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Abstract 

Making headway in the field of biomaterials research and specifically in vivo drug 

delivery using nanoencapsulation is certainly a challenge but the rewards are obvious 

when considering potential applications in cancer therapy, drug delivery and uses in 

the potential in the cosmetic industry. As multi-purpose agents nanocapsules not only 

require a high success rate of encapsulation but also a remarkable stability for targeted 

drug delivery, viral vector and emulsion nanocapsules which are considered a great 

match for this purpose. In this research nanocapsules were fabricated using a 

layer-by-layer technique: polymer layers are alternatively deposited using opposite 

charges on a bio-core surface. Smart polyelectrolyte nanocapsules are produced that 

can be successfully uptaken by cells and catalysed to release drugs at a target site. 

Previous research in this area attempted to use nanocapsules in the range of 600nm 

resulting in a high rate of cell fatality during uptake. We focus on three projects all in 

the range of 100nm, a size range predicted to have an even higher success rate for: 1) 

Oil-dye assisted emulsion nanoencapsulation. 2) Polystyrene latex beads 

nanoencapsulation. 3) Adenovirus nanoencapsulation. The characterization of 

nanocapsules included Confocal Laser Scanning Microscopy (CLSM), Dynamic Light 

Scattering (DLS), Transmission Electron Microscopy (TEM) and Scanning Electron 

Microscope (SEM). Polymer layering is examined for stability, successful encapsulation 

and their biocompatibility. Fabrication smart oil-dye assisted nanocapsules containing 

water insoluble drugs are using a solvent evaporation to shrink the microcapsules to 

nanocapsules. With regards to the successful encapsulation of latex beads it is shown 

that direct polymer deposition on the adenovirus surface could significantly increase 

the speed of assembly and reduces complexity in fabrication. Adenovirus nanocapsules 

are examined using the above methods as well as a cell study based on gene 

expression showing that the capsules successfully infect cells with the virus without 

causing cell fatalities.    



2 

 

Table of Content 

 

Abstract ............................................................................................................................. 1 

Table of Content ................................................................................................................ 2 

List of Figures .................................................................................................................... 8 

List of Scheme ................................................................................................................. 14 

List of Symbols and Abbreviations .................................................................................. 17 

Acknowledgements ......................................................................................................... 18 

Chapter 1 Introduction .................................................................................................... 19 

Chapter 2 Literature Review, Thesis Aims and Objectives .............................................. 22 

2.1 Brief History of Nanoparticle Applications ............................................................ 22 

2.2 A Brief History of Nanoparticles ............................................................................ 23 

2.3 Classification and Types of Nanoparticles: Organic Nanoparticles ....................... 26 

2.3.1 Polystyrene Latex Beads ................................................................................. 26 

2.3.1.1 Beads Selection ........................................................................... 27 

2.3.2 PLGA [Poly (Lactic-co-Glycolic Acid)] .............................................................. 28 

2.3.2.1 Chemical Formula........................................................................ 30 

2.3.3 Liposomes ....................................................................................................... 31 

2.3.4 Nanocapsules .................................................................................................. 32 

2.3.5 Dendrimers ..................................................................................................... 33 

2.3.6 Carbon Nanotubes .......................................................................................... 34 

2.4 Classification and Types of Nanoparticles: Inorganic Nanoparticles .................... 35 

2.4.1 Gold Nanoparticles ......................................................................................... 36 

2.4.2 Quantum Dots ................................................................................................. 37 

2.4.3 Magnetic Nanoparticles .................................................................................. 38 

2.4.3.1 Potential Application of Magnetic Nanoparticles in Clinic .......... 39 

2.8 Polyelectrolyte: The Key to Nanoencapsulation ................................................... 40 



3 

 

2.7 Particles Surface Concentration ............................................................................ 42 

2.9 Bio-functional Nanoparticle: Viral Vector ............................................................. 43 

2.9.1 Advantages to using Viral Vector in Nanotechnology .................................... 44 

2.9.2 Disadvantages Solutions: Viral Vectors Encapsulation ................................... 45 

2.10 Emulsion: A Pivotal Bridge to Drug Delivery ....................................................... 49 

2.10.1 General Emulsion Fabrication ....................................................................... 50 

2.10.2 Factors Affecting Solubility ........................................................................... 52 

2.10.2.1 Polarity ...................................................................................... 52 

2.10.2.2 Like Dissolves Like ..................................................................... 53 

2.10.2.3 Hydrophobicity .......................................................................... 53 

2.10.3 Emulsifiers ..................................................................................................... 54 

2.10.4 Surfactant...................................................................................................... 55 

2.10.4.1 Role of Surfactant ...................................................................... 55 

2.10.5 Oil-Drug Emulsion Nanoencapsulation: Solution for Insoluble Drug Delivery

 ................................................................................................................................. 56 

2.10.5.1 Emulsion Nanocapsules ............................................................ 58 

2.11 Polyelectrolyte Complex ...................................................................................... 59 

2.12 Polyelectrolyte Multilayers ................................................................................. 60 

2.13 Polyelectrolyte Adsorption on Particle Surface .................................................. 61 

2.14 Layer-By-Layer Methods using Polyelectrolytes ................................................. 63 

2.15 Layer-by-Layer Polyelectrolyte Assembly ........................................................... 63 

2.15.1 Stabilizing Interactions within Multilayers ................................................... 65 

2.15.2 Layer Growth ................................................................................................ 66 

2.16 Polyelectrolyte Microcapsules ............................................................................ 67 

2.17 Regularities of LBL on Nanoparticles ................................................................... 69 

2.17.1 Reasoning behind the Method Selection ..................................................... 70 

2.18 Functionalization Based on Small Particles ......................................................... 71 

2.19 Projects Aims: Coating Functional Smart Nanoparticles ..................................... 74 

Chapter 3 Materials and Methods .................................................................................. 76 

3.1 Layer Materials ...................................................................................................... 76 



4 

 

3.1.1 Poly-L-Lysine-FITC (PLL-FITC) .......................................................................... 76 

3.1.1.1 Chemical Pathway of Amino- Group Linking ............................... 77 

3.1.2 Dextran Sulphate Sodium Salt (DS) ................................................................. 78 

3.1.3 Polysodium 4-Styrene Sulfonate (PSS) ........................................................... 79 

3.1.4 Polyallylamine Hydrochloride (PAH) ............................................................... 80 

3.1.5 Sodium Salt and DI Water ............................................................................... 80 

3.2 Core Materials ....................................................................................................... 80 

3.2.1 Latex Polystyrene Beads ................................................................................. 80 

3.2.2 Adenovirus ...................................................................................................... 81 

3.2.3 Sudan II ........................................................................................................... 81 

3.2.4 β-carotene....................................................................................................... 82 

3.2.5 Lidocaine ......................................................................................................... 83 

3.2.6 Cyclo-hexane ................................................................................................... 84 

3.2.7 Surfactant – Bovine Serum Albumin (BSA) ..................................................... 85 

3.3 Adenovirus Cell Study: A549 Cells, Gene Expression ............................................ 86 

3.4 PS Latex Beads Nanoencapsulation: Preparation and Layer Deposition .............. 86 

3.4.1 ζ-Potential ....................................................................................................... 86 

3.4.2 Dynamic Light Scattering (DLS) ....................................................................... 87 

3.4.3 Polyelectrolyte Molecular Weight Internal Relationship ............................... 87 

3.4.4 Particle Numbers & Maximum Surface Concentration .................................. 87 

3.4.5 Number of Beads and Polymer Concentration ............................................... 88 

3.4.6 Latex Beads Layer Assembly ........................................................................... 89 

3.5 Virus Nanoencapsulation ...................................................................................... 89 

3.5.1 Biological Experiments: Cell Test Only ............................................................ 90 

3.5.2 Gene Expression ............................................................................................. 90 

3.6 Microencapsulation of Oil–Dye Emulsion ............................................................. 91 

3.6.1 Preparation of Microcapsules ......................................................................... 92 

3.6.1.1 Polymer and dye ......................................................................... 92 

3.6.1.2 Create PSS/PAH solution ............................................................. 92 

3.6.1.3 Oil in Water Mixture .................................................................... 92 



5 

 

3.6.2 Ultrasonic Probe and Temperature as Size Control ....................................... 92 

3.6.3 Emulsion Preparation (BSA Added) ................................................................ 93 

3.6.5 Emulsion Nanoencapsulation ......................................................................... 93 

3.7 Methods ................................................................................................................ 94 

3.7.1 Ultrasonication Machine ................................................................................ 94 

3.7.2 Confocal Laser Scanning Microscopy (CLSM) ................................................. 95 

3.7.3 Dynamic Light Scattering and ζ-potential ....................................................... 96 

3.7.3.1 Dynamic Light Scattering (DLS) ................................................... 97 

3.7.3.2 ζ-potential ................................................................................... 99 

3.7.4 Heatblock for Solvent Evaporation ............................................................... 101 

3.7.5 Scanning Electron Microscopy (SEM) ........................................................... 102 

3.7.6 Transmission Electron Microscopy (TEM) .................................................... 103 

3.7.7 Optical Microscope ....................................................................................... 104 

3.7.8 Centrifugation ............................................................................................... 105 

3.7.9 Vortex Shaker ................................................................................................ 107 

Chapter 4 Emulsion Assisted Nanoparticle Encapsulation............................................ 108 

4.1 Introduction ......................................................................................................... 108 

4.2 Results: Pre/Post Heat Treatment ....................................................................... 115 

4.2.1 Emulsion-Protocol for Lidocaine, Sudan II, β-carotene ................................ 115 

4.2.2 Emulsion analysis: Capsule Concentration Counting ................................... 116 

4.2.3 Emulsion Analysis—CLSM Imaging ............................................................... 117 

4.2.4 Heat Treatment: Assisted Nanocapsules Assembly ..................................... 120 

4.3 Results: Post Heat-Treatment ............................................................................. 121 

4.3.1 DLS Measurement of Capsules ..................................................................... 121 

4.3.2 Post-heating: Optical Microscope Images of Lidocaine, β-carotene, Sudan II 

Capsules. ................................................................................................................ 125 

