tetraazocyclodecane-N,Nô,Nôô,Nôôô,-tetraacetic acid 5 for integrin recognition and 

radionuclide 
64

Cu labelling purposes respectively (Figure 1.3). The authors claimed that 

these nanoparticle conjugates specifically bound to integrin alpha(v)beta(3) allowing 

simultaneous PET-MRI detection of popliteal lymph nodes in vivo studies.
21
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Figure 1.3 Schematic representation magnetic nanoparticles for PET-MRI imaging detection 

applications.
21

 

 

 1.2.2 Nanomaterials as biomimetic and scaffolds for tissue engineering 

The design of nanostructured scaffolds is focussed on understanding both the cellular tissue 

complexity and mimicking its behaviour, which is essential for the development of 

nanotechnological approaches for regenerative medicine purposes (e.g. tissue repair,  

wound dressing).
1
 The electrospinning approach for example employs electric forces for the 

production of nanofibers from polymeric materials. These scaffolds can encapsulate, 

functionalised with bioactive molecules (e.g. proteins, enzymes, growth factors) or 

assembled in a wide variety of structures. These features make them attractive for 

biomedical applications including drug delivery, controlled release and guide the growth of 

tissue.
1
 These scaffolds could potentially find application in tissue repair including tendon, 

sciatic nerve, bond and cardiac muscle.
22

  These fibrous scaffolds have been reported to 

form highly porous meshes that resemble the extracellular matrix, which make them suitable 

for stem cell applications or promoting tissue organisation.
23
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For example, Xie et al. recently reported that neurites from the dorsal root ganglia of 

embryonic chickens can be aligned along the nanofibers and their growth can be directed in 

parallel or perpendicular direction to the fiber. The alligment depends on the density of the 

nanofibers, the protein deposited on them and on the substrate. Their findings offer 

interesting guidelines for the development of scaffolds for nerve injury repair.
24

 Other areas 

that can greatly benefit from this nanotechnological approach are the energy sector (e.g. 

solar cells), the environmental and biotechnology industry (e.g. sensors, water treatment) 

and also in security and defence (e.g. air filtration).
25

 

Another interesting approach is the development of an elastic and biocompatible 

hydrophobic light-activated adhesive patch for cardiovascular and surgical applications. 

Here, poly(glycerol sebacate acrylate) 6 was cross-linked via UV light in the presence of a 

photoinitiator (Figure 1.4). The resulting polymeric network 7 was applied to the surface of 

poly(glycerol sebacate urethane) patches. The authors claimed that patches coated with the 

polymeric scaffold were able to close the carotid artery defects in live male Wistar rats and 

Yorkshire pigs. They also reported that these devices were approximately 275 % stronger 

than fibrin sealant and retained their adhesive strength even in prolonged contact with 

blood.
26

  

 

Figure 1.4 Synthesis of light-activated adhesive polymeric network.
26

 Reaction conditions: 

(a) 0.2 % w/w photoinitiator (Ciba® Irgacure 2939), UV light 5s.  

 
 
1.2.3 Nanotechnology for HIV therapy 
 
Since the discovery of HIV, more than 20 approved antiretroviral drugs are available for its 

treatment.
27

  Therapeutic drugs have certeinly helped the patients to improve their quality of 

life and expand their life expectancy; however, the highly active antiretroviral therapy fails to 

completely eradicate the reservoirs of the virus.
28

 Scientists have looked into 

nanotechnological approaches to improve the existing therapies with particular emphasis on 

improvement the delivery of drugs and reducing side effects.
29
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Special emphasis has been placed on those made of nanoparticulates and surfactant 

compounds due to their low toxicity, biocompatibility and stability.
28,30

 Currently, there are 

seven liposome-based drug delivery platforms in the market approved by the U.S. Food and 

Drugs Administration.
31

  Some nanotechnological examples associated with HIV therapy 

(Table 1.1) have proven useful to improve the delivery of drugs to specific sites, reduce their 

toxicity and enhance their half-life and concentration.
29

    

Table1.1 Drug delivery vehicles for HIV therapy. 

Drug Dosage form Reservoir site Outcome 

Azidothymidine 
Polyhexylcyanocrylate 
nanoparticles 

Macrophages 
Enhanced drug delivery 
and reduced toxicity 

Saquinavir 
Polyhexylcyanocrylate 
nanoparticles 

Human monocytes 
/ Macrophages 

Improved drug delivery 

Azidothymidine 
Nanoparticles colloidal 
carrier 

Macrophage 
targeting 

Increased drug delivery 
and reduced toxicity 

Indinavir 
Lipid associated 
delivery system 

Lymph node 
mononuclear cells 

Half-life extended by 6-
fold 

Indinavir Immunoliposomes Viral reservoirs 
Novel therapeutic strategy 
for targeting the HIV 
reservoirs 

Dideoxy-
cytidine-5ô-
triphosphate 

Liposome 
Mononuclear 
phagocytic system 

Reduced proviral load in 
mononuclear phagocytic 
system 

2ô-3ô-
dideoxyinosine 

Liposome 
Reticuloendothelial 
system 

Enhanced drug 
accumulation 

Azidothymidine Liposome Monocytes 
Reduced haematopoietic 
toxicity and enhanced 
delivery 

Data contained in table are from reference 
32

 

 

The appropriate modification (e.g. chemically or biologically) of these carriers is crucial for 

specific targeting of carbohydrate receptors in the membrane of viral reservoirs.
33

 In terms of 

targeting, it is possible to identify three general strategies; (a) direct injection to the specific 

tissue where drugs are needed, (b) passive targeting which depends on physicochemical 

properties of drug transporters and (c) active targeting which means guiding the carrier to its 

target.
29

 These approaches have been exploited to integrate multiple functionalities (e.g. 

targeting, imaging, and therapeutic) into one single device to extend their potential and 

diversify their properties. 
34,35

  

 

1.3 Phospholipids in drug delivery   

Chemically speaking, phospholipids are amphiphilic molecules generally composed of one 

or two hydrophobic fatty acid tails linked to a hydrophilic head group via a glycerol 

backbone. Phosphatidylcholines (PC) are one of the most common polar head groups found 

in nature; other phosphorus-containing groups are indicated in Figure 1.5.
36
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Fatty acids and lysolipids are the natural products of hydrolysis of phospholipids. These 

single acyl chain lipids have a smaller cross-sectional area in their hydrophobic tails relative 

to their hydrophilic head groups. Phospholipids instead with two fatty acid tails have an 

approximately equivalent cross-sectional area in both the acyl chain and the head group as 

long as the hydrophobic tail is saturated; when double bonds are present in the lipid tails, 

their cross-sectional area increases relative to the head group.
31

 All these structural 

differences greatly influence and control the type of structure that can be formed when 

placed in aqueous media.  

 

Figure 1.5 Chemical structures of phospholipid with different polar head groups. 

 

Phosphatidylcholines 8 for example have the ability to self-assemble in spherical shape 

structures when placed in aqueous media. These structures have an aqueous core 

surrounded by concentric hydrophobic bilayers (Figure 1.6 (a)). Liposomes with a single 

phospholipid bilayer structure (unilamellar) can be classified by size: small unilamellar 

vesicles (SUVs) with sizes ranging between 25-100 nm, large unilamellar vesicles (LUVs) 

with sizes ranging between 100-1000 nm and giant unilamellar vesicles (GUVs) with sizes 

above 1 ɛm. Multilamellar vesicles (MLVs) contain several bilayer membranes in an onion-

type structure (Figure 1.6 (b)).
37,38
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Figure 1.6 Schematic representation of the (a) self-assembling of phospholipids into 

liposomes in aqueous media and (b) their classification on the basis of size.
37

   

 

Due to their weak immunogenicity and toxicity, liposomes have been extensively exploited 

as excipients in pharmacotherapy to encapsulate hydrophilic drugs inside the inner aqueous 

compartment and strongly hydrophobic drugs within the lipid bilayer (Figure 1.7).
29

  

 

Figure 1.7 Cartoon of a liposome as drug delivery system.
29

 

 

Modification of the chemical structure of phospholipids opens up endless possibilities for the 

design of liposomes and their behaviour depends on these modifications.
39

  Three main 

types of modification can be performed to phospholipids. First, specific ligands (e.g. 

antibodies) can be attached to the head group to improve the stability and targeting 

properties of liposomes. For example, the attachment of monoclonal antibodies herceptin 

and epratuzumab have been reported to enhanced tumour-cell killing activity of liposomes.
31

 

Second, certain enzymes can be used as triggering stimuli to disrupt the backbone of 

phospholipids and create defects in the membrane of liposomes allowing their cargo to 

escape. Third, changes in the length and degree of unsaturation of fatty acyl chains of 

phospholipids can regulate the packing properties of liposomes and change the way they 

react towards several triggering modalities (e.g. heat, light, pH).
31
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 In thermosensitive liposomes for example, hyperthermia increases the mobility of 

phospholipids causing the membrane to become highly permeable. This is due to the 

characteristic phase transition temperature (Tm) of phospholipids. Above this temperature, 

the lipids change (ómeltô) from ordered (gel state) to a more disordered (liquid phase) state 

with more freedom of movement (Figure 1.8). This change causes the formation of leaky 

pores (domains) from which encapsulated drugs are able to escape.
40

  

 

Figure 1.8 Schematic representation of a temperature-dependent drug release system 
associated with the phase transition of the phospholipid bilayers of liposomes below and 
above their transition temperature (Tm).

40
   

 
1.4 Stimuli-responsive drug-delivery platforms  

The release of payloads from nanocarriers can be achieved in response to in vivo stimuli 

(e.g. enzymes, pH) also known as passive release or in response to external stimuli. 

Remote triggering approaches (e.g. ultrasound, magnetic field, light) have been reported to 

have better control of the dose and improve the blood circulation of the drug over passive 

approaches.
2
 

To date, numerous nano-devices have demonstrated the potential to enhance the 

therapeutic efficacy of existing drugs and reduce their side effects.
41,42,4

 Their ability for on-

demand release in response to specific stimuli (e.g. pH, light, temperature, ultrasound and 

magnetic field) has been demonstrated.
40,11,43

 Some of these systems have been approved 

for clinical applications in tumour therapy.
44

 

 

1.4.1 Enzyme-responsive nanotechnological approaches 

Enzymes play key roles in cellular regulation, and high concentrations of these biomolecules 

are normally associated with certain diseases, therefore, they have been considered as 

potential targets for  the development of drug delivery systems.
45

  For example, liposomes 

made of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-

3-phospho-(1'-rac-glycerol) (sodium salt) (DSPG) in a 9:1 molar ratio and decorated with 

chitosan-grafted gold nanoparticles have proven useful for the treatment of H. pylori 
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infections related to chronic gastritis, peptic ulcers and gastric malignancy.
46

 These 

liposomes were sensitive to bacterium-secreted phospholipase A2 (PLA2) which allowed the 

release of doxycycline and ultimately inhibited the growth of the bacteria. Pathologies such 

as atherosclerosis, pancreatitis, sepsis and cancer are associated with high levels of PLA2, 

therefore, it has been suggested that this enzyme can potentially be useful as novel 

diagnostic and therapeutic agent.
47

 

 

1.4.2 pH-responsive nanotechnological approaches 

Tumour environments exhibit an increased interstitial fluid pressure due to the high density 

of cells and poor lymphatic clearance, which prevents nano-based drug delivery platforms to 

reach their targets, which in turn limits the diffusion of chemotherapeutic agents into the 

tumour tissue.
48,49

   

The microenvironments of tumoural cells have lower pH values  (~6.8, and in 

endo/lysosomes 5.0-5.5) compared to extracellular environments (pH ~7.4), therefore, pH 

sensitive nanocariers are now emerging as interesting platforms for cancer therapy 

purposes.
50

 For example, an interesting self-assemble of polymeric ligands and iron oxide 

nanoparticles have been recently developed for imaging and treatment of heterogeneous 

tumours (Figure 1.9).
51

 First, imidazole groups have been incorporated in polymeric ligand A 

14 providing the system with pH sensitivity features. Second, catechol groups have been 

incorporated in polymeric ligand B 15 as high-affinity anchors to iron oxide nanoparticles 

and 3-phenyl-1-propylamine functionalities provide hydrophobic features to promote the self-

assembly of this material. 