4.3.3 SEM Images of Lidocaine, β-carotene, Sudan II Nanocapsules .................... 128 

4.4 Discussion ............................................................................................................ 133 

4.5 Sectional Conclusion ............................................................................................ 139 

Chapter 5 Coating of Nanoparticles: Polystyrene Latex Beads Nanoencapsulation ..... 140 



6 

 

5.1 Introduction ......................................................................................................... 140 

5.2 Results for the Coating of Nanoparticles ............................................................ 140 

5.2.1 Number of Latex Beads ................................................................................. 140 

5.2.2 Determining Polyelectrolyte Solution Concentration .................................. 141 

5.2.3 ζ-Potential Measurement for Surface Charge .............................................. 147 

5.2.4 Latex Beads DLS Measurements ................................................................... 148 

5.2.5 CLSM Images of Latex Beads Nanocapsules ................................................. 152 

5.2.6 SEM Images of Non-coated & Coated Latex Beads ...................................... 155 

5.3 Discussion ............................................................................................................ 158 

5.3.1 The protocol .................................................................................................. 158 

5.3.2 Discoveries .................................................................................................... 158 

5.3.2.1 DLS & ζ-potential ....................................................................... 158 

5.3.2.2 CLSM Imaging of the Nanocapsules: Aggregation .................... 160 

5.3.2.3 SEM images of the Nanocapsules ............................................. 161 

5.4 Sectional Conclusions .......................................................................................... 161 

Chapter 6 Virus Nanoencapsulation ............................................................................. 163 

6.1 Introduction ......................................................................................................... 163 

6.2 Results for Ad Nanoencapsulation ...................................................................... 165 

6.2.1 ζ-Potential Measurement for Surface Charge Alternation ........................... 165 

6.2.2 DLS: Particle Size Distribution ....................................................................... 165 

6.2.3 TEM: Ad and Ad nanocapsules morphology in 2D ....................................... 166 

6.2.3.1 Naked Adenovirus with Size Measurements ............................ 167 

6.2.3.2 Layer-by-Layer Coated ............................................................... 168 

6.2.4 SEM: Tetrahedral Morphology Disappearance by Encapsulation ................ 168 

6.2.5 Biological Effects on Cell Studies: CLSM Images ........................................... 171 

6.2.6 Virus Release: Gene Expression using β-gal ................................................. 179 

6.3 Discussion ............................................................................................................ 180 

6.3.1 Reason to choose adenovirus ....................................................................... 180 

6.3.2 The Latex beads protocol.............................................................................. 181 

6.3.3 Successful Protocol Application to Ad Nanoencapsulation .......................... 181 



7 

 

6.3.4 Discoveries: Facts and Reasons .................................................................... 182 

6.3.4.1 DLS ............................................................................................. 182 

6.3.3.2 Facts seen from SEM/TEM: Smooth Surface ............................ 183 

6.3.5 Comparison with Liposome Fabrication ....................................................... 184 

6.3.6 The Importance of This Research ................................................................. 186 

6.3.7 Future research ............................................................................................. 188 

6.4 Sectional Conclusions .......................................................................................... 188 

Chapter 7 General Conclusions & Future Work ............................................................ 190 

7.1 General Conclusions ............................................................................................ 190 

7.2 Future work ......................................................................................................... 193 

Reference ...................................................................................................................... 196 

 

  



8 

 

List of Figures 

Figure 2.1 Image shows oil-in-water emulsions: A) Cyclo-hexane B) Sudan II C) 

β-carotene and D) Lidocaine. ................................................................................. 51 

Figure 3.1 Ultrasonic processor ....................................................................................... 94 

Figure 3.2 CLSM machine. ............................................................................................... 95 

Figure 3.3 Zetasizer nano series machine ....................................................................... 96 

Figure 3.4 Analog heatblock machine ........................................................................... 102 

Figure 3.5 Olympus optical microscopes with digital devices ...................................... 104 

Figure 3.6 Eppendorf centrifuge machine .................................................................... 105 

Figure 3.7 IKA® VORTEX mixer ...................................................................................... 107 

Figure 4.1 Stable emulsions of A) β-carotene, B) Lidocaine & C) Sudan II. Scale bar 

3.5cm ................................................................................................................... 115 

Figure 4.2 Shows the capsule counter which calculates the capsule concentration. The 

calculation method is described below. .............................................................. 117 

Figure 4.3 A) This image shows Lidocaine prior to heat treatment; the emulsion is 

suspended within the microcapsules which show as the black rings. Figure 4.3 B) 

Here the three-ring structure shows the dye held within the emulsion suspended 

within the polymer capsules. Figure 4.3 C) Sudan II microcapsule CLSM images. A 

similar three-ring structure can be seen in this image, highlighted by Sudan II a 

natural green florescent colouring. Scale bar 3μm. ............................................ 119 

Figure 4.4 A) This graph shows the general trend of capsule shrinkage mirroring the 

expected trend. Figure 4.4 B) Artefacts at 120s due to operation error due to 

aggregation. Figure 4.4 C) The artefact at 60s is again due to operation error 

caused by mass aggregation. Sudan II is easily crystallised and heating at 60s and 

the sample taken may have allowed for serious operational error. This very likely 

shows broken capsules leaking Sudan II into the sample solution vastly increasing 

the particle size measurements due to crystallization185. Figure 4.4 D) Size 

distribution graph of lidocaine; cyclo-hexane as control..................................... 124 



9 

 

Figure 4.5 A) Optical microscope images of lidocaine nanocapsules, some of the 

capsules have been elongated due to preparation where the droplet containing 

the capsules is covered by a glass slide, pressure in some cases may have 

distorted the capsule shape. Scale bar 1μm ........................................................ 126 

Figure 4.5 B) Optical microscope images of β-carotene nanocapsules. Here you can 

clearly see aggregated capsules that have retained their three-ring structure. 

Some aggregation is also visible. Scale bar 1μm ................................................. 127 

Figure 4.5 C) Optical microscope images of Sudan II nanocapsules. Here we see the size 

of capsule is much larger than the previous capsules because of the molecular 

size of Sudan II. Scale bar 1μm ............................................................................ 128 

Figure 4.6 A) SEM images of lidocaine nanocapsules. In this extraordinary picture it is 

crystal clear how the polymer layering forms a containing capsule around the 

lidocaine in a similar shape to the original lidocaine droplet. We can see the 

spacing between the polymer and the dye left by the evaporated solvent and 

shrunk to nano scale. Scale bar 1μm. .................................................................. 130 

Figure 4.6 B) SEM images of β-carotene nanocapsules. Here the capsules can clearly be 

seen but the imaging does not allow us to see the dye within the capsule unlike 

the lidocaine capsules where their internal structure is more visible. Scale bar 

1μm. ..................................................................................................................... 131 

Figure 4.6 C) SEM images of Sudan II nanocapsules. Here four aggregated capsules are 

clearly visible and stable. They have fabricated around the dye, however It is not 

possible to detect the dye in these images and their larger size may suggest that 

the dye has leaked beyond the capsule Scale bar 1μm. ...................................... 132 

Figure 5.1 A) At 200 ng/cm2 it can be seen there is a large amount aggregation of PS 

latex beads, however excess polymer layers at this surface saturation 

concentration can hardly be seen. Aggregation in this image is mainly caused by 

the drying for SEM preparation; in liquid condition the beads float independently. 

Individual PS latex beads can clearly be viewed, which suggests they have 

successfully been encapsulated without excess polymer. This saturation 

concentration therefore closely matches with protocol theory. Scale bar 1μm. 143 



10 

 

Figure 5.1 B) At 250 ng/cm2 the number of aggregations increases and the gaps 

between the latex beads are filled with excess polymer at this surface saturation 

concentration. In the foreground it can be seen that all the latex beads are 

amalgamated together apart from the aggregation; it is clear that all latex beads 

have been encapsulated but there is considerable excess polymer; as can also be 

seen in the background of the image. Scale bar 1μm. ........................................ 144 

Figure 5.1 C) At 300 ng/cm2 the encapsulated latex beads were difficult to view. At this 

surface concentration there is excess polymer throughout the sample; 

encapsulated PS latex beads are almost impossible to accurately determine. Scale 

bar 1μm................................................................................................................ 145 

Figure 5.2 ζ-potential indicates the alternating charge at the PS beads surface at each 

layer deposition. All samples were prepared and measured at room temperature. 

The Red line shows the trend line of charge alternation for the predicted model 

of the experiment plotted against the actual measurements. From the graph it 

can be seen that there is an unexpected charge increase from PS latex beads at 

the layer 1 (PLL-FITC) and a significant decrease in surface charge from layer 

1(PLL-FITC) to layer 2(DS) ~70Mv. ........................................................................ 148 

Figure 5.3 DLS measurement (room temp.) The green line represents the modelled 

trend line plotted against the recorded measurements. At layers 1(PLL-FITC) and 

layer 2(DS) the measurements are highly likely to be not just single beads but a 

bulk aggregated beads’ diameter creating what appears to be anomalous results. 

By layer 4-5 the beads and polymer are more balanced as aggregations continue 

to break up and the polymer layers thicken and stabilise. As PLL and DX layers 

were added the size growth decreases to 5~10nm per layer. The graph shows 

successful latex beads encapsulation with controllable growth in layer thickness.

 ............................................................................................................................. 150 

Figure 5.4 A) Shows PS latex beads in a dried condition aggregated by weak Van Der 

Waals' forces. Scale bar 500nm ........................................................................... 151 

Figure 5.4 B) Shows 5 layer coated PS latex beads nanocapsules in a dried condition 

aggregated by weak Van Der Waals' forces. Scale bar 500nm ............................ 152 



11 

 

Figure 5.5 A) Confocal image of encapsulated polystyrene latex beads. The arrows point 

out two co-localized latex beads in suspension. The coated latex beads in this 

sample shows very little aggregation and provide a good contrast under visible 

microscopy making these particles easy to observe; an average diameter of ≤

200nm was measured; presenting PLL-FITC fluorescence green colour. Scale bar 

500nm. Figure 5.5 B) Confocal image of the arrows point out the co-localized 

latex beads. The same observation experiment was presenting latex beads 

amine-modified in red colour. Scale bar 500nm. Figure 5.5 C) The arrows point 

out the co-localized latex beads. The same observation experiment was 

presenting the overlapping image confirms internalization of capsules in solution 

by observing from the x-z direction. The layer assembled on the latex beads core 

emitted a fluorescence when excited at 481nm; emission at 644nm. Scale bar 

500nm. ................................................................................................................. 154 

Figure 5.6 A) SEM images of non-coated PS latex beads; PS latex beads aggregated 

because SEM sample preparations require dried specimens so an over-night 

specimen drying process was performed on the sample. Average diameter 

measured at 75nm and it is clearly observed that there are large amount of 

irregularities on bead surfaces. Scale bar 100nm ............................................... 156 

Figure 5.6 B) SEM images of coated PS latex beads (LBL-1). The average size shows 

about 113nm. This image shows coated PS latex beads more specifically latex 

beads nanocapsules. One of the most significant changes is that the beads 

surface irregularities have become smoother. Scale bar 100nm ........................ 157 

Figure 6.1 Five adenovirus nanocapsules layer size growth charts. This graph shows 

layer growth at LBL 0-5. Due to the nature of this being a biological sample 

aggregation plays a much greater role in obscuring the actual measurements for 

layer deposition. These graphs show capsule growth between the layers however 

it is not possible to draw any firm conclusions regarding layer growth other than 

a general trend in layer thickness between LBL 0-5; therefore further analysis 

using SEM is required to validate encapsulation. However the trend in capsule 

growth is clear. ..................................................................................................... 166 



12 

 

Figure 6.2 TEM image of naked adenovirus with average diameter 68nm. These 

adenoviruses are labelled with their initial diameter. The hexagonal structure is 

clearly visible. Scale bar 100nm ........................................................................... 167 

Figure 6.3 TEM image of LBL disposition of the 5th Layer (LBL-5), with average diameter 

105.8nm approximating the predicted layer growth. The hexagonal structure is 

sometimes still visible but the shapes are no longer uniform and the polymer 

layers deposited on the virus have flattened the visible “pitted golf ball” like 

surface of the naked adenovirus. Scale bar 100nm ............................................ 168 

Figure 6.4 SEM images of adenovirus nanocapsules; zoomed picture. A) B) C) D) Scale 

bar A) 3μm B) 1μm C) 3μm D) 300nm. These four images clearly show the 

encapsulated adenovirus. The hexagonal structure of the virus is “shrink wrapped’ 

by the polymer layering clearly visible in the zoomed pictures C and D. ............ 169 

Figure 6.5 A) The naive image shows untreated cells (negative control). The Image 

shows the cell nuclei highlighted in blue; the cell structures are compacted within 

the black space between the highlighted nuclei. Scale bar 15μm. ..................... 172 

Figure 6.5 B) The polymer control was used to eliminate obstructions from polymer 

layering. The green highlighted areas are showing polymer residing either within 

or on top of the cell surface. Scale bar 15μm. ..................................................... 172 

Figure 6.6 A) The Ad-Cy3 figures show expected nuclei infection by Ad-Cy3 prior to 

encapsulation. The red highlighting Cy3 shows that the adenovirus has 

successfully infected the cell nuclei having penetrated the cell membranes. This is 

clear from the pink fluorescence above the nuclei, which appears a deeper red 

colour in the dark areas of the image within only the cell membrane. Scale bar 

15μm. ................................................................................................................... 174 

Figure 6.6 B) The LBL-1 figure shows slightly less infection after 1st layer encapsulation 

because this first layering creates some restriction or barrier to the adenovirus 

infection. Scale bar 15μm. ................................................................................... 174 

Figure 6.7 A) Combined confocal images of capsule showing uptake by cancerous cells 

(A549). The green highlighting is the polymer layer DS from laser analysis. The 

dark coloured patches within the nuclei again show infection in the majority of 



13 

 

cell nuclei. The small orange dots show adenovirus capsules within the cell 

membrane. Scale bar 15μm. ................................................................................ 175 

Figure 6.7 B) At LBL-4 a similar effect (green colour) is showing in confocal imaging but 

there are far fewer examples of nuclei infection (dark patches within the blue 

highlighted nuclei) where the nuclei are breached by the adenovirus. By LBL-4 

the polymer layering successfully encapsulates the Ad protecting the cells from 

infection. Scale bar 15μm. ................................................................................... 176 

Figure 6.8 A) Combined confocal images of capsule uptake by cancerous cells (A549). 

The nuclei by this stage are showing significant viral infection, the virus 

replication has reached late stages within the nuclei, which have expanded due 

to infection whilst polymer shells are broken and visible within the nucleus and 

cell membrane. Scale bar 15μm. ......................................................................... 178 

Figure 6.8 B) LBL-3 and LBL-5 shows more orange colour. In LBL-3 those dyed 

nanocapsules are surrounding or attaching to the nuclei, but in LBL-5 significantly, 

very few nuclei have been infected by the adenovirus. Layer thickness and 

stability protect the cells from infection and the nuclei show far fewer infections 

as the capsules remain closed prior to enzymatic release and remain either in the 

cell membrane or attached to the nuclei themselves but as unopened capsules. 

Scale bar 15μm. ................................................................................................... 178 

Figure 6.9 β-gals transfection in A549 cells. Naive the untreated cell (negative control, 

set as zero value/lowest values); Ad treated with naked (untreated) adenovirus 

(positive control, set at maximum values that can be reached); Naive & Ad, the 

reference data for this experiment. The graph is conclusive. Naked Ad is 

significantly damaged by the ultrasound but progressively protected at LBL-1, 3, 5 

showing increasing capsule stability (see control vs. coated virus). 

Bio-functionality of the capsules is demonstrated by gene expression during 

enzymatic release at LBL-1, 3, 5........................................................................... 179 

 

  



14 

 

List of Scheme 

Scheme 2.1 Picture taken from the York-Minster Church, York, England. A perfect 

example of the use of nanoparticles colouring metallic glitter applied in painting 

stained glass. .......................................................................................................... 24 

Scheme 2.2 Islamic lustre technique application that produces a golden effect on the 

plate without using real gold ................................................................................. 25 

Scheme 2.3 Microscope image indicate the spherical structure of PLGA particles. Scale 

bar 1μm .................................................................................................................. 29 

Scheme 2.4 PLGA chemical formula ................................................................................ 30 

Scheme 2.5 Liposome cross section image indicate the internal bilayer structure ........ 31 

Scheme 2.6 Nanocapsule structures with negative charge in the 1st layer and positive 

charge in 2nd layer, bounded by electron-neutralization. ...................................... 32 

Scheme 2.7 Dendrimers floating on the surface of cells44 .............................................. 33 

Scheme 2.8 Image of carbon nanotubes in ideal form46 ................................................ 34 

Scheme 2.9 Gold nanoparticles surface charges with diagram indication49, the 

component indicate the surface attachments ....................................................... 36 

Scheme 2.10 Quantum dots structure that the entire particles are organized and 

composed by millions of dots from layer to inner core......................................... 37 

Scheme 2.11 Magnetic nanoparticles composed inner particle with a completely 

magnetic material nanoparticles ........................................................................... 38 

Scheme 2.12 Potential applications of magnetic nanoparticles in clinic for tendon 

therapy ................................................................................................................... 39 

Scheme 2.13 3D structure of adenovirus include DNA ................................................... 47 

Scheme 2.14 Idealized constructions of polyelectrolytes in solution ............................. 60 

Scheme 2.15 Picture of a polyelectrolytes’ adsorption at a charged particles surface .. 62 

Scheme 2.16 Charged substrate absorbing illustration. Charged substrate is adsorbing 

polyanion and polycation respectively, the illustration steps of from sample 

preparing to layers deposition111,112,113. ................................................................ 69 



15 

 

Scheme 2.17 Two method diagrams used in projects .................................................... 69 

Scheme 3.1 Poly-L-Lysine chemical formula ................................................................... 76 

Scheme 3.2 Fluorescein isothiocyanate (FITC) chemical formula ................................... 77 

Scheme 3.3 Chemical equation of amino-group linkage ................................................ 77 

Scheme 3.4 Dextran sulphate sodium salt chemical formula ......................................... 78 

Scheme 3.5 PSS chemical formula .................................................................................. 79 

Scheme 3.6 PAH chemical formula ................................................................................. 80 

Scheme 3.7 Sudan II chemical formula ........................................................................... 81 

Scheme 3.8 β-carotene chemical formula ...................................................................... 82 

Scheme 3.9 Lidocaine chemical formula ......................................................................... 83 

Scheme 3.10 Cyclo-hexane chemical formula ................................................................ 84 

Scheme 3.11 Simulation image of BSA biological structure133 ....................................... 85 

Scheme 3.13 Working theory of DLS201 ........................................................................... 97 

Scheme 3.14 Example of ζ-potential using gold nanoparticles....................................... 99 

Scheme 3.15 Electrical double layer ............................................................................. 100 

Scheme 4.1 Lidocaine chemical formula ....................................................................... 110 

Scheme 4.2 β-carotene chemical formula .................................................................... 111 

Scheme 4.3 Sudan II chemical formula ......................................................................... 113 

Scheme 4.4 General process of volatilized solvent-dye microencapsulation. A) Solvent 

and Dye mixed with BSA forming the suspension. B) Post ultrasound treatment 

the emulsion is formed. C) Centrifugation performed with addition of PAH to 

stabilise the system and remove excess polyelectrolyte by washing using DI water. 