The authors claimed that in vitro studies using human colorectal carcinoma (HCT116) cells 

showed that cell death was induced and the system exhibited MRI imaging capabilities. The 

ability of the system to target small tumours and provide high resolution fluorescent images 

was confirmed by in vivo studies with mice.
51
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Figure 1.9 Schematic representation of tumour pH-sensitive self-assembly.
51

 

 

1.4.3 Magnetically-responsive approaches  

An abnormally high temperature of the body (local, regional or the whole body) known as 

hyperthermia has been employed as therapy to reduce and destroy cancerous cells and also 

to treat other diseases or infections (e.g. HIV, syphilis).
52

 Colloidal dispersions of iron oxide 

nanocrystals are excellent mediators for hyperthermia therapy. This is because MNP can 

dissipate energy in the form of heat when exposed to an alternating magnetic field (AMF). 

Heat dissipation can occur via four mechanisms. First, in Brownian relaxation process, 

particles rotate as a whole. Second, in Neel relaxation process, the individual magnetic 

moments of the particles re-align repetitively with the external magnetic field. Third, in 

hysteresis loss process, particles with multiple domains remain magnetised indefinitely. 

Fourth, in Eddy current loss process, the amount of energy converted into heat is dependent 

on the material resistivity.
52
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Erradicate every cancerous cell in a tumoural tissue using magnetically-responsive materials 

has proven challenging. The high tumour interstitial fluid pressure causes that these 

materials be mainly attached on the periphery of cancerous cells. This reduces the influx of 

their cargoes into the tumour interstitium leading to the reappearance of the disease.
42

  

Only in few cases, magnetically-responsive materials have been successfully applied for the 

reduction of tumoural cells growth. Su et al. for example, reported a reduction in tumour size 

within 8 days with a tumour growth inhibition rate of approximately 90 % with the aid of a 

lactoferrin-tagged iron oxide nanoparticle composite (Figure 1.10).
44

 

The carrier is constructed by a core of perfluorohexane (PFH) and PTX embedded in 

oleylamine-coated iron oxide magnetic nanoparticles (OA-MNP) and the tumour-targeted 

shell lactoferrin (Lf). The authors claimed that upon exposure the system to a magnetic field, 

the phase transition temperature of PFH (56 °C) allowed inducing a burst gas generation 

effect causing an increase in the local pressure disrupting the composite, allowing the PTX 

to penetrate into the tumour cells.  

 

Figure 1.10 Schematic representation of the lactoferrin-tagged iron oxide nanoparticle 
composite showing the release of paclitaxel (PTX) and perfluorohexane (PHF) payloads 
upon exposure to a magnetic field (MF) pulse.

44
 

 

The authors claimed that a suspension (0.1 mg mL
-1

 in PBS) of this composite have shown 

an excellent heat production within ~3 min upon exposure of a high-frequency field (50 kHz). 

The system has proven useful for the release of PTX with high efficiency after exposure to a 

short magnetic field (~5 min). Cell viability studies demonstrated that this composite 

exhibited low toxicity towards RG2 brain cancer cell lines after 24 h incubation. Further 

investigations corroborated that Lf receptors enhanced the internalisation of this material 

into the cell lines after 3 h incubation. In summary, the integrated controlled drug release, 

hyperthermia and imaging properties, make this nanomaterial of relevant interest for 

theranostic purposes.  
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In a similar approach, Fang et al. have designed a virus-mimetic nanocapsule (VN) for the 

on-demand (e.g. heat-triggering) release of multiple cargoes with the ability to sequentially 

infect neighbouring cancer cells (Figure 1.11). In this composite, lactoferrin-iron oxide core-

shell structure is decorated with folic acid (FA). While the Lf allows tracking of these 

composites, the FA is incorporated for targeting purposes. Two anti-cancer drugs (e.g. 

doxorubicin, DOXO and PTX) are encapsulated inside the composite for synergistic effects. 

The authors have claimed successfully supress subcutaneous tumour growth in mice 

bearing HeLa tumour cells.
42

 These VNs composites showed a stronger targeting behaviour 

towards HeLa tumour-bearing mice compared to similar conjugates without FA. These 

findings suggested that the attachment of VNs to tumour cells and the internalisation of the 

composites proceeded via the folate receptor mechanism. The folate receptor has been 

reported in the literature to be overexpress in several tumour cell lines including ovarian, 

kidney, lung, colon and prostate but not in normal cells.
42

 

 

Figure 1.11 Schematic representation of the mode of action of a magnetically-responsive 
virus-mimetic nanocapsule (VNs) composite. 

42
 

 

An increase in the release rate of PTX and DOXO was observed upon exposure to an 

external magnetic field (50 kHz) at 8 and 16 kA m
-1

. Some differences were observed in the 

profile release of both payloads, which were attributed to compartmentalisation factors, 

supporting the hypothesis that local heat energy produced in the shell diffuses throughout 

the surroundings. Further investigations revealed that these composites display an on/off-

switching behaviour leading to a regulated release of payloads attributed to reversible 

swelling and shrinking of the composites.  
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These DOXO/PTX-loaded VNs have proven to be localised within endosomes in infected 

HeLa cells. Upon exposure to a MF treatment, these composites not only have shown to 

have the potential of killing the cancerous cells caused by the release of their payloads, but 

also, for having shown their ability  to escape from the dead cells and ultimately re-infect the 

neighbouring uninfected ones.   

Magnetoliposomes are interesting materials that employ MNP to induce structural changes 

of liposomes when an AMF pulse is applied; the result of these changes is the release of 

payloads from liposomes. These materials can find application in hyperthermia, active drug 

targeting and MRI.
53,54,30,55,56,57

 MNP can be incorporated either inside the lumen, within the 

lipid membrane or attached to the surface of liposomes.
58

 The importance of nanoparticle 

localisation in the liposome structure has been recently highlighted by Amstad et al. 

suggesting that MNP within the proximity of the phospholipid membrane cause a more 

effective release of the payload.
54

 The authors used palmitoyl-nitroDOPA stabilised iron 

oxide magnetic nanoparticles 16 hosted within the membrane of liposomes to trigger the 

release of a dye upon exposure to an AMF pulse (Figure 1.12). The authors claimed that Ó 

10 % wt of MNP (~5 nm) incorporated within the membrane of DSPC calcein-loaded (0.5 mg 

mL
-1

) liposomes triggered the release of the dye when exposed to an AMF (230 kHz) pulse 

for 25 min. According to their observations, the integrity of the membrane (Tm= 55 °C) was 

retained, which controlled the release profile and prevented local overdose.
54

   

 

Figure 1.12 Schematic representation of iron oxide nanoparticles embedded in the 
membrane of DSPC liposomes causing the release of calcein upon response to an external 

magnetic field.
54
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Chemical modification of the surface of liposomes and MNP has been successfully applied 

as a multivalent strategy to create magnetic nanoparticles-vesicles assemblies (MNP-V) as 

drug delivery platforms. These materials were obtained via histidine-copper (imidioacetate) 

or biotin-avidin interactions (Figure 1.13).
30,55

 The authors employed imidoacetate-capped 

liposomes 17 and histidine-dopamine coated MNP 18 or biotin-capped liposomes 19 and 

biotin-dopamine coated MNP 20 respectively.   

 

Figure 1.13 Cartoon representing adhesive interactions (a) histidine-copper-iminodiacetate 
and (b) biotin-avidin involved in the production of MNP-V.

59
   

 

These materials have proven useful as drug delivery platforms providing spatial and 

temporal control over drug release
60,43

 and induce cellular response after the release of 

biomolecules of relevant interest (e.g. trypsin, cytochrome c) (Figure 1.14).
57,56

 

 

 

Figure 1.14 Cartoon representing cellular response induced by chemical messengers 
released from MNP-V upon exposure of an AMF pulse.

57,56
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1.5 Magnetic Nanoparticles   

Metal oxide nanoparticles have been extensively investigated by the scientific community 

due to their interesting features (e.g. high surface area, biocompatibility, magnetic properties 

and catalytic activity). Titania (TiO2), zirconia (ZrO2), ceria (CeO2) and magnetite (Fe3O4) are 

the most popular metal oxide nanoparticles with potential application in medicine.
61

 

Iron oxide nanoparticles are particularly interesting for several reasons. First, iron with 

oxidation states ranging from -2 to +4 can be found in 16 naturally occurring compounds 

(Figure 1.15).
62

 Second  iron being the fourth most common element in the earthôs crust can 

participate in essential biological processes and be biologically more tolerated and less toxic 

than other metal oxides.
63

 

 

Figure 1.15 Iron oxide compounds found in nature.
62

 

 

Third, magnetite (Fe3O4), hematite (Ŭ-Fe2O3) and maghemite (һ-Fe2O3) are the most 

commonly investigated iron oxides due to their magnetic properties. These particles have 

proven promising value as therapeutic agents for the treatment of oncological, 

cardiovascular and neurological disorders.
60

 They can be employed in magnetic fluid 

hyperthermia, as drug delivery platfomrs, as contrast agents in MRI, in diagnostics, cell 

labelling or as biosensors among others.
64,63
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1.5.1 The crystal unit of different iron oxide nanoparticles  

In each case, the iron cations are surrounded by oxygen anions, but they sit in different 

coordination geometries (e.g. octahedral, tetrahedral). For hematite, the oxygen is arranged 

in hexagonal sites and all the Fe(III) ions occupy octahedral sites. In magnetite, Fe(III) ions 

are randomly distributed between octahedral and tetrahedral geometries while Fe(II) ions 

are arranged in octahedral planes, whereas in maghemite, the Fe(III) ions are regularly 

distributed in two-thirds of the planes.
65

  

 
 

Figure 1.16 Representation of 1/4 unit cell of inverse spinel structure of magnetite unit cell 
of Fe3O4 = Fe

3+
 [Fe

3+
Fe

2+
]O4 with tetrahedral (A-site) and octahedral (B-site) positions.

65
 

 

1.5.2 Magnetic behaviour of iron oxide  

The magnetic behaviour (Figure 1.17) of iron oxide arise from the oxidation state and on the 

spin state of the iron ions, which behave as individual magnetic moments and are 

susceptible to an external magnetic field. In ferromagnetic materials, a strong overall 

magnetic moment is created when all the individual magnetic moments are aligned in 

parallel. In the antiferromagnetic state, the alignment is in an antiparallel fashion leading to a 

net zero magnetic moment. Ferrimagnetic materials exhibit similar antiparallel arrangement 

but with opposite magnitude, leading to some overall magnetization. In the paramagnetic 

state, all the atomic moments are randomly arranged and the crystal exhibits no net 

magnetization. When exposed to an external magnetic field, the individual magnetic 

moments will align causing net magnetisation; if the external field is removed the net 

magnetisation disappears.   