D) Alternating PSS/PAH for layer deposition. E) Heat treatment of the emulsion 

system to produce nanocapsules from the emulsion microcapsule suspension.114 

Scheme 4.5 Heating process to produce micro- to nanocapsules. A) Lidocaine emulsion 

nanocapsules. B) Heat treatment allowing for solvent evaporation C) The final 

nanocapsules shrunk from micro-emulsion capsules. ......................................... 120 

Scheme 5.1 Matched concentration method general processes means the polymer 

fibres are accurately deposited on the surface of nanoparticles without the 

involvement of external forces (centrifugation). The key preparation is 



16 

 

determining the exact concentration of polymer required for each batch sample.

 ............................................................................................................................. 141 

Scheme 6.1 Illustration of naked adenovirus LBL 1-5 polymer layers deposited on the 

Ad surface aggregating around nodal points and building into the shell. LBL-5 the 

surface of Ad particle has been fully encapsulated. ............................................ 182 
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Chapter 1 Introduction  

In 1959 at a global conference, Richard Feynman (1959) gave a general concept of 

nano-technology1. His description inspired those scientists eager to make discoveries in 

this unknown area, breakthroughs explosively came up: the invention of 

STM—scanning tunnelling microscope1; and the semiconductor nanocrystals synthesis 

and their materials properties2.  

 

These two discoveries promoted the development of nanotechnology changing the 

research focus from marco- to micro-particles2, this made it possible to manipulate and 

build materials using our current technology even on a molecular level and allowing 

the world to manufacture large products with small materials3. 

 

In recent years, nanoparticles (NP) research and fabrication techniques have received a 

much attention3. The interdisciplinary field of nano-biotechnology is the combination 

of huge number of disciplines. Nanoparticles are typically defined as sub-microscopic 

particles between 1 and 100 nm4 and are formed from a variety of substances and 

engineered to carry a range of substances in a controlled and targeted manner4. A 

great deal of effort has been directed towards discovering new novel drug delivery 

mechanisms and cancer therapy systems using nano-biotechnology. Such a build-up of 

multifunctional capsules as intelligent drug carriers: these once injected in vivo, locate 

their target, repair or kill the damaged cells and bio-degrade without further damaging 

the body3. Separating these properties, effects and their chemical and physical 

behaviours is important in understanding the potential for nanoparticles. Two common 

obstacles in nanoparticle technology research are particle size control and nanoparticle 

chemical properties5.  
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Polyelectrolyte is a material that can be used to form nanocapsules and thus plays a 

significant role in determining the size of the capsules5. Most polyelectrolyte properties 

are similar to electrolytes and polymers they dissolve in water and the electrolyte 

group can be positively or negatively charged4. Interestingly, polyelectrolytes vary in 

molecular weights so provide a potential range of nanocapsule layer thicknesses5.  

 

In this study small solid nanoparticles (latex beads) are successfully coated with 

polyelectrolyte, following this with single viral-vector (adenovirus) encapsulation and 

finally the study focuses on oil-dye emulsion nanoencapsulation. Initially the 

nanocapsules’ properties are physically evaluated by scanning electron microscopy 

(SEM) and confocal laser scanning microscopy (CLSM), the same investigation of 

adenovirus capsules is conducted; the adenovirus bio-function are demonstrated using 

gene expression cell tests and CLSM imaging. 

 

Chapter 1 reviews all the current literature of existing nanoparticles fabrication and 

research literature, with an emphasis on the theory and the current research on 

gene/cancer therapy and drug delivery systems; this lays the foundation for the 

experimental work exploring how the properties of nanoparticles can be applied to 

gene/cancer therapy and drug delivery.  

 

Chapter 2 a novel experimental technique—polyelectrolyte layer deposition named 

“Layer-by-Layer (LBL)” is introduced and discussed in detail. This method is specifically 

developed for nanocapsules fabrication. 

 

Chapter 3 all materials are discussed as is the single adenovirus and oil-dye 

nanoparticle fabrication using LBL techniques. Two different LBL methods are 

introduced and various polyelectrolytes with different molecular weights are prepared 

in solution for the layer assembly process.  
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Chapter 4 detail the oil-dye assisted microencapsulation using the LBL centrifugation 

technique to fabricate oil-dye co-operated droplets. This project focuses on water 

insoluble drug microencapsulation and a novel manufacturing pathway from micro- to 

nanocapsules using an evaporative solvent to “shrink wrap” the microcapsules into 

nanocapsules. 

 

Chapter 5 describes the coating of 100nm polystyrene latex beads. This is a “mock” 

experiment in preparation for adenovirus nanoencapsulation, because of the expensive 

restricted supply of Ad stock; this work simulates a template and protocol that suits 

adenovirus. SEM, CLSM images provide physical evidence of this successful method.  

 

Chapter 6 offers a closed view of the adenovirus nanoencapsulation process. The virus 

stock is provided by the London school of pharmacy. The LBL matched concentration 

method is again used at this stage. 

 

The conclusion discusses these experiments in detail and considers studies that might 

be required to complement and further this research.   
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Chapter 2 Literature Review, Thesis Aims and 

Objectives  

2.1 Brief History of Nanoparticle Applications  

Nanoparticles as used in nanotechnology are defined as small objects that behave as a 

whole unit with respect to its transport and properties. Particles are also extensively 

classified to their diameters6: ranges between 10,000 and 2,500 nm are known as 

coarse particles6. 2,500 and 100 nm are known as fine particles and nanoparticles, in 

some books referred to as ultrafine particles, which fall into the range of 1 to 100 nm7. 

 

Initially, nanoparticles were called "ultrafine particles" (UFPs). Because during the 

1970-80's American scientists Granqvist and Buhrman2 collaborating with the ERATO 

Project and Japanese scientists8named them as such during these first fundamental 

studies into ‘nanoparticle’ behaviour. 

 

However as the National Nanotechnology Initiative began to operate in the USA in the 

1990s based on the distribution of particle size, the term “nanoparticles” became 

fashionable and was widely used8.  

 

As research continued to flourish scientists discovered that nanoparticle behaviour is 

not always proportional to size, which meant, that size distribution played an 

important role in nanoparticle properties that were observed which were not always 

similar to the properties of those fine particles or bulk materials9. 

 

Size is not the only identifying factor for nanoparticles; theoretically any particles in 

the range of 1 to 10 nm with a narrow size distribution are defined as nanoclusters9. 

Ultrafine particles, nanoparticles, even nanoclusters are agglomerated into 
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nanopowders, nano-sized single crystals or ultrafine particles also named 

nanocrystals10. 

 

Nanoparticle research is currently an area of intense scientific interest due to a wide 

variety of potential applications10. Nanoparticle absorption within a human body (in 

vivo) is restricted by two parameters: size and bio-compatibity11. Nanoparticles less 

than 20 nm are able to pass through blood vessel walls and as such allows for 

intravenous injection as well as intramuscular and subcutaneous applications. In 

comparison to conventional cancer treatments13 the size of these particular systems 

minimizes irritation and reactions at the injection site12.  

 

Nanoparticles can be formed to exhibit stability in both shelf life storage and in terms 

of cell uptake time14, they can be designed for specific uptake within the body and as a 

response by the body to treatment furthermore, nanoparticles’ size allows for 

interactions with biomolecules on the cell surfaces and within the cells in ways that do 

not necessarily alter the behaviour and biochemical properties of those molecules14, 15. 

 

2.2 A Brief History of Nanoparticles 

Nanoparticles were used around 9th century Mesopotamia by artists for creating a 

glittering effect “lustre” on the surface of pots, this can be considered one of the best 

actual application series of nanoparticles science16. 

 

This technique allowed pottery artists to polish the manufacturing technique, which 

lead to distinct gold or copper coloured metallic glittering products by the Middle-Ages 

and the Renaissance16. There is a metallic film that applied to the transparent surface 

of glazing, creates a film maintaining a high resistance to oxidation and corrosion, 

allowing those lustres to be long lasting their vibrancy can still be visible today17,18, 19. 
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Scheme 2.1 Picture taken from the York-Minster Church, York, England. A perfect 

example of the use of nanoparticles colouring metallic glitter applied in painting 

stained glass. 

 

In discussing the history of nanoparticles one must mention medieval stained glass 

Artisans, they are the most documented nanotechnology scientists in history16. They 

trapped gold nanoparticles in a glass matrix to generate a ruby red colour in the 

windows, trapped silver nanoparticles to gain a deep yellow colour19, and the size of 

nanoparticles was varied giving a sundry colour change. Most of those effects can still 

be seen in the churches of Europe18.  

 

Lustre is defined in the dictionary as a thin coating containing non-oxidized metal 

particles which gives an iridescent glaze to ceramics. This techniques originated in the 

Islamic world. Muslims were not allowed to use gold in artistic products19, 20, they were 

forbidden by the King, so they sought alternative methods to create similar effects 

using as little gold as possible, finally they discovered the ‘lustre’ technique20, a 
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combination of the wisdom of materials science and sophisticated ancient handcrafts 

skills20. 

 

Scheme 2.2 Islamic lustre technique application that produces a golden effect on the 

plate without using real gold 

 

Another example of ancient nanoparticle science was the ‘Deruta Ceramicists’ work; 

Italians from Umbria in 1450-1600AD during the Renaissance Period20, 21 used 

nanoparticles to make metallic glazes. 5~100nm copper and silver metal particles were 

used in their glazes. This caused light to bounce off the surface at different 

wavelengths giving an iridescent look21. Thousands of years ago, the great Chinese 

ceramicists were also using gold nanoparticles to create their famous red colouring in 

ceramic “chinaware”21.  