 

Figure 1.17 Cartoon representing the alignment of individual atomic magnetic moments in 

different materials.
65
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Ferromagnetic materials exhibit different magnetic properties in bulk compared to small 

(nanometer scale) size particles due to the presence of domains in the material. The 

magnetisation M value of the material increases with the strength H of an external magnetic 

field until reaching a saturation value Ms. If the field is removed, some remnant 

magnetisation Mr can be observed in the material because not all individual magnetic 

moments return to their original state. To remove this remnant magnetisation a magnetic 

field in opposite direction needs to be applied; this point, known as coercive field Hc, is the 

point in which all the magnetic moments have been forced to return to their original state.
65

  

                        

Figure 1.18 Cartoon representing the (a) magnetic multi-domain state and the (b) magnetic 

hysteresis loop of ferromagnetic materials.
65

 

 

When a ferromagnetic material becomes smaller than a critical size (dc), the grain 

boundaries disappear and the material becomes one single domain that exhibits 

superparamagnetic properties at room temperature. If the material is exposed to an external 

magnetic field, the magnetic moment of the single domain will align with the external field but 

once the magnetic field is removed, no remnant magnetisation is left in the material. This 

behaviour is required in materials specially intended for biomedical applications, to avoid 

embolization of the capillary vessels.
66

 Magnetite, maghemite and hematite have been 

considered as the three main iron oxides with superparamagnetic properties,
67

 which is 

believed to happen when the dc of these nanocrystals is below 20 nm.
68

 This magnetic 

property not only depends on particle size but also on crystal morphology, degree of 

crystallinity, defects in crystalline structure, temperature, coercivity and surface coating 

among other factors.
65,52

 

 

1.6 Synthesis of iron oxide magnetic nanoparticles  

Generally speaking, iron oxide nanoparticles can be manufactured using Top-Down and 

Bottom-up approaches. The former refers to physical methods such as mechanical gridding 

processes for the reduction of particle size. The latter refers to chemical methods such as 

co-precipitation, micro emulsion, hydrothermal synthesis, sol-gel, electrochemical synthesis, 

sonochemical synthesis, polyol methods and thermal decomposition for the sysnthesis of the 

desired material.  
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Physical techniques and biomineralization processes exhibit certain disadvantages over 

water-based chemical processes in regards to particle size, particle shape, degree of 

crystallinity and purity.
69

 Chemically speaking iron oxide nanoparticles can be produced by 

hydrolytic and non-hydrolytic routes. The former refers to the hydrolysis of iron ions in 

solution (e.g. co-precipitation, microemulsion, sonochemical, electrochemical). The latter 

refers to sol-gel processes generally performed in nonaqueous systems (e.g. high-

temperature decomposition of iron-organic precursos, polyol and spray pyrolysis).
70

 Despite 

the methodology used, three key stages (e.g. saturation, nucleation and growth) can be 

identified in the production of monodispersed nanoparticles.
71

 The physicochemical 

behaviour of nanoparticles can be highgly affected by particle size, shape, particle size 

distribution, degree of crystallinity, phase purity and morphology.
62

 Besides, oxidation and 

clustering of particles can affect also their properties.
72

  

1.6.1 Hydrolytic methods 

 

a) Co-precipitation route  

Considered the simplest and the most popular method for the synthesis of MNP.
70

 The 

process involves the precipitation of Fe(II) and Fe(III) salts using a strong base (e.g. NaOH, 

KOH or NH4OH, CH3NH2) according to Scheme 1.1.  

 

Scheme 1.1 Synthesis of magnetite nanoparticles by co-precipitation route 

The synthesis of a particular type of iron oxide nanoparticle (e.g. magnetite, maghemite, 

hematite, etc.) with desired physicochemical properties is dependent on but not limited to  

the type of salt used, the Fe(II)/Fe(III)
 
ratio, the additives included in the reaction, the 

temperature, the pH, the ionic strength of reaction mixture, the stirring rate, the presence of 

oxidizing atmosphere, the type of base among other.
73

  

This technique can be especially useful for the synthesis of large amount of nanoparticles or 

for the production of aqueous dispersions of nanoparticles without further modification.
74

 

However, particles obtained can be highly unstable in aqueous media and highly 

polydisperse with poor crystallinity degree.
63,75

 Variations to this technique have recently 

emerge fo the facile production of monodisperse nanoparticles. For example, Fe3O4 

nanoparticles with an average particle size below 6 nm have been produced using a forced 

mixing procedure that allowed controlling the pH of reaction and the nucleation of the 

particles. The authors claimed that when the ratio of Fe(II)/Fe(III) is above 0.5 the particle 

size of produced nanoparticles increases.
76

 



Chapter 1                                                                                                   Introduction 
 

37 
 

In a different approach, Sun et al., reported the production of Fe3O4 nanoparticles (Figure 

1.19) from single iron precursor (e.g. FeCl3) using a hydrothermal reduction route.
77

  

Sucrose acts as precursor of glucose (reducing agent) and gluconic acid (coating agent); 

both are believed to prevent particle agglomeration. Particle size can be easily controlled 

from 4-16 nm by changing the concentration of sucrose in the reaction mixture.
77

 

 

Figure 1.19 Synthesis of glucose-coated Fe3O4 nanoparticles.
77

 

 

Other interesting approach is the reported environmentally friendly (solvent-free) synthesis 

of magnetite nanoparticles.
78

 In this approach, a mixture of dry iron chloride salts and an 

oleic acid-oleylamine adduct was thoroughly ground mixed in the presence of ground NaOH 

powder with a mortar in a glove box filled with nitrogen flow. The authors claimed that this 

inexpensive procedure lead to the production of highly crystalline monodispersed 

nanoparticles with an average particle size of 8 nm determined by transmission electron 

microscopy (TEM).
78

 The electrochemical synthesis of iron oxide nanoparticles has also 

been reported as alternative approach to conventional co-precipitation route.
70

 In this 

approach a sacrificial iron anode and an iron catode were placed in an aqueous solution of 

0.04M Me4NCl and the potential was varied between 1 and 15V and current density between 

10 and 200mAcm
ī2

; the authors obtained (~20-30 nm) magnetite nanoparticles.
79

   

b) Hydrothermal synthesis 

In this approach chemical precursors (e.g. K3[Fe(CN)6], FeC2O4) of iron oxide nanoparticles 

are treated under high conditions of temperature (130-250 ºC) and pressure (0.3-4 MPa). 

Certain surfactants (e.g. bis(2-ethylhexyl)sulfosuccinate, cetyltrimethylammonium bromide, 

sodium dodecylsulfonate, hexadecyipyridinium chloride) can also be incorporated in the 

reaction mixture to improve colloidal stability of produced nanoparticles.
75
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This technique can be combined with others such as co-precipitation route to obtain highly 

crystalline particles with an elevated degree of purity with tunable magnetic properties.
80,81,77 

Expensive autoclaves are normally needed for the synthesis, which in some cases can be 

seen as a disadvantage. However it has been used effectively for the synthesis and grow of 

crystals with commercial value such as quartz, rubies and emeralds among others.
62

  

c) Microemulsion 

A micro emulsion is defined as a thermodynamically stable mixture of water and oil in the 

presence of surfactants. The stability of this system has been exploited as an extended 

approach of the co-precipitation route. This system allows to have better control in which 

chemical precursors can lead to the formation of nanoparticles.
82

 Certain discussion in 

regards the advantages and disadvantages of this methodology can be found in the 

literature. Anamaria et al. (2012, pp. 152) claim that this technique is difficult to control,
83

 and 

further purification steps are required to provide the particles with the appropriate stabilising 

agents.
84

 Other authors on the contrary, suggest that shape and particle size can be easily 

controlled by varying the reaction conditions.
70

 Despite these disagreements, this 

methodology has been recently reported as reproducible approach for the production of 

magnetite nanoparticles with uniform size distribution (e.g. 3, 6 and 9 nm) and high 

crystalline purity in high yield (not reported).
85

   

 d) Sonochemical synthesis 

This approach is considered an emerging tool for the production of novel nanomaterials.
86

 

Few examples of magnetite nanoparticles synthesis are summarised in Table 1.2. The 

principle behind sonochemistry is the formation of very small bubbles that gradually grow 

and collapse generating a localized increase in temperature within the liquid phase. The 

extreme conditions (5000 K, 20MPa, cooling rates 10
10

 K s
-1

) generated during the ultrasonic 

assisted synthesis have been exploited to inhibit agglomeration and also to improve the size 

distribution and morphology of nanoparticles.
86

 Although sonochemical methodologies can 

reduce the time of reaction, the control of particle size yet remains challenging.
75,70

  

Table 1.2 Examples of magnetite nanoparticles synthesised by sonochemistry.  

Outline Reference 

Synthesis of monodisperse magnetite based on promoting magnetite 
crystallization by sonochemistry starting from  Fe(CO)5 decomposition 

87
 

Formation of magnetite was accelerated and monodispersibility was improved 
by ultrasonic irradiation 

88
 

Homogeneous Fe3O4 with a mean diameter of 15 nm and superparamagnetic 
behaviour 

84
 

Regular distribution of cys-capped magnetite for MRI attributed by ultrasonic 
irradiation 

89
 

Characterisation of a stable ferrofluid  synthesised by ultrasonic synthesis with 
mean size of 21.9 nm 

90
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 e)  Sol-Gel 

In this technique a continuous solid network (gel) surrounding a continuous liquid phase is 

formed. The sol-gel process relies in the transformation of alkoxides and metallic salts (sol) 

through a set of reactions such as hydrolysis or condensation.
91

 The final crystalline state is 

normally obtained by further thermic treatment.
74

 The sol-gel technique has been extensively 

employed for coating oxide nanoparticles,
92

 preventing their aggregation,
75

 improving their 

chemical and physical stability.
72

 It has also been used to produce macroporous materials 

for applications in chromatography, catalysis or for tissue engineering.
93

  

 

1.6.2 Non-hydrolytic methods 

a) Polyol method 

In this approach polyols are used to dissolve inorganic compounds to produce well-defined 

nanoparticles when heated at the boiling point of the polyol. During the process the 

intermediate generated is reduced by the solvent leading to the formation of metal nuclei 

which in turn will lead to the desired nanoparticles. Hydrophilic nanoparticles with narrow 

size distribution, high crystallinity and magnetization can be obtained using this method.
94

  

b) Aerosol-vapour technology 

Flame spray or laser pyrolysis also known as aerosol technologies are employed for the 

production of iron oxide nanoparticles (e.g. magnetite, maghemite or wustite). In the flame 

spray method, a mixture of inorganic iron salts and reducing agents are sprayed into a 

reactor at high temperature. While in the laser pyrolysis approach, a mixture of gases and 

iron precursors is heated by a laser. Produced nanoparticles exhibit a wide range of particle 

size distribution as the size of initial droplets is difficult to control.
63

 Both are considered 

promising approaches for high rate production.
74

   

c) Thermal decomposition 

Hot organic solvents are used to decompose iron precursors to obtain monodispersed 

nanoparticles with high degree of crystallinity and narrow size distribution. Fe(II) oleate, iron 

cupferron (Fe(Cup)3), iron acetylacetonate (Fe(acac)3) and iron pentacarbonyl (Fe(CO)5) are 

some of the precursors employed in this technique.
81

  

This technique has been employed in an innovative seed mediated growing process for the 

production of monodisperse MNP with sizes up to 20 nm. The procedure consisted in 

refluxing MNP (previously prepared by thermal decomposition route) with specific particle 

size in a mixture of Fe(acac)3, 1,2-hexadecanediol, oleic acid and oleylamine in diphenyl 

ether to promote the formation of particles with specific particle size.
95

  Particles obtained 

were difficult to disperse in aqueous media as they were coated with oleic acid. This 

represents a big issue for biomedical application.  
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In order to produce water-soluble MNP, Qiao et al., performed the thermal decomposition of 