 

In Michael Faraday’s classic 1857 paper where he introduced the first scientific 

description, of the optical properties of metal nanopacticles21, 22. Soon after Turner 

wrote: "It is well known that when thin leaves of gold or silver are mounted upon glass 
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and heated to a temperature which is well below a red heat (~500 °C), a remarkable 

change of properties takes place, whereby the continuity of the metallic film is 

destroyed. The result is that white light is now freely transmitted; reflection is 

correspondingly diminished, while the electrical resistivity is enormously increased”23. 

 

2.3 Classification and Types of Nanoparticles: Organic 

Nanoparticles  

Organic nanoparticles indicate solid particles in the size range from 10nm to 1000nm, 

composed of organic compounds such as lipids or polymer24. 

 

These types of nanoparticles have been well researched in the last ten years and their 

uses are well promoted because of their recognised potential in a wide spectrum of 

research, in industrial applications from electronics to photonics, materials to sensors, 

medicine to biotechnology24, 25.  

 

Current research in the field of high quality organic nanoparticles production is focused 

on creating optimized fabrication pathways from design phase to assembly25. This 

includes the consideration of physio-chemical properties, chemical composition, 

nanoparticle size, structure, morphology and environmental conditions26. 

 

Current research also shows that now we have the capability to replicate organic 

nanoparticles, rather than sourcing directly from nature26. 

 

2.3.1 Polystyrene Latex Beads 

Latex beads are polymeric particles suspended in latex27,28,29. Latex is a stable emulsion 

of polymer microparticles in aqueous27 which can be both natural and synthetic. Latex 

is found in nature as a milky fluid found in 10% of all flowering plants (angiosperms)27. 
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It is a complex emulsion consisting of proteins, alkaloids, starches, sugars, oils, tannins, 

resins, and gums that coagulate on exposure to air. It is also often exuded at the site of 

a tissue injury. In most plants, latex is white, but sometimes it is yellow, orange, or 

scarlet in colour. Since the 17th century7, 11, latex has been used as a term for this fluid, 

which mainly serves as defence against herbivorous insects27, 28.  

 

Uniform latex particles were first discovered in 1947, since then they have been utilized 

in a wide variety of applications including electron microscopy, cell counter 

calibration27,28, antibody mediated agglutination diagnostics, phagocytosis experiments, 

and many others.  

 

Polystyrene latex beads are spherical polymer nanoparticles with an average molecular 

weight about 1x10-6 g in the colloidal size range of 100nm27, 28. Polystyrene is a linear 

hydrocarbon chain with an attached benzene ring to every second carbon atom27, 28. 

 

This structure creates a hydrophobic surface because of the inert nature of benzene 

which is overcome using surfactants in order to attach the polyelectrolyte molecules 

during encapsulation29. The final surface charge on the beads helps prevent 

aggregation because the charges repel. With these properties of the beads comes extra 

space in the solution due to the repelling force of the beads themselves, allowing for 

5~10% increase on potential surface area and 90% increase in space in the solution 

which can be used for proteins and fluorescence binding29,30.  

 

2.3.1.1 Beads Selection 

Particle size was selected to match the size of the adenovirus particles to prototype 

nanoencapsulation (0.1μm)30,31. Amine-modified latex beads which display an orange 
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colour are typically treated first in aqueous systems with hydrazine, yielding an active 

hydrazine form31 

 

The hydrazine-modified particles are multifunctional since many different reactions can 

be performed on their surfaces31. The surface charges of the beads are a key 

component of the colloid stability as well as carboxyl groups31. Surface area of the 

beads gives an indication of the maximum number of possible sites for covalent 

bonding of polymers. Without a significant surface charge, surfactants must be added 

to give the colloid stability and prevent aggregation8,31.  

 

The surface charge of the beads is determined by titration31. The emulsion must have 

no free acids or bases present and all the bound acid or base groups must be in the H+ 

or OH- form. The saturation point of the titration is determined by the H+ or OH- form31. 

The saturation point is found by measuring the number of micro-equivalents of base or 

acid (H+/OH-) used to neutralize 1g of polymer, Et. The surface charge density is then 

readily calculated using the Faraday Constant (F = 96,485 coulombs per equivalent) and 

the Specific Surface Area31, 32. 

𝜎 =
𝐸𝑡

SSA
𝐹 

Or                                                            

σ = 1.7 ∗ 𝐸𝑡 𝐷 

Where polystyrene density as 1.055 g/cm3 

 

2.3.2 PLGA [Poly (Lactic-co-Glycolic Acid)] 

PLGA is one of the most widely used organic nanoparticles in both industry and the 

laboratory33. It is a Food and Drug Administration (FDA) approved copolymer, because 
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of it is highly biodegradable and biocompatible33.  

 

 

Scheme 2.3 Microscope image indicate the spherical structure of PLGA particles. 

Scale bar 1μm 
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2.3.2.1 Chemical Formula 

 

Scheme 2.4 PLGA chemical formula 

 

Synthesis of PLGA uses two monomers, the cyclic dimers (1, 4-dioxane-2, 5-diones) 

of glycolic acid and lactic acid, operated by means of random ring-opening 

co-polymerization33, 34. Tin (II) 2-ethylhexanoate, tin (II) alkoxides, and oraluminum 

isopropoxide are catalysts used in this fabrication. During the synthesis of the two 

monomers, glycolic or lactic acid are linked together by ester bonds, which then yield 

linear polyester as a product34. 

 

The ratio of lactide to glycolide plays an important role in polymerization; usually in 

PLGA it is 75:25 indicating that the composition is 75% lactic acid and 25% glycolic acid 

in each respect34. PLGA is an amorphous polymer with a glass transition temperature 

of 40~60 °C. At room temperature the two monomers, polylactide and polyglycolide, 

have poor solubility, however, PLGA can be dissolved into a range of solvents such as: 

acetone and ethyl acetate34, 35.  

 

PLGA is degraded by hydrolysis; previous reports show that the degradation period is 

related to the ratio of the monomer35. A higher concentration of glycolide lowers the 

degradation time. PLGA degradation time is directly proportional to the monomer 

concentrations the rate peaking at a 50:50 ratio, at around 2 months35. 
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The two monomers can be broken down by cellular metabolism in this degraded 

state35, 36. PLGA can easily be hydrolysed in the body generating these two monomers 

which make it a biodegradable polymer36. The monomers polyactide and polyglycolide 

are harmless making PLGA completely biocompatible as a drug delivery carrier and 

useful for biomaterial applications.  

 

The ratio of two monomers also allows for a bespoke degradation time by adjusting the 

portion of monomers used during PLGA fabrication, which makes PLGA suitable for 

various bio-devices (grafts, sutures, implants, prosthetic devices, micro and 

nanoparticles)36. PLGA is used to deliver Amoxicillin in the treatment of Listeriosis 

(Listeria monocytogenes infection) and is used as a drug delivery system to treat 

advanced prostate cancer37. 

 

2.3.3 Liposomes 

         

Scheme 2.5 Liposome cross section image indicate the internal bilayer structure 
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Liposome is an artificially assembled particle composed of a lipid bilayer, which is 

fabricated using ultrasonication, breaking biological membranes causing a reconfigured 

structure as in Scheme 2.438. Liposome is the first and successful drug delivery system 

used in the pharmaceutical and cosmetic industries. It can carry the required drugs or 

biomaterials to a targeted cell, this can then be uptaken into the cell nucleus when the 

correct hormone/enzyme trigger the liposome to open38, 39.    

 

Phosphatidyl choline-enriched phospholipids present in an egg like structure in 

liposome. Two common ingredients are mixed forming lipid chains that have surfactant 

properties, which reduce surface tension between the two lipid layers, allowing for 

flexible spherical capsules39 which allows surface ligands to bind with unhealthy 

tissue40. There are four major types of liposome: multilamellar vesicle (MLV), the small 

unilamellar vehicle (SUV), the large unilamellar vesicle (LUV), and the cochleate 

vesicle39, 40. 

 

2.3.4 Nanocapsules 

 

Scheme 2.6 Nanocapsule structures with negative charge in the 1st layer and positive 

charge in 2nd layer, bounded by electron-neutralization.  
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Nanocapsules are nanoparticles fabricated with biocompatible polymer layers forming 

a core-layer organization41. Encapsulated liquid/solid cores at around 10~1000nm. This 

size range allows for easy permeation through cell membranes and for effective drug 

carriers in a bio-environment. Applications can therefore include drug delivery41, 

self-healing, cosmetic industry, food manufacture. Most of the polymer layers are 

biocompatible, even biodegradable42,43. Poly-L-lysine (PLL) and poly 

(lactide-co-glicolide) (PLGA) are two of the most commonly used polymer materials in 

nanocapsules assemblies. Nanoencapsulation is the method used to protect the core 

substances preventing external environmental damage, controlling release and 

sustained delivery43. 

 

2.3.5 Dendrimers 

 

Scheme 2.7 Dendrimers floating on the surface of cells44 
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Dendrimers display a highly repetitive and perfect morphology; they are typically 

symmetrical around the core presenting a branched 3D spherical structure44. The 

functional group of a dendrimer surface is dominating its main properties; their active 

groups are able to be isolated by an encapsulation technique. Dendrimer is a material 

that copies its active site in biomaterials. Interestingly, dendrimer is also water soluble 

by functionalizing its outer shell with charged species or other hydrophilic groups44, 45. 

Dendrimers have several other properties including toxicity, crystallinity and chirality, 

and are widely used in nanomedicine. Its surface morphology can be used to attach 

cell-identification tags, fluorescent dyes, enzymes and other molecules45. 