Fe(acac)3 in 2-pyrrolidone to produce particles with ~11 nm diameter.
70

 The authors claimed 

that these particles could be dispersed in acid or alkaline aqueous media but not at neutral 

pH. In order to solve this issue, the synthesis was performed in the presence of 

monocarboxyl-terminated poly(ethylene glycol) or  N-vinyl-2-pyrrolidine. These modifications 

produced monodispersed nanoparticles with high colloidal stability in water, phosphate 

buffered saline solution and in different organic solvents.
70

 

In a similar approach, water-soluble magnetite nanoparticles (4, 12 and 60 nm average size) 

have been produced by thermal decomposition of hydrated ferric salts in 2-pyrrolidone.
96

 

The proposed mechanism for the synthesis of these nanoparticles (Figure 1.20) suggests 

that 2-pyrrolidone decomposed to azetidine at high temperature. Hydrolysis of FeCl3 is then 

catalysed by azetidine to afford ferric oxide hydroxide (FeOOH), which ultimately undergoes 

a dehydration process to afford magnetite nanoparticles. The shape and particle size can be 

tunned by increasing the time of reflux. For example, spherical particles can be obtained at 

early stages of the synthesis, whereas cubic shape particles can be obtained after 24 h 

reaction.
96

 

 

Figure 1.20 Synthesis of Fe3O4 nanoparticles by  thermal-decomposition route.
96

  

 

In a different approach, the thermal decomposition of a metal-oleate complex (generated 

from iron chlorides and sodium oleate) has been developed to avoid toxic and expensive 

organometallic iron precursors. The authors claimed that large amount of monodisperse 

nanocrystals can be produced with this inexpensive and eco-friendly methodology.
97

 

Particle size has been systematically studied as critical parameter to understand its role in 

the heating rate of MNP obtained by thermal decomposition.
98

 Few years later, the same 

author (Guardia et al., 2012) studied the thermal efficiency of nano cubes obtained by 

thermal decomposition of Fe(acac)3 in the presence of dibenzyl ether.
68

 Despite the large 

amount of reports in the literature, a suitable process for the production in large scale of 

MNP with specific characteristics for application in medicine yet remains challenging. A 

summary of the most commonly used synthetic methodologies is presented in Table 1.3. 
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 Table 1.3 Synthetic methodologies commonly employ for the production of MNP. 

Method Co-precipitation 
Aerosol-
vapour 

Thermal 
decomposition 

Reduction 

Reaction 
condition 

room 
temperature 

vacuum-
controlled 
atmosphere 

Inert atmosphere 
Inert 
atmosphere 

Temp of 
reaction ºC 

29-90 Ó500 100-320 100-320 

Time of 
reaction 

min min or hrs hrs hrs 

Solvent water Organic Organic Organic 
Surface-
capping 
compound 

added during 
and after 
reaction 

Added after 
reaction 

Added during 
reaction 

Added during 
reaction 

Size 
homogeneity 

Moderate Broad Very narrow narrow 

Shape 
homogeneity 

Bad Moderate Very good Very good 

Yield 
Very high / 
scalable 

High / scalable 
Very high / 
scalable 

High / 
scalable 

Data contained in table obtained from reference
63

 

 

1.7 Surface modifications of iron oxide magnetic nanoparticles 

Iron oxide nanoparticles have been described as biocompatible and biologically tolerated 

materials. Bare nanoparticles in biological environments however can lead to the formation 

of reactive oxygen species (ROS), which increases the potencial of cytotoxicity.
63

  

Iron oxide magnetic nanoparticles intended for biomedical applications must comply with 

certain requirements. First, the particle size should be within 2 nm-100 ɛm to avoid 

disrupting normal functions and be able to reach their targets.
43

  

Second, these materials need to be highly susceptible to external magnetic fields so they 

can be directed towards specific sites of the body; Once the external field is removed is 

highly important these particles exhibit neglegctable residual magnetisation to prevent 

embolisation of capillary vessels.
43

  

Third, providing the particles with a protective shell can increase their biocompatibility. 

Nanoparticle functionalisation can also prevents particles from aggregation by reducing their 

surface energies, improves the colloidal stability in aqueous media, prevents particle from 

oxidation and provides a reactive surface to which further chemical modification can be 

performed.  

The colloidal stability of bare MNP in aqueous media is highly dependent of the pH of the 

environment. For instance, in acidic and basic environments, the surface of particles are 

positively and negatively charged respectively, whereas in environments with neutral pH 

particles remain electrically neutral (Figure 1.21).
83
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Figure 1.21  Iron oxide nanoparticles surface charge.
83

 

In aqueous media, the surface of bare nanoparticles coordinates with water or hydroxyl 

groups. This feature can be exploited to provide nanoparticles with coatings to enhance their 

behaviour and colloidal stability. Nitrogen and sulphur atoms, amines, carboxylic acids, 

polysiloxanes, and sugars are some of the most commonly chemical binding functionalities 

(Figure 1.22) employed in nanoparticle functionalisation. 
81,83

    

 

Figure 1.22 Commonly chemical binding functionalities employed in iron oxide nanoparticle 

functionalisation. 

 

The agglomeration of particles is the result of Van der Waals and magnetic dipole-dipole 

interactions.
99

 However, electrostatic and steric repulsion forces can be employed to 

produce suspensions of MNP with high colloidal stability. For instance, molecules with 

functional groups binding to the surface of nanoparticles by hydrogen or covalent bonds 

(Figure 1.23) can provide the particles with a protective shell that prevent agglomeration.
83

  

 
 

 
Figure 1.23 Schematic representation of hydrogen and covalent bond interactions between 
the core of MNP and the chemical functionalities attached to their surface.

83
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Some examples these include organic polymers (e.g. dextran, chitosan, polyethylene glycol 

(PEG), polysorbate, polyaniline), metals (e.g. gold), materials (e.g. silica), organic 

surfactants (e.g. sodium oleate, dodecylamine) or bioactive molecules (e.g. peptides).
43

 

Many of these coatings can be incorporated within amphiphilic macromolecules or by ligand 

exchange. The ligand exchange is easy to perform but a high concentration of incoming 

ligand is required to displace the existing coating, besides, the stability of the resulting 

colloids can be easily disrupted due to irreversible desorption processes or due to partial 

coverage of the surface of nanoparticle.
63

 

 

 

1.7.1 Inorganic materials 

a) Silica 

Silica coated nanoparticles can be produced using three different approaches. The first 

approach is the Stöber method in which an alkoxy silicate is hydrolysed in alcoholic solutions 

under acid or basic catalysis conditions followed by polymeric condensation on the surface 

of nanoparticles (Figure 1.24 (a)).
100,101,102

 Tetraethoxysilane (TEOS), tetramethoxysilane 

(TMOS), N-(aminoethyl)-3-aminopropyl-triethoxysilane (AATES), (3-

mercaptopropyl)trimethoxysilane (MPMS), (3-mercaptopropyl)methyldimethoxysilane 

(MPDMS), 3-aminopropyltriethoxysilane (APTES), are some of the most popular molecular 

precursors of silica (Figure 1.24 (b)).  

The second approach involves the deposition of silica using silicic acid solutions (obtained 

by hydrolysis of sodium silicate).
74

 The third approach uses reverse micelle microemulsion 

environments to produce in-situ silica coatings during the synthesis of MNP (Figure 1.25).
63

 

The procedure involves the addition of a suspension of microemulsions (prepared with Triton 

X-100) containing NH4OH to a suspension of microemulsions containing FeSO4, FeCl3 and 

TMOS under ultrasonic treatment.  
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Figure 1.24 (a) Schematic representation of a simplified silanization process for the 
production of silica coated iron oxide magnetic nanoparticles. R corresponds to alkyl groups 
and Rô corresponds to alkyl groups containing other functional groups. (b) Chemical 
structures of commercially available molecular precursors for silica.

100,101
 

 

 

 

Figure 1.25 Schematic representation of reverse micelle microemulsion approach for the 

production of silica coated iron oxide nanoparticles.
103
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b) Tantalum oxide (Ta2O5) 

Tantalum oxide is an inert metal oxide employed as X-ray contrast agent with biocompatible 

properties.
104

 This material has been used to develop a core-shell Fe3O4@Ta2O5 

nanomaterial for application in simultaneous computed tomography and MRI.
105

 Generally 

speaking, the coating procedure consisted in a sol-gel reaction in microemulsion 

environments. The synthetic route involved the addition of tantalum (V) ethoxide into a 

mixture of inverse micelles containing oleic acid-stabilised MNP (~ 8 nm). The core-shell 

material was then further modified with rhodamine-B isothiocyanate-functionalised silane 

and poly(ethylene glycol) silane. The produced material showed imaging capabilities with 

high colloidal stability and biocompatibility; these properties allowed visualisation of newly 

formed blood vesels in tumour environments in rats.
105

   

c) Gold 

The inclusion of gold as a protective coating on MNP has been considered as promising 

approach to improve paticle colloidal stability, biocompatibility and also to provide new 

functionalities. For example, cancer targeting agents have been attached to magnetite 

nanoparticles embedded in silica shell and coated with gold to develop a multifunctional 

nanomaterial for application in MRI. The material has proven useful in targeting and 

destroying cancer cells (SKBR3 cells) upon exposure to a short near infrared laser pulse.
106

   

 

 

Figure 1.26  Schematic representation of the synthetic route for the production of core-shell 
magnetite-gold nanoparticles for application as contrast agents.

107
 Reaction conditions: (a) 

HAuCl4, NH2OH. 
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In a different approach (Figure 1.26) MNP stabilised with oleic acid in chloroform were 

mixed with a phospholipid-polyethylene glycol terminated carboxylic acid derivative 21. Upon 

removal of the solvent the resulting particles became water soluble. Poly-L-histidine 22 

motifs were added to the hydrophilic material to provide anchors for gold shell growing. The 

incorporation of the gold shell was achieved by incubating a water suspension of produced 

nanoparticles with Gold(III) chloride trihydrate (HAuCl4Å3H2O) in the presence of 

hydroxylamine hydrochloride (NH2OHÅHCl). The resulting material exhibited well defined 

structural features (e.g. size, shell thickness) and physical properties (e.g. electronic, 

magnetic, optical, acoustic and thermal responses), that can be exploited for multimodal 

imaging, molecular diagnosis and hyperthermia-based treatment.
107

 

 

1.7.2 Organic molecules 

There are two main approaches to achieve nanoparticle functionalisation using organic 

materials: the ligand exchange and the assembly method. In the ligand exchange the 

existing hydrophobic coating on the surface of magnetic nanoparticles is replaced with a 

different material that can provide hydrophilic features. In the assembly method, the aim is to 

confine the nanoparticles within or inside amphiphilic macromolecules or liposomes.  

However, the former approach requires large amount of incoming ligands to fully displace 

the existing coating from the surface of nanoparticles, whereas in the latter approach an 

increase in the hydrodynamic size is observed in the resulting material.  

Even ligand exchange approach is easier to perform; the colloidal stability of the resulting 

particles can be compromised especially when monomeric ligands are used. Additionally, it 

is believed that endogenous biological species bearing amino and carboxylic acid functional 

groups can eventually compete with the existing ligand on the surface of nanoparticles. 

These issues can be solved when using bidentate or multidentate anchoring groups.
63

 

Highly hydrophilic iron oxide magnetic nanoparticles (~12 nm) for MRI and intracellular 

labelling purposes have been produced by replacing their hydrophobic coating (e.g. lauric 

acid) with (3-carboxypropyl)trimethylammonium chloride 23 or (2-carboxyethyl) phosphonate 

24 (Figure 1.27). These zwiterionic ligands contain carboxylic acid binding functionalities 

directly attached to the surface of MNP.
108
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Figure 1.27  Schematic representation of hydrophilic monomeric ligands  with carboxylic 
acid binding groups attached to the surface of iron oxide magnetic nanoparticles obtained by 
ligand exchange.

108
 

 

Dopamine (with catechol binding group directly attached to the surface of nanoparticles) has 

been employed to immobilise functional molecules on the surface of MNP for separation of 

histidine-tagged proteins (Figure 1.28).
109

 The approach involved the incubation of MNP 

with the nitroacetic acid derivative ligand 25 in a mixture of hexane-water under sonication 

conditions; the addition of NiCl2 resulted in highly water-soluble magnetic nanoparticles 26.  

 

Figure 1.28  Schematic representation of iron oxide magnetic nanoparticles coated  with 
dopamine-nitroacetic acid derivative for protein separation purposes.

109
 Reaction conditions: 

(a) Hexane-water, sonication 20 min, NiCl2. 
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In a similar approach (Figure 1.29), a water-soluble dopamine-Sulfonate ligand 27 was 

employed in a ligand exchange process to displace oleic acid.
110

    

 

Figure 1.29 Zwitterion dopamine-sulfonate coated iron oxide nanoparticles.
110

 

 

Other binding groups employed in the functionalisation of iron oxide magnetic nanoparticles 

are phosphonic acid,
111

 carboxylic acids (2,3-dimercaptosuccinic acid),
112

 polysaccharides 

(e.g. alginate, chitosan,  dextrane), 
113,114,115,116

 polymers (poly acrylic acid, poly(vinyl 

alcohol), polyethyleneglychol),
117,118

 or liposomes
54,119,120

 among others. Surface modification 

of iron oxide nanoparticles allows not only improves physicochemical properties of particles 

but also to attach other molecular entities. This opens endless opportunities to expand their 

application in biomedicine such as contrast agents,
35

 in drug targeting,
121

 for MRI 

purposes,
33

 for cell labelling,
108

 immobilisation of enzymes,
122

 triggered drug release from 

liposomes
54

 and improvement of cellular uptake
123,124

 among others.  

 

1.8 Native Chemical Ligation  

The history of Native chemical ligation (NCL) can be traced back to 1953; year in which 

Weiland obtained the valine-cysteine dipeptide 28 from the reaction of phenyl thioester of 

valine 29 and cysteine 30. The amide backbone in 35 (Figure 1.30) is the result of an 

intramolecular acyl transfer.
125

  

 

Figure 1.30 Formation of an amide bond through an acyl shift.
125

 Reaction conditions: (a) 

Na2CO3, H2O, 0 °C. 
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This principle was used by Kemp in 1981 to develop a template (4-hydroxy-6-

mercaptodibenzofuran, Dbf) to mediate the coupling of two peptide fragments (Figure 1.31). 

The thiol attached to the template-derivative peptide participates in a disulphide exchange 

process with the N-terminal cysteine residue of a second peptide followed by an O-to-N acyl 

transfer that ultimately leads to the formation of a native amide bond between peptides. The 

cysteine residue at the ligation site is obtained by release the new fragment from the 

template.
126

  

 

Figure 1.31 Formation of an amide bond between peptide 1 (P1) and peptide 2 (P2) through 
an O-to-N acyl transfer mediated via the Dbf template.

126,127
  

 

In 1992 Schnolzer and Kent reported the reaction of a thioacid attached to the C-terminus of 

one peptide with an alkyl-bromide-peptide. This nucleophilic substitution approach, lead the 

formation of a thioester at the ligation site (Figure 1.32) providing access to a new synthetic 

approach allowing to overcome limitations over traditional strategies (e.g. purity and 

solubility). The main drawback of this route is the formation of unnatural structure (e.g. 

thioester bond) at the ligation site. This strategy however has been used for the synthesis of 

a human immunodeficiency virus-1 protease (VIH-PR) analogue (99 amino acid) under 

aqueous conditions.
127

 

 

Figure 1.32 General principle of thio-ligation between peptide 1 (P1) and peptide 2 (P2).
127
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The thiol of the N-terminal cysteine peptide can be activated with 5-nitro-2-pyridinesulfenyl 

(Npys) group (Figure 1.33). Then, the activated peptide can participate in a thiol-disulphide 

exchange with a C-Ŭ-thiocarboxylic acid of a second peptide followed by an S-to-N acyl 

rearrangement. The obtained hydrodisulphide can be reduced with dithiothreitol (DTT), to 

afford a peptide with a native cysteine residue at the ligation site.
128

    

 

Figure 1.33  Formation of an amide bond between peptide 1 (P1) and peptide 2 (P2) through 
an S-to-N acyl  intramolecular rearrangement via thiol-disulphide exchange.

128
 

 

In 1994, Dawson et al., reported the synthesis of peptides with a native backbone 

structure.
129

 The strategy is based on the reaction between a C-terminal peptide containing 

a thioester motif with an N-terminal peptide containing a cysteine residue (Figure 1.34). In 

the first step, the thioester-peptide undergoes a thiol-thioester exchange with the incoming 

cysteine-peptide to produce a thioester-linked intermediate. This intermediate then 

undergoes an intramolecular rearrangement (S-to-N acyl shift) step to afford a peptide with a 

native bond at the ligation site.
130

 The formation of the thioester-linked intermediate was 

evidenced by Dawson et al., during the synthesis of a 72-aminoacid polypeptide when the 

reaction was performed with N-acetyl cysteine, which prevented the acyl shift step.
129
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Figure 1.34 Schematic representation of NCL approach. P1 and P2 refer to any two different 

peptides. The Rô on P1 corresponds to any alkyl or aryl substituent.
130

 

 

1.8.1 Mechanistic considerations  

Even though the reaction occurs under mild conditions (e.g. neutral pH, room temperature, 

buffered solutions) and requires short periods of time to reach completion, the rate of 

reaction can be highly influenced by several factors (e.g. the nature of the thioester-leaving 

group, the presence of exogenous thiols, the pH of reaction). For instance, at pH Ó 7 

reactions proceed faster and with higher yields than those performed under acidic 

conditions. It is suggested that the incoming thiol must be in a deprotonated state to allow 

the reaction to proceed faster.
127

  

The thiol-thioester exchange step has been reported to occur faster when the leaving thiol 

exhibits mildly acidic properties (e.g. typically from arylthioesters) compared to those with 

basic properties (e.g. typically alkylthioesters). Certain exogenous thiols can be incorporated 

to the reaction in order to circumvent the low reactivity of alkylthioesters. These additives 

promote reversibility of both thiol-thioester exchange and trans-thioesterification steps 

enabling the chemoselectivity of the reaction and inducing the formation of more reactive 

species. 

Thiophenol (pKa= 6.6), 4-Mercaptophenylacetic acid (MPAA) (pKa= 6.6), benzyl mercaptan 

and 2-mercaptoethanesulfonate (MESNa) are the most commonly employed additives in 

NCL (Figure 1.35). These keep a reduced environment in the reaction preventing disulphide 

bond formation and desulfurisation of cysteine when a reduced agent such as tris(2-

carboxyethyl)phosphine (TCEP) is incorporated into the reaction.
130
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Figure 1.35 Chemical structures of some of the most commonly employed additives in NCL. 
 

The rate of NCL has also been correlated with the bulkiness of the C-terminal residue of the 

thioester segment (Table 1.4).
127

 For instance, faster reaction rates occur when aminoacids 

with less branched side-chain groups (e.g. Gly, Ala) are used.
130,128 

 

Table 1.4  The rate of NCL coupling depending on the C-terminal amino-acid residue (R). 

The Rô corresponds to any alkyl or aryl groups, whereas P1 and P2 correspond to any two 

different peptides. 

 
 

Residue 
Coupling 

time h 
Residue 

Coupling 
time h 

Residue 
Coupling 

time h 
Residue 

Coupling 
time h 

Gly Ò 4 Ala Ò 9 Arg Ò 24 Ile Ó 48 
Cys Ò 4 Met Ò 9 Asn Ò 24 Leu Ó 48 
His Ò 4 Phe Ò 9 Asp Ò 24 Pro Ó 48 

  Trp Ò 9 Gln Ò 24 Thr Ó 48 
  Tyr Ò 9 Glu Ò 24 Val Ó 48 
    Lys Ò 24   
    Ser Ò 24   

 

Haase et al. suggested that cysteine residues positioned between 5-6 amino-acids from the 

N-terminus can increase the yield and the rate of reaction up to 25 fold compared to direct 

aminolysis (Figure 1.36). The authors suggested that there is a correlation between the size 

of the macrocyclic ring intermediate and the ease of ligation.
131
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Figure 1.36 Peptide coupling via direct aminolysis and internal cysteine ligation. P1 and P2 

correspond to any two different peptides. R, R2 and R3 correspond to side chain of any 

amino acid.
131

 

1.8.2 NCL beyond cysteine residues 

Certainly NCL has become the most popular approach for the synthesis of peptides and 

proteins.
130

 This is probably because classic limitations (e.g. uncomplete coupling, poor 

solubility or difficulty in purification of peptide fragments) faced in traditional strategies (e.g. 

solid phase peptide synthesis, SPPS) can be overcomed.
127

 However, the main drawback of 

NCL is the requirement of cysteine residues at the ligation site.
127,128

 In order to extend the 

scope of NCL beyond cysteine residues, alternative approaches have been developed. For 

example a natural antibiotic (microcin-J25) produced by E. coli has been produced via 

tandem NCL-desulfurisation process.
132

  

Incorporation of selenocysteine residues (Figure 1.37) during peptide coupling has proven 

useful to increase the ligation rate (~10
3
) compared to cysteine analogues even at lower pH 

values (5.0) and preventing desulfurisation of other non-protected cysteine residues.
133
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Figure 1.37 Peptide coupling via NCL followed by selective deselenization. P1 and P2 
correspond to any two different peptides. The Rô on P1 corresponds to any alkyl or aryl 
substituent.

128,134
  

 

The conversion of cysteine residues into serine has been extensively employed in the 

synthesis of glycopeptides.
135

 Three stages (Figure 1.38) are identified. First, the cysteine 

residue at the ligation site is methylated with 4-nitrobenzensulfonate. Second, cyanogen 

bromide (CNBr) is used to convert the cysteine-methylated aminoacid into an O-ester linked 

peptide. Third, the intramolecular O-to-N acyl shift affords the desired peptide containing a 

serine residue.
136
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Figure 1.38 Schematic representation of the reaction mechanism for the conversion of 
cysteine residue into serine residue. P1 and P2 correspond to any two different peptides. The  
R and Rô on P1 corresponds to any side-chain amino acid residue or any alkyl or aryl 
substituent respectively.

136
 

 

In a more sophisticated approach, peptides containing phosphoserine or phosphotreonine at 

the N-terminus are incubated with desired peptide thioesters. The acyl phosphate 

intermediate then undergoes an O-to-N acyl transfer (Figure 1.39).
127

 The subsequent 

enzymatic dephosphorylation can afford the desired peptides with serine and threonine 

residues in good yields (~62-91 %). This approach is currently employed for the synthesis of 

biologically relevant glycoproteins.
137
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Figure 1.39 Phosphate assisted NCL. P1 and P2 correspond to any two different peptides. 
The R1 and Rô on P1 corresponds to any side-chain amino acid residue or any alkyl or aryl 
substituent respectively.