 

2.3.6 Carbon Nanotubes 

 

Scheme 2.8 Image of carbon nanotubes in ideal form46 

 

Carbon nanotubes (CNTs) have received worldwide attention because of their novel 

structure, low specific mass and excellent electrical, thermal and mechanical 

properties46. Carbon nanotubes (CNTs) are allotropes of carbon46. These cylindrical 

carbon molecules have novel properties that make them potentially useful in 

nanotechnology, electronics, and optics. Nanotubes include spherical buckyballs with a 

structure that is capped at the ends of a nanotube46, 47. The diameter of a nanotube is 
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on the order of a few nanometres up to several millimetres in length (as of 2008). The 

nature of the bonding of a nanotube is orbital hybridization, sp2 bonds47. This bonding 

structure is stronger than sp3 bonds found in diamonds, which gives the nanotube 

molecules unparalleled strength46. Nanotubes naturally align themselves into "ropes" 

held together by Van der Waals forces. Under high pressure, nanotubes can merge 

together trading sp² bonds for sp3 bonds giving the possibly of producing strong wires 

unlimited in potential lengths46,47. 

 

2.4 Classification and Types of Nanoparticles: Inorganic 

Nanoparticles 

Inorganic nanoparticles have gained much attention in recent years because of their 

novel and unique properties, which are totally different from lipid or polymer coated 

nanoparticles50. Classified by structure, inorganic nanoparticles include core-shell 

nanoparticles and multicomponent layer assembly nanoparticles with enhanced 

characters and functions48,49,50.  

 

Inorganic nanoparticles are a key element used in optical, magnetic, biomedical 

imaging, from chemical sensing to magnetic recording. In addition, inorganic 

nanoparticles are inert, stable and easily fabricated50. Thus, inorganic nanoparticles, 

such as magnetic, gold, and quantum dots (QDs) have received particular attention in 

current biomedical applications47. 
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2.4.1 Gold Nanoparticles 

 

Scheme 2.9 Gold nanoparticles surface charges with diagram indication49, the 

component indicate the surface attachments 

 

Gold nanoparticles, also known as colloidal gold, are a suspension of sub-micrometre 

sized gold particles in water solution48, 49. The liquid is usually either an intense red 

colour (≤100 nm), or yellowish in colour (larger particles)49. The nanoparticles 

themselves present as spheres, rods, cubes, or caps48, 49.  

 

Colloidal gold has been successfully used in the treatment of rheumatoid arthritis48, 49. 

In cancer research colloidal gold can be used to target tumours and provide detection48, 

49. To specifically target tumour cells, the pegylated gold particles are conjugated with 

an antibody48, 49. Due to the unique optical, electronic and molecular-recognition 

properties of gold nanoparticles; they are the subject of substantial research, with 

applications in a wide variety of electronics, nanotechnology and the synthesis of novel 
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materials with unique properties48, 49. 

 

2.4.2 Quantum Dots 

 

Scheme 2.10 Quantum dots structure that the entire particles are organized and 

composed by millions of dots from layer to inner core.  

 

Quantum dots are expressed in three spatial directions, excitons bond onto a live on 

semiconductor nanostructure50. This structure can be attributed to the electrostatic 

potential (external electrodes, doping, strain, impurities), that the interface of two 

different semiconductor materials (the quantum dot from the group), a semiconductor 

surface (semiconductor nanocrystals), or a combination of all those three produce50.  

 

Quantum dots react uniquely to photons50. They are semiconductors which contain 

individual crystals which are proportional to their size and shape50, 51. During synthesis, 

crystal size is highly controllable in the quantum dots allowing their conductive 
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properties to be controlled50, 51. The crystal size variation also allows for successful 

assembly of the dots into a nanofilm. Quantum dots present optimal functions in 

biotechnology for cell labelling and imaging, in cancer imaging as well as agents in 

quantum computing50, 51. 

 

2.4.3 Magnetic Nanoparticles 

 

Scheme 2.11 Magnetic nanoparticles composed inner particle with a completely 

magnetic material nanoparticles 

 

Magnetic nanoparticles are those nanoparticles that are bonded to a magnetic field, 

they contain magnetic elements like iron, nickel and other chemical compounds with 

an average diameter in the range of 5~100nm52. The magnetic nanoparticles have 

received considerable attention because of their excellent performance in biomedicine, 

magnetic imaging and data storage52. In drug delivery bioactive molecules are moved 

toward the target tissue using external magnetic forces that accelerate and direct the 
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entire transportation mechanism. Similar to this process, magnetic nanoparticles are 

also used for selective bio-separator which coat antibodies to cell-specific antigens in 

order to separate from the local matrix52,53.  

 

2.4.3.1 Potential Application of Magnetic Nanoparticles in Clinic 

 

Scheme 2.12 Potential applications of magnetic nanoparticles in clinic for tendon 

therapy 

  

Joint tendon internal fracture is a typical sport injury that is usually caused by external 

impact forces. This type of injury can affect any of the tendons and ligaments 

surrounding the knee joint53. The complexity of the tendon therapy is that internal 

damage that occurs at the joint within the connection panel is full of veins and nerves. 

Traditional medicinal administration is usually performed by injection; which suffers 

from drugs being unable to reach the target area53. However using medicinal 

nanoparticles with magnetic layers can potentially solve this problem: once magnetic 

nano-particles are injected into injury area on one side, a magnet can be applied to 

one side which attracts and draws those magnetic nanoparticles towards the target 

area creating a simple method of administration53.    
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2.8 Polyelectrolyte: The Key to Nanoencapsulation 

The definition of polyelectrolyte is the molecules constituted of charged or ionisable 

monomer units and low molecular weight counter ions to maintain electrical 

neutrality54. Charged polymers are everywhere in nature and their special structure are 

at the very basis of biological processes in the form of polypeptides and DNA. They can 

be separated as polycations and polyanions depending on their charge as well as 

polyampholytes if the polymers contain both negative and positive functional groups55, 

56. 

 

The structure of a polyelectrolyte in solution depends on its concentration, molecular 

weight, in addition to its linear charge density, counter ions and the dissociation 

constant of its ion pairs. Polyelectrolytes remain in an elongated construction along the 

main chain due to the strong repulsive forces that act by forcing the polymer’s 

structure units apart between the same-charge groups55, 56. 

 

Long chain polymers can only be described statistically when they take a large number 

of constructions. Hence it is difficult to predict the average polyelectrolyte construction 

in water solution by using theoretical models55, 56. Currently, two models that are often 

used to describe the average construction of polyelectrolyte are the 

Freely-jointed-chain model and the Gaussian model55, 56.  

 

Whilst they are different in their assumptions of the bond length and joint angles, 

these two models state that the mean-squared end-to-end radius (Ree) is proportional 

to the number of monomer units (N) in the polymer chain multiplied by the monomer 

size (a) 55:  

Eq. 2.1   

Equation 2.1 appropriately describes uncharged polymers because Ree is typically much 

smaller than the length of the extended polymer55. However this simplistic relationship 

22 NaRee 
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does not include steric effects from adjacent side chains and it is excluded volume 

effect from non-adjacent monomers. Polyelectrolytes are best described in terms of 

persistence length (qp), which describes the stiffness or relative length of a charged 

polymer in solution54,55. The persistence length of a polyelectrolyte depends on the 

electrostatic interactions between an individual monomer and the monomers around 

it55. The stiffness is given by the sum of the steric length (q0), which is the persistence 

length, an equal length of uncharged polymer would have and the electrostatic 

contribution (qe)
55, 

Eq. 2.2    

The electrostatic contribution is described as, 

Eq. 2.3    

Where lB is the Bjerrum length, κ-1 is the Debye length and leff is the effective distance 

between charges54,55. The Debye length describes the spherical volume around a 

charge where an effective charge screening occurs55. The Bjerrum length is the distance 

at which the columbic interaction between two unscreened elementary charges e in a 

dielectric medium is equal to the thermal energy KBT:  

Eq. 2.4    

Where ε0 and εR are the absolute and relative dielectric constants. As an example for 

two singularly charged ions in water the constants are: (εR = 80) at 300 K, 4πε0 is equal 

to 1 and lB = 0.7 nm54,55. In polyelectrolytes, it may be energetically favourable for a 

counterions cloud to form due to competing forces between gaining enthalpy by 

combining with the polymer and losing entropy by being removed from water. In fact 

counterions can condense on the polyelectrolyte if the distance between charges is 

smaller than the Bjerrum length decreasing its effective charge density55.  
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The impact of ionic strength I on the electrostatic persistence length (Eq. 2.4) of a 

polyelectrolyte in solution is found by measuring the Debye length:  

Eq. 2.5    

Where NA is Avogadro’s number; the ionic strength of the solution in turn is defined as, 

Eq. 2.6   

zi corresponding to the charge valence, ci to the concentration of ion species i. 

Therefore, as the concentration of screening ion increases (Eq. 2.6), the Debye length 

decreases (Eq. 2.5) and the persistence length decreases (Eq. 2.3). Which means, even 

if the construction of polyelectrolytes at relatively low ionic strength tends to be tough 

in solution, the addition of electrolytes still makes a coiled construction more 

favourable55, 56. 

 

2.7 Particles Surface Concentration 

The definition of particles surface concentration is the amount of substance adsorbed 

on a particle surface then divided by the surface area. Particle surface area is 

proportion to particle size, reducing particle size can dramatically increase particles 

surface area and thus particles size concentration56.  

 

In colloidal dispersions, the essential character is the specific surface area-to-volume 

ratio for the particles. For a suspension the particle surface area has two important 

properties: solution concentration and particles size70. The greater the concentration 

of colloidal particles, the greater is the particle surface area, the better compatibility 

with their local environment56,57.   
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Different particle morphologies have different surface areas; one good example is 

crystallization in the formation of new particles. One single molecule has a countable 

surface area but when divided into micro sized particle at 10nm, the surface area ratio 

rises to nearly 1:457, 58. There is a fuller description of the particles surface 

concentration in Chapter 5.2.2. 