128
 

 

 

1.8.3 Alternative NCL strategies to thioester moiety 

Even though thioesters are hundred times more reactive towards amide bond formation than 

oxoesters, the use of peptide-thioester derivatives in NCL has proven challenging. Their 

synthesis has mainly been achieved using Boc chemistry as these derivatives are sensitive 

to piperidine, which is normally used in Fmoc synthesis.
128

  Among the strategies developed 

to overcome these issues are the use of linkers, oxo-esters, crypto-thioesters, amides and 

selenoesters. 

a) Linker mediated NCL 

The linker mediated strategy can be performed using the N-acylurea or the N-sulfonamide 

approach. The former (Figure1.40 (a)) uses O-aminoanilides to efficiently transform the 

required peptide into an acyl urea derivative.
138

 The latter (Figure1.40 (b)) uses N-

sulfamylbutyryl groups to replace thioester derivatives required in NCL.
139
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Figure 1.40 Synthetic strategy for the synthesis of peptides trough linker mediated NCL 

showing the (a) N-acylurea approach
138

 and the (b) N-sulfonamide approach.
139

 P1 and P2 

correspond to any two different peptides. The R on P1 corresponds to any side-chain amino 

acid residue.  
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b) Oxo-ester assisted NCL 

Another interesting approach has made use of 2,3,4,5,6-pentafluorophenyl ester to 

functionalise the surface of gold plates for the attachment of glycoconjugates via NCL 

(Figure 1.41). The ligation proceeded faster in the presence of imidazole in comparison with 

MPAA. The ligation has proven to exhibit high selectivity for cysteine derivatives over 

competing amines (e.g. glycine or phenylalanine).
140

  

 

Figure 1.41 Oxo-ester mediated NCL.
140

 P1 correspond to any peptide. 

 

c) NCL via crypto-thioester moiety 

The concept of crypto-thioester was inspired in peptide ortho-thiophenolic esters (Figure 

1.42 (a)) as potential acyl donors for the synthesis of glycopeptides.
141

 Based on this 

concept, Bis(2-sulfanylethyl)amino peptides (SEA-peptides) (Figure 1.42 (b)) and N-

sulfanylethylanilide peptides (SEAlide-peptides) (Figure 1.42 (c)) arose as promissing 

strategies for the ligation of peptides.
142,143

 SEA-peptides not only can efficiently join to other 

peptides bearing a cysteine moiety but also can participate in a thiol-thioester exchange in 

the presence of 3-mercaptopropionic acid (MPA) to lead the formation of MPA-thioesters 

derivatives, usually used in NCL protocols.
144

 The SEA ligation has also offered access to 

cyclic and branched peptides with aspartic and glutamic moieties.
145
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Figure 1.42 Crypto thioester mediated NCL.
108

 P1 and P2 correspond to any two different 
peptides. The Xaa represents a sequence of any amino acids. Crypto-thioesters: (a) ortho-
thiophenolic ester peptides, (b) SEA-peptides and (c) SEAlide-peptides. 
 

 

d) NCL via selenoesters 

Selenoesters have proven useful acyl donors for NCL applications (Figure 1.43). This 

strategy has certainly helped to overcome the lack of reactivity of peptide-thioesters with 

proline residues.
146

 

 

Figure 1.43 Selenoester mediated NCL
128

 P1 and P2 correspond to any two different 
peptides.  
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d) Acyl hydrazide mediated NCL 

The hydrazide mediate NCL approach (Figure 1.44) is based in the reaction of acyl 

hydrazyde-peptides with cysteine bearing moieties to afford a native peptide bond. Peptide 

hydrazides can be conveniently obtained via Boc- or Fmoc- solid phase synthesis.
146,147

 

 

Figure 1.44  Hydrazide alternative to NCL.
128

 

 

1.8.4 Expanding the application of NCL 

Thiol-thioester exchange chemistry leading to NCL has mainly been employed for the 

synthesis of peptides and proteins; only few reports have taken advantage of the exquisite 

selectivity of this approach to extend its application beyond protein synthesis.  

 

Figure 1.45 Schematic representation of the immobilisation of the sialyltransferase from 
Pasteurella multocida (PmST1) on cysteine grafted iron oxide magnetic nanoparticles (MNP-
CYS-1, MNP-CYS-2, and MNP-CYS-3) via NCL approach.

148
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For example, Yu et al. have immobilised water-soluble proteins onto the surface of cysteinyl-

coated MNP (Figure 1.45). The authors claimed that the catalytic activity of the enzymes 

improved after immobilisation; they also suggest that longer hydrophilic ethylene glycol 

linkers improved the activity of the enzymes.
148

   

Another interesting example is the immobilisation of the recombinant enhanced yellow 

fluorescent protein (EYFP) into the surface of liposomes decorated with cysteine-

functionalised 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(poly(ethylene 

glycol))2000] 28  for application in molecular imaging or as targeted drug delivery platform 

(Figure 1.46).
149

  

 

Figure 1.46 Immobilisation of fluorescent protein (EYFP) into the surface of liposomes 
decorated with 28 via NCL in HEPES buffer (pH 8.0) in the presence of MESNa.

149
  

 

Other aplications of NCL include site-specific labeling of proteins in vivo,
150

 complex 

glycopeptide microarrays linked to surfaces,
140

 expanding ligation sites beyond cysteine,
151

 

combinatorial assembly of affibody proteins,
152

 immobilisation of peptides on hydrogen-

terminated silicon nanowires,
153

 functionalisation of hydrogels with peptides,
154

 cross-linking 

hydrogels,
155

 coupling glycopeptides,
135

 production of circular proteins 
156

  and in-situ vesicle 

formation.
157

  

 

1.9 General aims of the research 

The research described in this thesis envisaged employing a NCL approach to develop new 

types of magnetically-responsive materials for use in smart biomaterials. The research was 

motivated by the self-assembling potential of NCL (exemplified in Section 1.8.4). 

Magnetoliposomes detailed in Section 1.4.3 incorporate MNP within the membrane of 

liposomes
54

 or attached into their surface via non-covalent reversible interactions.
30
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Those materials present a number of challenges that need to be addressed. For example, 

incorporation of MNP within the membrane of liposomes seems to compromise the integrity 

of the membrane causing leakines of encapsulated compounds. Agglomeration of MNP 

seems to cause mechanical distortions of the membrane of liposomes, therefore a more 

heterogeneous distribution of MNP within or attached to the membrane of liposomes needs 

to be achieved in order to improve the release of payloads. The surface chemistry and 

stability of MNP must also be improved in order to provide adequate control over assembling 

and release performance.
158

   

The research described in this thesis aimed to investigate thiol-thioester exchange 

interactions (leading to NCL) towards the creation of magnetically-responsive materials that 

potentially find application in drug delivery. Phospholipid vesicles (800 nm) and MNP will be 

the two main components of these materials. The strategic aim will be modifying the surface 

of liposomes and MNP with thioester-capped lipids and cysteinyl binding motifs respectively; 

this set-up would allow cross-linking of both components in a NCL fashion to obtain 

magnetic nanoparticle vesicles (MNP-V) assemblies (Figure 1.47).  

 

 

Figure 1.47 Schematic representations of the formation of the MNP-V self-assemblies via 
an NCL approach; (pink) thioester-derivative lipids anchored into the membrane of 
phospholipid vesicles and (blue) cysteinyl-capped binding motifs on the surface of MNP.   

 

The individual technical objectives will be: 

-explore different methodologies to produce MNP with an optimised thermal efficiency  

-functionalise produced MNP with cysteinyl binding motifs 

-perform a thorough physicochemical characterisation of MNP  

-explore different synthetic routes to produce thioester-derivative lipids  

-study the reactivity of produced thioester-derivatives in solution and at the phospholipid 

membrane interface 

-explore different conditions to self-assemble MNP-V materials  

-trigger the release of chemicals from MNP-V materials via AMF stimuli   
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2.1 Introduction  

Cysteine has been reported to control the size distribution and prevent agglomeration of 

magnetic nanoparticles when used as a capping agent during their synthesis; the reason for 

this is associated with the ability of the carboxylic and the mercaptan functionalities to 

coordinate with the surface of iron oxide nanoparticles.
89,90

 There are several reports on the 

surface modification of highly stable magnetic nanoparticles functionalised with cysteine for 

diverse applications. Gawande et al. for example, have incorporated cysteine into the 

surface of MNP by simple mechanical stirring without the need of any other reagent. The 

authors claimed that produced cysteinyl grafted nanoparticles showed catalytic activity in 

multicomponent reactions for the synthesis of ɓ-amino carbonyl compound derivatives via 

the Mannich reaction.
159

 

In a different approach, Bhattacharya et al. employed the amine functionality of chitosan-

coated MNP as anchoring site for incorporation of cysteine via N-hydroxysuccinimide (NHS) 

chemistry. The authors suggested that these particles showed high degree of colloidal 

stability, significant intracellular uptake in HeLa cancer cell lines, excellent biocompatibility 

and good detection for MRI purposes.
160

  In a similar approach, Bao et al. attached Boc-L-

cysteine to the surface of 1,6-hexadiamine-coated MNP with the aid of O-(1H-bezotriazol-1-

yl)-N,N,Nô,Nô-tetramethyluronium hexafluorophosphate (HBTU). These particles were 

subsequently modified through the Au-S interaction to afford bifunctional Au-Fe3O4 

nanoparticles for protein separation purposes.
161

 

2.1.1 Characterisation thechniques for MNP  

Knowing that the behaviour and reactivity of nanoparticles is strongly influenced by their 

physicochemical properties, their characterisation after synthesis and surface modification is 

considered crucial in numerous fields (e.g. environmental, pharmaceutical and food industry) 

to obtain valuable structural information of particles. Among the numerous analytical 

techniques to characterise nanomaterials, dynamic light scattering (DLS), x-ray diffraction 

(XRD) and transmission electron microscopy (TEM) are the most traditional techniques 

employed to investigate particle size and size distribution of nanoparticles.
162,163,164

 A more 

detailed picture of produced nanoparticles can be obtained with the aid of complimentary 

techniques such as specific absorption rate (SAR), Fourier-transform infrared spectroscopy 

(FTIR), x-ray photoelectron spectroscopy (XPS), particle induce x-ray emission (PIXE) and 

differential centrifugal sedimentation (DCS). A breaf overview of thecniques employed in this 

thesis to characterise produced nanoparticles will be presented in the following paragraphs.  
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a) Therapeutic hyperthermia 

The specific absorption rate (SAR) is a valuable metric to evaluate the performance of a 

ferrofluid upon exposure to an oscillating magnetic field. The SAR parameter (Equation 2.1) 

can be defined as the amount of heat dissipated per weight unit of material in W g
-1

 during 

the exposure of an alternating current.  

╢Ἃἠ  7Ç
Ў

Ў
 éééééééééé Equation 2.1 

Where mMNP is the mass of nanocrystals in g, æT/æt is the change in temperature per time 

elapsed in K s
-1

 of the colloidal suspension and C is the specific heat capacity of the system 

in J g
-1

 K
-1

. Under experimental conditions of this thesis, C was approximated to the specific 

heat capacity of water (4.186 J g
-1

 K
-1

), multiplied by the mass of water used in grams. The 

SAR is not intrinsically related with a given system and is highly influenced not only by the 

magnetic properties of the nanocrystals but also by other properties (e.g. shape, size, 

polydispersity).
52, 68

 In a medical context, comparison of SAR measurements is usually 

complicated as different laboratories use their own equipment and setups. The intrinsic loss 

power (ILP) takes into account these variations providing a more reliable way to compare 

these metrics.
165

 The ILP (Equation 2.2) measured in nano-Henrys (nHm
2
 kg

-1
) is simply the 

SAR parameter normalised to certain field strength and frequency. 

ἓἘἜ  Î(Í+Ç  éééééééééé Equation 2.2 

Where H is the field strength in kA m
-1

 and f is the frequency in kHz.  

MNP intended for hyperthermia applications should possess high thermal efficiencies at the 

lowest possible dose levels.
68

 The synthesis of iron oxide nanomaterials has been 

extensively investigated for decades with the aim of improving their heat dissipation 

performance over the existing nanoparticles.
165

  

b) Dynamic Light Scattering (DLS)   

DLS measures the intensity of light scattered when a suspension of nanoparticles is 

bombarded by a laser beam (e.g. He-Ne or Ar) (Figure 2.1).  

 

Figure 2.1 Typical Dynamic Light Scattering setup. 
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Particle size, stability and agglomeration of particles can be correlated with the rate at which 

the light is detected at a certain angle (usually 90°). This correlation is defined by the Stokes-

Einstein law (Equation 2.3).  

$
 
éééééééééé Equation 2.3 

Where D is the diffusion speed of particles, K is the Boltzmanôs constant, T is the absolute 

temperature of the suspension, DH is the hydrodynamic radius and ɖ is the viscosity of the 

supension. This means that small particles which move quickly are correlated with rapid 

fluctuations on light intensity detected over a certain period of time, and larger particles 

which move slower show longer fluctuations. 

b) Differential Centrifugal Sedimentation (DCS)   

In DCS, particles in suspension are forced to settle under centrifugal force; particles are 

detected when reaching the laser beam at the edge of the centrifugal ring (Figure 2.2).  

 

Figure 2.2 Typical Differential Centrifugal Sedimentation setup; (a) Hollow Disc Centrifuge 

Design, (b) Cross-section of the DCS.  

 

When centrifugal sedimentation is used, the Stokeôs law needs to be modified (Equation 

2.4) to account for the g-forced applied with respect to the centre of rotation of the disc.   

D=
 
  ééééééééé Equation 2.4 
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Where D is the particle diameter in nm, ɖ is the fluid viscosity and R0 and Rf are the initial 

and final radius of disc rotation respectively. The density of particle and fluid are respectively 

represented by ɟp and ɟf. The rotational velocity of the disc is represented by ◗ and finally, 

the time required for the particle to sediment from R0 to Rf is represented by t. All parameters 

except the time remained constant for measurements running at constant speed and 

temperature. Particle size can be correlated with the time required to reach the detector; 

here, different populations of particles can be separated by size and measured separately, 

allowing a higher degree of sensitivity compared to DLS.   

c) X-ray Diffraction (XRD)  

A beam of x-rays projected onto a crystalline material will produce a diffraction pattern 

according to Braggôs law (Equation 2.5, Figure 2.3).  

Îʇ ςÄ ÓÉÎʃ  ééééééééé Equation 2.5 

Where ɚ is the wavelength of the incident beam, d is the separation between layers of atoms 

(atomic planes), ɗ is the angle of diffraction and n is an integer. A typical diffractogram is 

obtained by plotting the angular position and intensities of the diffracted radiation. This 

pattern can be used to obtain valuable structural information (e.g. composition, crystallite 

size, purity, crystalline phase, crystalline defects or degree of oxidation) from the crystalline 

material.
164

  Each sample produces its own characteristic pattern, which may be considered 

as the fingerprint for each crystalline material.  

 

Figure 2.3 Schematic representation of the interaction of incident rays with a crystalline 

sample producing a constructive diffraction pattern. 

 

d) Particle Induced X-ray Emission (PIXE)  

PIXE is a bulk measurement non-destructive technique (depth analysis ~40µm) for 

identification and quantification of elemental composition of nanomaterials. When a sample 
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is irradiated with a beam of highly energetic protons, certain energy is transferred to the 

sample. This causes ionisation of the atoms with subsequent x-ray emission. The number of 

x-rays emitted and their intensities can be correlated with the concentration of the elements 

in the sample.  

e) X-ray Photoelectron Spectroscopy (XPS)  

This technique allows identification and quantification of the elemental composition of the 

surface (depth analysis ~ 5-10 nm) of a sample. When a sample is irradiated with x-rays, 

photoelectrons are ejected from the sample. The kinetic energy KE of these photoelectrons 

is proportional to the binding energy (BE) required to remove them from their core level 

(Figure 2.4). Each element produces a typical set of electrons with specific energies; by 

measuring their energies and intensities an XPS profile can be obtained. 

 

Figure 2.4 Schematic representation of the principle behind the XPS analysis. 

 

2.2 Research objectives  

The overall goals of this chapter were to synthesise iron oxide magnetic nanoparticles and 

characterise their structural properties. The first objective was to produce nanoparticles with 

optimised thermal efficiency over commercially available nanoparticles. The second 

objective was to investigate the parameters affecting the specific absortion rate of magnetic 

nanoparticles. The third obtjective was to functionalise produced nanoparticles and 

commercially available nanoparticles with sulfhydryl binding motifs. The fourth objective was 

to perform a thorough physicochemical characterisation of produced nanoparticles.  

2.2.1 Overall experimental strategy  

Current research initially envisaged exploring three different synthetic methodologies (e.g. 

co-precipitation, thermal decomposition and thermal co-precipitation) to produce iron oxide 

nanoparticles as detailed in Section 6.2.1. The co-precipitation route was chosen as starting 

point because it is a straightforward methodology that does not require specialised 

equipment or chemicals. The thermal decomposition route was inspired by reports found in 

the literature suggesting the facile production of highly monodisperse MNP with outstanding 

thermal efficiency properties.
68,166
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The thermal co-precipitation route was inspired by  published methodologies with 

modifications.
102,163,167

 Knowing that physicochemical properties (e.g. size, shape, degree of 

crystallinity, thermal efficiency) of produced nanoparticles particles can be highly affected by 

reaction conditions (e.g. pH, ionic strength, source of iron),
69

 certain modifications to the 

reaction conditions of these methodologies were investigated. These modifications included 

varying the concentration of precipitating agent, using different sources of iron, incorporating 

additives (e.g. tartrate, phosphate salts or glucose) into the reaction mixture, using ultrasonic 

treatment during the synthesis or varying the temperature of the reaction mixture.  

Attention then moved to investigate the thermal efficiencies of synthesised nanoparticles 

using an in-house induction station (EASYHEAT-0224) with a multi-turn helical coil 

according to procedure detailed in Section 6.2.3 (a). The SAR metrics from commercially 

available (Sigma-Aldrich) nanoparticles [A-MNP] were also investigated for comparison 

purposes. Knowing that the amplitude and frequency of the applied field can highly affect the 

heating efficiency of MNP, both [A-MNP] and [R-MNP] (produced with an optimised in-

house methodology) were later investigated as detailed in Section 6.2.3 (a) using a different 

heating induction system (magneTherms
TM

) generously lend by Dr. Oliver Ladebeck 

(nanoTherics Ltd, UK). 

Having in mind that intrinsic properties (e.g. size, shape, size distribution, surface 

anisotropy, core-shell interface anisotropy, inter-particle interactions) of nanoparticles can 

also affect the heating efficiency of MNP,
168

 the effect of nanoparticle concentration, 

dispersion technique and volume of the colloidal suspension on the SAR values of MNP was 

investigated. Here, [A-MNP] were employed aiming to reduce any batch-to-batch variations 

of [R-MNP] that would affect the thermal efficiency of nanoparticles.  

Attention then moved to explore different coating methodologies (Figure 2.5) to obtain 

nanoparticles grafted with sulfhydryl binding motifs and highly colloidal stability. These 

coatings methodologies were developed on both [R-MNP] and [A-MNP]; two different 

approaches were considered as depicted in Figure 2.5. In the first approach bare 

nanoparticles were grafted either with amine binding motifs to which cysteinyl binding motifs 

were attached or with (3-mercaptopropyl)-trimetoxysilane groups. In the second approach 

bare nanoparticles were coated first with APTES before incorporation of the cysteinyl 

binding motifs or the mercaptosilane groups.  

 



Chapter 2    
 

  Synthesis, Modification and Characterisation of Iron Oxide Nanoparticles 
 

70 
 

 

Figure 2.5 Functionalisation of produced nanoparticles.(a) EtOH, APTES, 3 h; (b) and (f)  
DMF, Fmoc-Cys(StBu)-OH, HOBt, DIC, r.t., 18 h, then 20 % piperidine in DMF, r.t., 1 h 
followed by 50 % 2-ɓME in DMF, r.t., 18 h; (c) and (g)  propanol-H2O, 35 % NH4OH, MPMS, 
r.t., ~15 min; (d) EtOH, 35 % NH4OH, H2O, TEOS, r.t., 2 h. 
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A thourough physicochemical characterisation of functionalised nanoparticles was 

investigated.  Particle size, size distribution and colloidal stability of produced nanoparticles 

in aqueous media were evaluated by DLS, DCS and optical density (OD). The surface 

modification of these nanoparticles was corroborated by Fourier transform infrared (FTIR) 

spectroscopy and colorimetric assays (TNBS and Ellmanôs assay as detailed in Section 

6.2.3 c and d). The elemental composition of produced nanoparticles was investigated by 

PIXE and XPS (detailed in Section 6.2.3 f, g and h). The crystalline structure of produced 

nanoparticles was investigated by XRD to determine the composition of the main phase of 

these nanoparticles.  

 

2.3 Results and discussion 

 2.3.1 Synthesis of iron oxide nanoparticles and their SAR metrics 

Iron oxide magnetic nanoparticles were synthesised via the co-precipitation, the thermal 

decomposition and the thermal co-precipitation route.  

The co-precipitation route involved dissolving the appropriate ratio of iron salts (e.g. 

FeCl2·4H2O, FeCl3, FeSO4, Fe2(SO4)3) in deionised-degassed water under N2 flow and 

vigourous stirring conditions followed by addition of NaOH at room temperature.  

The thermal decomposition route involved refluxing iron(III) acetylacetonate (Fe(acac)3) in 

high boiling solvents (e.g. dibenzyl ether, phenyl ether), in the presence of long-chain 

alcohols (1,2-hexadecanediol), oleic acid and/or oleylamine (cis-1-amino-9-octadecene).  

The thermal co-precipitation route involved refluxing at high temperature a solution of FeSO4 

and Fe2(SO4)3 under N2 flow conditions followed by addition of NH4OH. In all cases 

magnetic sedimentation was employed to remove the liquid reaction mixture from the 

particles obtained and also to aid washing the particles with the appropriate solvent. Further 

details of these syntheses can be found in Section 6.2.1.  

The reaction conditions explored for these methodologies are presented in Table 2.1. This 

table also includes the thermal efficiencies metrics of nanoparticles after exposure to an 

AMF pulse using an in-house induction heating station (EASYHEAT-0224).  
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Table 2.1  SAR metrics of produced nanoparticles [2.5 mg mL
-1

] exposed to an AMF pulse 
(f=392 kHz, H=~42 kA m

-1
) over 5 minutes. 