 

2.9 Bio-functional Nanoparticle: Viral Vector 

All viruses use a similar method of infection; attack and subsequent introduction of 

their DNA into the host cells. The body contracts the virus which then invades cells in 

the body and starts to replicate replacing the healthy host cells’ DNA with viral genetic 

materials58(Scheme 2.13). The host cell then manufactures more viral copies further 

causing multiple cellular infections58.  

 

This mechanism could potentially be a successful vehicle to deliver optimal 

genes/drugs into human cells72, 73. In the future this research could potentially lead to a 

viral vector delivery system that can be used in both a living organism (in vivo) and in 

cell cultures (in vitro). Additionally viruses have evolved specific molecular mechanisms 

to efficiently transport their genes inside the infected cells73, 74. Gerald Willimsky et al 

(2005) also indicate in the research that Ad.Cre-treated immunized LoxP-Tag mice 

remained tumour-free during 25 months' observation59,73. 

 

Viral vectors originally developed as a transfection method to deliver naked DNA for 

molecular genetics experiments54, 55. Genes delivered using viral vectors are termed 

transduction and the infected cells are described as transduced54, 55. Compared to 

traditional gene/drug delivery method such as liposome transduction can ensure that 

nearly 100% of cells are infected54, 55. There are certain types of viruses that are 

physically able to implant their DNA into host cell’s genes integrating their DNA into the 

cell genome to facilitate stable expression55. Furthermore, viral vector transfection is 

also the current method of laboratory construction process in many applications.  
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In application protein-coding genes can be expressed using viral vectors, commonly 

used to study the function of the chosen protein. Viral vectors, especially retroviruses 

are widely used to permanently label cells to track them and their progeny that can 

stably express marker genes such as GFP55, 56, 57 furthermore gene insertion is 

economical to carry out57. 

 

2.9.1 Advantages to using Viral Vector in Nanotechnology  

The 1st advantage is material safety in using the viral vector in nanotechnology; 

although viral vectors are occasionally created from pathogenic viruses in general they 

are modified to minimize the risk by involving the deletion of a part of the viral genome 

critical for viral replication. This modified virus can efficiently infect host cells, but it 

needs assistance to provide the missing proteins for replication during the infection58.  

 

The 2nd advantage is low toxicity when using viral vector they are engineered to have a 

minimal effect on the physiology of the infected cells57, 58. These characteristics have 

meant that viral vectors are now considered biomaterials, because of their 

biocompatibility, low toxicity, bioactivity, bio-inner and environmentally sustainability.  

 

The 3rd advantage in using viral vectors is their inherent stability; the chosen viral 

vector is both chemically and physically stable in comparison to un-engineered viruses, 

which are genetically unstable and can rapidly rearrange their genomes. The chosen 

viral vector is very controllable and maintains predictability and reproducibility during 

replication58.  

 

The 4th advantage is target infection rate using viral vector. Most viral vectors are 

engineered to infect a wide range of cell types however it is preferable that the viral 

receptor can be modified to deliver the virus to a targeted cell58.  
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The 5th advantage is identification using viral vector. Viral vectors are often given 

certain type of genes that help to identify the targeted cells, these genes are called 

markers; a common marker is antibiotic resistance. These cells can then be easily 

isolated from those that do not have viral vector genes i.e. have no antibiotic 

resistance58. 

 

2.9.2 Disadvantages Solutions: Viral Vectors Encapsulation  

As I outlined there are several advantages to using viral vectors however they also 

present a variety of problems during clinical application: toxicity, immune & 

inflammatory responses, gene control and targeting issues59. In addition, there is 

always a fear that when using viral vectors they may recover their ability to cause 

disease once inside the body59. 

 

In order to solve these problems liposomes were first used as a delivery method for 

engineered viral vectors; Liposome is a synthetic vector developed for drug delivery58,59. 

The Liposome-based systems do not suffer from problems such as native tropism or 

hepatotoxicity81. Additionally in order to use these in gene therapy for DNA delivery, 

liposomes are one of the most widely used drug delivery systems and have been 

investigated for delivery of chemotherapeutics, vaccines and diagnostic imaging 

agents58. 

 

As with many nano-drug delivery-systems the physicochemical characteristics of 

liposomes vary with their composition58, 59. Although liposomes lack any specific 

tropism, cell or tissue can still be added by conjugation or association with targeting 

moieties such as peptides or antibodies59.  
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Choosing the suitable viral vector to match this delivery system can be complex; there 

are millions of viruses in nature and the laboratory, after thousands of hours of 

research experiments adenoviruses have come to scientist’ attention because they can 

offer optimal biological and material properties, with various applications from cancer 

therapy- to drug delivery59. Adenoviruses (Ad) are viruses of the family Adenoviridae 

that infect various species of vertebrates including humans59. Adenovirus’ diameter is 

around 90~100nm, it is an icosahedral non-enveloped DNA virus composed of a 

nucleon-capsid and a genome which is now commonly used for gene therapy 

applications59,60.  

 

The virus has 12 vertices; 20 surfaces that are made essentially of 240 non-vertex 

hexagons and 12 vertex pentons, each with one or two protruding fibres. Each 

hexagon’s protein is a trimmer of the identical polypeptide and each penton protein is 

formed by the interaction of five polypeptides59,60. These pentons are tightly associated 

with one or two fibres made of three polypeptides each.  

 

Overall the fibre protein is composed of an N-terminal tail for penton binding, a rigid 

shaft, and a distal globular knob domain responsible for interaction with host cell 

receptors60. The net charge of each hexagons monomer in the Adenovirus serotype is 

-23.8mv60. This makes adenoviral vector highly negative with an overall surface charge 

of over -17000mv 60, 61. 
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Scheme 2.13 3D structure of adenovirus include DNA 

 

Adenoviruses are stable chemical or physical agents adverse to pH conditions, allowing 

for prolonged survival and easier fabrication outside of the body or in solution63. In 

order to successfully encapsulate the virus physicochemical characteristics such as 

vector size, degree of aggregation, stability and surface charge of the Ad and 

subsequent polymer layers were all correlated to their biological function and should 

be fully considered before encapsulation89. 

 

There are 55 serotypes of adenovirus found in the human body which are each 

responsible for 5~10% of upper respiratory, intestinal and eye infections (especially the 

common cold), and many other infections in adults60, 61. The infection mechanism is 

engaged when these viruses infect a host cell; they introduce their DNA molecule into 

the host.  

 

The genetic material of the adenoviruses is not incorporated (transient) into the host 

cell's genetic material60, 61. The DNA molecule is left free in the nucleus of the host cell, 

and the instructions in this extra DNA molecule are transcribed just like any other 
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gene60, 61, 62. The difference is that these extra genes are not replicated when the cell is 

about to undergo cell division so the descendants of that cell will not have the extra 

gene61.  

 

These properties have meant that adenovirus has emerged as the most commonly 

used viral vector for in vitro experiments62. While very successful for this purpose it still 

has several drawbacks as outlined: acute hepatotoxicity, short blood circulation times 

and poor tropism (i.e. poor transfection to cells that do not express the CAR receptor) 

59,60,61.  

 

Even though adenovirus vector systems has been recommended and used for treating 

cancer and the first licensed gene therapy product for treating cancer is already on the 

market called Gendicine59,60.  Gendicine is an adenoviral p53-based gene therapy 

approved by the Chinese Food and Drug Regulators (CFDR) in 2003 for head and neck 

cancer therapy; by contrast Advexin, a similar gene therapy method from Introgen was 

rejected by the US Food and Drug Administration (FDA) in 200860. 

 

Although such encapsulation of viral vectors offers a wide range of new functionalities 

to these materials, it comes with a number of problems: lower yields are observed60,61, 

and in addition many positional isomers are also found. Thus the resulting material is 

not always very well defined61. On the other hand while encapsulation of the viral 

vector can result in surface modification, this liposome fabrication technique can be a 

very complex and time consuming; extensive modification of the Ad capsid results in 

significant modification of the original structure and destruction of viral activity. It is 

believed that using self-assembly for alterations of a viral vector can solve some of the 

issues inherent to encapsulation of viral materials63.  
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Typically, the use of self-assembly materials allows for easier optimization towards a 

desired task and allows for more access to different functionalities of the overall 

construct62,63. One clear advantage of this approach is that the manipulations required 

to achieve this self-assembly process are typically less invasive and can be easily 

reproduced. TEM studies as well as the retention of the biological functionality of the 

encapsulated virus indicate that less damage is done to the viral vector99. The use of 

virus encapsulation promises to be a valuable tool in the development of future cancer 

drug delivery systems as it stems from a combination of both viral and non-viral 

delivery mechanisms, it could be further developed and potentially developed to 

overcome the problems innate to both parent systems63,64. This realisation stimulated 

us to identify potential new self-assembly mechanisms and investigate the possibility 

of encapsulation through layer-by-layer disposition (LBL) of polymers. 

 

2.10 Emulsion: A Pivotal Bridge to Drug Delivery 

Emulsion has been proven by hundreds of scientific studies to be one of the best 

carriers for water insoluble drugs63,101. Currently most drug administration is performed 

by vein injection however it is only feasible for water soluble drugs. There is a large 

quantity of insoluble drugs which face administration difficulties63; an emulsion based 

drug delivery can become a pivotal bridge in the solution to this problem.   

 

Emulsion means “milk” in Latin, as milk is milk fat and water emulsion with other 

components63. Emulsion is not a solution but it is formed with two insoluble liquids64. 