The co-precipitation route 

Entry Iron Source (ratio) 
Base 

(concentration) 
Reaction conditions 

æt / °C 
(5 min

-1
) 

SAR 
/ W g

-1
 

1 FeCl2 / FeCl3 (0.5) NaOH (1 M) Vigorous stirring 4.0 21.59 
2 FeCl2 / FeCl3 (0.5) NaOH (1 M) Vigorous stirring 4.5 27.12 
3 FeCl2 / FeCl3 (1) NaOH (1 M) Vigorous stirring 6.5 36.50 
4 FeSO4 / Fe2(SO4)3 (1) NaOH (1 M) Vigorous stirring 4.0 17.74 
5 FeCl2 / Fe(SO4)3 (1) NaOH (1 M) Vigorous stirring 5.5 28.12 
6 FeSO4 / Fe2(SO4)3 (0.5) NaOH (1 M) Bath-type sonicator (30 min) 2.0 11.21 

7* FeCl2 / FeCl3 (0.5) NaOH (1 M) 
Bath-type sonicator (30 min) 

+ Sucrose [0.5 M] 
----- ----- 

8** FeSO4 / Fe2(SO4)3 (1) NaOH (1 M) 
Bath-type sonicator (30 min) 

+ Na2C4H4O6 [0.05 M] + Na3PO4 [0.02 M] 
1.0 2.5 

9 FeCl2 / FeCl3 (1) NaOH (1 M) Bath-type sonicator (30 min) 22 131.94 
10 FeSO4 / Fe2(SO4)3 (1) NaOH (1 M) Bath-type sonicator (30 min) 27 153.54 
11 FeSO4 / Fe2(SO4)3 (1) NaOH (2 M) Bath-type sonicator (30 min) 28 157.72 
12 FeSO4 / Fe2(SO4)3 (1) NaOH (3 M) Bath-type sonicator (30 min) 9.0 57.07 
13 FeSO4 / Fe2(SO4)3 (0.5) NaOH (2 M) Bath-type sonicator (30 min) 1.5 11.38 
14 FeCl2 / FeCl3 (0.5) NaOH (2 M) Bath-type sonicator (30 min) 4.5 27.46 
15 FeCl2 / FeCl3 (1) NaOH (2 M) Bath-type sonicator (30 min) 8.0 43.19 
16 FeCl2 / FeCl3 (1) NaOH (1 M) Probe-type sonicator (5 min) 19 109.17 
17 FeCl2 / FeCl3 (1) NaOH (2 M) Probe-type sonicator (5 min) 25.5 143 
18 FeCl2 / FeCl3 (1) NaOH (3 M) Probe-type sonicator (5 min) 11.5 71.32 
19 FeSO4 / Fe2(SO4)3 (1) NaOH (1 M) Probe-type sonicator (5 min) 16 93.59 
20 FeSO4 / Fe2(SO4)3 (1) NaOH (2 M) Probe-type sonicator (5 min) 20 114.36 
21 FeSO4 / Fe2(SO4)3 (1) NaOH (3 M) Probe-type sonicator (5 min) 25 140.81 

The thermal decomposition route 

Entry Iron Source Base Reaction conditions 
æt / °C 

(5 min
-1
) 

SAR 
/ W g

-1
 

22
À 

Fe(acac)3 --- Reflux 200 °C (2 h) then 300 °C (2 h) ----- ----- 

23
À 

Fe(acac)3 --- 
Reflux 200 °C (30 min) then 

260 °C (45 min) 
1.5 7.032 

24
À 

Fe(acac)3 --- Reflux 25 °C (30 min) then 260 °C (1 h) 1 12.13 
25
À 

Fe(acac)3 --- Reflux 200 °C (1 h) then 270 °C (1 h) 0.5 13.39 
26
ÿ 

Fe(acac)3 --- Reflux 180 °C (2.5 h) then 265 °C (1 h) 16.5 247.39 
27
ÿ
 Fe(acac)3 --- Reflux 200 °C (2.5 h) then 270 °C (1 h) 6 37.84 

28
ÿ
 Fe(acac)3 --- Reflux 200 °C (2.5 h) then 299 °C (1 h) 5 30.64 

29
ÿ
 Fe(acac)3 --- Reflux 180 °C (2.5 h) then 280 °C (1 h) 13.5 197.16 

The thermal co-precipitation route 

Entry Iron Source (ratio) Base Reaction conditions 
æt / °C 

(5 min
-1
) 

SAR 
/ W g

-1
 

R-MNP
1 

FeSO4 / Fe2(SO4)3 (2) NH4OH Reflux 80 °C (1 h) 25.5 146 
R-MNP

2
 FeSO4 / Fe2(SO4)3 (2) NH4OH Reflux 80 °C (1 h) 31.5 180 

R-MNP
3 

FeSO4 / Fe2(SO4)3 (2) NH4OH Reflux 80 °C (1 h) 34 195 
R-MNP

X 
-- -- -- 30 ± 4 174 ± 25 

Commercially available nanoparticles 
A-MNP

1 
-- -- -- 16 ± 1 43 ± 1 

A-MNP
2 

-- -- -- 230 ± 10 254 ± 5 
 

*According to procedure reported in the literature with modification.
77

 
**According to procedure reported in literature with modification.

169
 

À 
According to procedure reported in the literature with modifications.

166
  

ÿ
 According to procedure reported in the literature with modifications.

68
 

R-MNP: produced with an optimised in-house methodology; batch number denoted with superscripts.  
A-MNP: commercially available; 1-year old and new batch indicated with superscripts 1 and 2 respectively.   
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Nanoparticles obtained by the co-precipitation route showed SAR values in the rage of 

17.74 to 36.5 W g
-1

. These metrics improved (103-157 W g
-1

) when ultrasonic conditions 

were employed during the synthesis. These observations seem to correlate well with 

literature reports suggesting that nucleation and particle growing processes can be 

controlled by ultrasonic waves, which prevent particle agglomeration and lead to the 

formation of nanoparticles with high degree of crystallinity, narrow polydispersity and particle 

size close to single domain range required for optimal thermal efficiency.
87,89,170

  

Nevertheless, the values of SAR observed using ultrasonic assisted synthesis still remained 

significantly lower
 
compared to those reported in the literature (~960 W g

-1
).

171,172,173
 

Literature reports have suggested that inclusion of additives during the synthesis can help 

improve the stability of nanoparticles via electrostatic repulsive forces; these aditives are 

also believed to control the nucleation rate, which leads to the production of ultrathin 

particles with narrow polydispersity index.
169,77

 It was expected that inclusion of certain 

additives during the synthesis of nanoparticles in the co-precipitation route would improve 

their thermal efficiency. Nonetheless, the inclusion of these has dramatically affected the 

thermal efficiency of produced nanoparticles.  

The nature of the iron source employed in the synthesis of nanoparticles via the co-

precipitation route seems to have not significant effect in the thermal efficiency of produced 

nanoparticles. Nevertheless, it seems that iron sulphate can potentially lead to the formation 

of particles with slightly improved thermal efficiency than those obtained with iron chloride. It 

was speculated that there might be a correlation between particle size and thermal efficiency 

of nanoparticles. For instance, in the literature it has been suggested that the nature of the 

iron source employed in the synthesis can play a crucial role in the properties of 

nanoparticles; iron sulfate salts have been reported to produce smaller particles compared 

to those obtained with iron chloride salts.
174

 

The type of sonicator employed (bath-type and probe-type sonicator) in the synthesis of 

nanoparticles via the co-precipitation route was investigated.  It was hypotesised that the 

high intensity of ultrasonic waves generated with a probe-type sonicator could have lead to 

the formation of particles with diameters smaller than the mono-to-multi domain (~12-25 nm) 

limit required for an optimal SAR performance.
171,175,170 

 Nevertheless, it seems that the 

nature of the type of sonicator does not have a significant impact in the SAR values of 

produced nanoparticles. Moreover, the colloidal suspensions of nanoparticles were 

remarkably more stable when the probe-type sonicator was used during the synthesis 

compared to the poor colloidal stability of particles observed with the bath-type sonicator.  
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As can be seen in Table 2.1, the samples of nanoparticles prepared via the co-precipitation 

or the thermal decomposition route that have been highlighted in red showed the best 

thermal efficiency among the others. From these results it was hypotesised that the thermal 

efficiency of nanoparticles was highly affected by the temperature of the synthesis. It was 

also clear that the thermal decomposition route produced particles with better thermal 

efficiency compared to the co-precipitation route. However, the synthesis of nanoparticles 

via the thermal decomposition route was no longer investigated as this methodology 

presented several issues. For instance, controlling the heating rate ramp and the refluxing 

temperature of the reaction mixture has proven to be challenging. These parameters are 

believed to be crucial to control nucleation and growth processes for the production of highly 

monodisperse particles with outstanding SAR values.
68,98

 The thermal decomposition route 

has also shown to produce very low yields (~10-20 mg from ~88-176 mg of starting material) 

compared to the co-precipitation route (~0.5-0.8 g from ~1 g of starting material). Moreover, 

particles obtained with the thermal decomposition route were found difficult to suspend in 

aqueous media.  

Based on the aforementioned observations it was decided to explore the synthesis of 

nanoparticles via the thermal-decomposition route (as detailed in Section 6.2.1 (c)) 

according to published methodologies with modifications.
102,163,167

 As can be seen in Table 

2.1, this methodology led to the production of nanoparticles denoted as [R-MNP] with 

relatively comparable thermal efficiency performance to [A-MNP]. The SAR values from 

batch-to-batch of [R-MNP] suggested that the thermal-coprecipitation route can lead to the 

production of nanoparticles with relatively reproducible thermal efficiencies in moderate yield 

(~2.5 g of nanoparticles from ~ 5.7 g of starting material) compared to the other synthetic 

routes tested. This procedure, as fully described in Section 6.2.1 (c), employed a relatively 

high temperature and NH4OH as the precipitating agent. These elements have been 

reported to play a significant role in maintaining the pH value throughout the synthesis and 

leading to the formation of smaller particles sizes compared to those obtained by NaOH.
163

   

The SAR values of a 1-year old batch and a brand new batch, both denoted as [A-MNP] 

were obtained for comparison purposes. The SAR values presented in Table 3.2 are the 

result of at least 3 independent experiments. The 1-year old batch produced a lower change 

in the temperature of the colloidal suspension of magnetite nanoparticles upon exposure to 

an AMF pulse compared to the brand new batch. Having in mind that magnetite is not very 

stable in the presence of air, light and moisture,
176

 it was hypothesised that nanoparticles 

from the oldest batch possibly have undergone oxidation from Fe(II) into Fe(III) to form 

maghemite (Scheme 2.1) affecting their thermal efficiency.   

 

Scheme 2.1 Oxidation of magnetite to maghemite.
176
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Having in mind that thermal efficiency of nanoparticles can be highly influenced by the 

amplitude and frequency of the applied field, the heating capacity of both [A-MNP] and 

nanoparticles produced with an optimised in-house methodology [R-MNP] was investigated 

in a different heating induction system (magneTherms
TM

) according to procedure detailed in 

Section 6.2.3. 

 

Figure 2.6 MagneTherm system sample testing (f=525.8 kHz, H=16 mT) performed on 
colloidal suspensions in DI water [20 mg mL

-1
] of [R-MNP] from three different batches: (ǒ) 

batch 1, (ǒ) batch 2 and (ǒ) batch 3 and (ǒ) [A-MNP]. 

 

As seen in Figure 2.6 the colloidal suspension of [A-MNP] showed a lower increase in 

temperature (~5 °C) after exposure of an AMF pulse compared to the different batches of 

[R-MNP] (~14 ± 3 °C). This suggested that [R-MNP] exhibited a better thermal efficiency 

performance compared to [A-MNP] under the conditions tested by nanoTherics Ltd (UK) 

using the MagneTherm system. Comparing both the in-house induction heating station and 

the more accurate MagneTherm system, it was clear that [R-MNP] samples had better 

thermal performance at higher frequencies.  

According to information provided by nanoTherics Ltd (UK), several factors may influence 

the calorimetric measurements performed in different systems. The magnetic flux density 

and the field strength vary significantly depending on the position of the sample in the coil, 

besides it is believed that the number of turns in the coil, the length and the geometry of the 

[A-MNP] 

[R-MNP] 
[R-MNP] 
[R-MNP] 