Oils traditionally have reported healing effects due to a high content of 

polyunsaturated fatty acids; essential fatty acids such as alpha-linoleic acid and linoleic 

acid can’t be synthesized by the human body and must be obtained by food65. Lack of 

those acids can cause many degenerative diseases such as heart disease, cancer, 

incidences of stroke, and skin and autoimmune disorders66. 
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Polyunsaturated fatty acids are unstable and easily peroxidised, the by-product 

contains carcinogenic and mutagenic materials these are restricted to bio-applications. 

Oxidative stability is an essential requirement for lipid-based drug delivery systems63. 

Oxidative degradation in a diphasic system of emulsified oil which proceeds even faster, 

in comparison to monophasic oil in a flask. The main reasons are the extensive 

oil-water interface in emulsion, the relatively small volume of each oil droplet, and a 

broad range of free radicals and pro-oxidants for oil droplets to their therapeutic 

targets66. 

 

Emulsion magically combines the oil and water phase in solution; it is a complex system 

of liquid-liquid dispersion with identical interfacial tension on the droplet interfacing 

surfaces. The formation of emulsion is defined as droplets of one liquid dispersed into 

a different immiscible liquid by mechanical shear forces at the molecular level. 

Numerous foods contain lipids dispersed in water as membrane bilayers or emulsion 

droplets66..  

 

In comparison to the oil, oil-emulsion, has a major difference in the large surface area 

created by the emulsified lipids that present a situation in which water-soluble 

pro-oxidants can readily interact with lipids65,66. 

 

Oil-in-water emulsions are important ingredients of drugs, functional foodstuffs, and 

consumer care products. Oil-in-water emulsions contain three distinct regions: a lipid 

core, droplet interfacial membrane, and a continuous phase66,67. 

 

2.10.1 General Emulsion Fabrication  

In this research emulsion is created by the combination of an oil, the drug solution and 

a surfactant66,67. In fabrication, two immiscible solutions are treated with external 
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energy, commonly ultrasonication, with a suitable frequency and power in a designated 

time interval. ζ-potential is used to measure surface charge alternation prior to the 

layer deposition68. The fabrication of emulsion required surfactants to stabilize the 

whole system, it will be stored in cold place to maintain function.66,67,68. 

 

There are several ways to identify various emulsions: 

 

1) The dilution test: emulsion can be diluted only with external phase. 2) Dye test: 

water or oil soluble dyes. 3) CoCl2 paper tests: filter paper impregnated with CoCl2 and 

dried (blue) changes to pink when oil-in-water emulsion is added. 4) Fluorescence: 

some oil fluoresces under UV light. 5) Conductivity: for ionic o/w emulsion (conduct 

electric current) measurement is optical microscopy, CLSM, and SEM69,70.  

 

Figure 2.1 Image shows oil-in-water emulsions: A) Cyclo-hexane B) Sudan II C) 

β-carotene and D) Lidocaine. 

 

Emulsion is usually categorized into oil-in-water (o/w) emulsion, non-polar oil droplets 

dispersed in polar water; water-in-oil (w/o) emulsion, polar water droplets dispersed in 

non-polar oil69,70; double emulsion (w/o/w), water droplets dispersed in oil dispersed in 
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water; multiple emulsions, water droplets dispersed in oil dispersed in water dispersed 

in oil (w/o/w/o), in total four different types of emulsions72,73. 

 

The surface of an emulsion droplet, being in close contact with the surrounding water 

phase, is the place where the chain reaction of lipid peroxidation is usually initiated 

and prevalent72,73. During the last ten year’s investigations, it has been proved that 

endogenous transition metals that are naturally present in the oil, surfactant, and 

water are the most important pro-oxidants in emulsion droplets72,73. As such, 

utilization of cations’ screening effect of positively charged emulsifiers at the oil/water 

interface and adding of chelates to the continuous phase became the key strategies to 

control oxidative degradation in oil-in water emulsion72, 73. ζ-potential can be used to 

test emulsion formulations to reject poor examples at an early stage; reducing the cost 

of the stability study. This can also lead to an understanding of the mechanisms of 

emulsion stability, and help to product quality improvements73, 74. 

 

2.10.2 Factors Affecting Solubility 

Four elements affect the solubility: Polarity, Like Dissolves Like, Hydrophobicity, and 

Hydrophilicity75. 

 

2.10.2.1 Polarity  

Polarity in chemistry refers to a separation of electric charge leading to a molecule or 

its chemical groups having an electric dipole or multipole moment. Polar molecules 

interact through dipole–dipole intermolecular forces, furthermore polarity affects 

hydrogen bonds75,76. Molecular polarity is dependent on the difference in 

electronegativity between atoms in a compound and the asymmetry of the 

compound's structure75. For example; water molecules are polar because of their 
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unequal sharing of electrons between oxygen and hydrogen in which the former has 

larger electronegativity than the latter, resulting in a "bent" structure, whereas 

methane is considered nonpolar because the carbon shares the electrons with the 

hydrogen atoms almost uniformly75. Polarity underlies a number of physical properties 

including surface tension, solubility, and melting- and boiling-points77,78,79.  

 

2.10.2.2 Like Dissolves Like   

A term used for predicting solubility is "like dissolves like" 77. This statement indicates 

that a solute will dissolve best in a solvent that has a similar chemical structure to itself. 

The overall solvation capacity of a solvent depends primarily on its polarity77,78,79. In 

this case, a very polar (hydrophilic) solute such as urea is very soluble in highly polar 

water, less soluble in low polar methanol and practically insoluble in non-polar solvents 

such as benzene77,78,79. By contrast, a non-polar or lipophilic solute such as 

naphthalene is insoluble in water, fairly soluble in methanol, and highly soluble in 

non-polar benzene77. The solubility is favoured by entropy and mixing and depends on 

enthalpy of dissolution and the hydrophobic effect78,79.  

 

2.10.2.3 Hydrophobicity  

Hydrophobicity means “water hate” in Greek. In chemistry, it is a term used for 

a molecule that is rejected by a mass of water78,79. Hydrophobic molecules 

are non-polar and prefer other neutral molecules and non-polar solvents. Hydrophobic 

molecules often aggregate together in water and form micelles. Hydrophobic is not 

equivalent to lipophilic, "fat-loving”. Hydrophobic substances are usually lipophilic, but 

with the exception of the silicones and fluorocarbons78,79. Hydrophobic materials are 

used to remove oil from water, manage oil spills, and chemical separation to remove 

non-polar from polar compounds79,119. 

http://en.wikipedia.org/wiki/Chemistry
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Non-polar
http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Micelles
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According to thermodynamics, matter seeks to be in a low-energy state, and bonding 

reduces chemical energy. Water is electrically polarized and forms hydrogen bonds 

internally. However, since hydrophobes are not electrically polarized, they are unable 

to form hydrogen bonds, thus water repels hydrophobes, in favour of bonding with 

itself, as the energetic force comes from the hydrophilic molecules79,119. Thus the 

hydrophilic & hydrophobic phase will change and can minimise their corresponding 

interfacial area. This effect can be visualized in the phenomenon named phase 

separation78.  

 

Thermodynamically, these molecules are soluble not only in water but also in other 

polar solvents. A hydrophilic molecule or portion of a molecule is typically 

charge-polarized and it is capable of forming hydrogen bonds, enabling it to dissolve 

more readily in water than in oil or other hydrophobic solvents79,119. However, a colloid 

is a specific hydrophilic substance that cannot be dissolved into hydrophobic solvents 

such as soap; it is amphipathic, it has a hydrophilic head and a hydrophobic tail 

allowing it to dissolve in both water and oils79,119. 

 

2.10.3 Emulsifiers 

Emulsifiers reduce the interfacial tension between the phases forming a barrier 

between these phases. The actions of emulsifiers can be defined as 1) Promoting the 

formation of an emulsion, making it easier to prepare, producing finer droplets size and 

aiding stability to the dispersed state80. 2) Controlling the type of emulsion that is to be 

formed: oil-water (o/w) or water-oil (w/o)80. The most important property of the 

emulsifying agent is its solubility; it must be in both phases simultaneously. Bovine 

serum albumin (BSA) is a commonly used emulsifier and the one we chose to use 

throughout this research80,81. 
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2.10.4 Surfactant 

A Surfactant is active at the molecular surface and has the property of equalising the 

ratio between the polar and non-polar portions of each molecule: it inhibits 

coalescence of the emulsion; providing a repulsive interaction potential between 

droplets interfaces80, 81. They are generally soluble in continuous phase and very 

insoluble in the dispersion phase, the lower surface of interfacial tension, somewhat 

but not close to zero, providing a restorative force in opposition to the increase in 

surface area. Surfactants can inhibit the phase separation through coalescence; 

rupturing thin layers during the continuous phase which overcomes critical disjoining 

pressures. It will not cause spontaneous droplets self-assembly. The molecular weight 

and the cross-sectional area occupied by a molecule of the surfactant should be 

known81 in order to determine its functionality. 

 

2.10.4.1 Role of Surfactant 

Surfactant’s major role in this research is to reduce the interfacial tension during 

emulsion fabrication, stabilize the polymer particles during emulsification; and the 

formation of stable dispersions in the emulsion82. Anionic and non-ionic are the most 

effective and widely used surfactants in emulsion encapsulation. While anionic 

surfactants prevent aggregation due to electrostatic repulsions, non-ionic surfactants 

prevent aggregation due to steric stabilization82,83.  

 

Previous years’ research found the amount and chemical structure of surfactants 

present highly influenced particle size and distribution; viscosity and overall stability, 

and cleanliness during emulsion fabrication84. Cationic, anionic and non-ionic are the 

general classifications of surfactants based on the type of polar group. Cationic 

surfactants have the ability to interrupt the microorganism cell membrane so it is 

commonly used as antibacterial agents. The ionic surfactants are hydrophilic and are 
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typically used in oil-water emulsion. The non-ionic surfactants are multi-functional 

which can be used for any type of emulsion84.  

 

In the laboratory, anionic surfactants are used to combine a non-ionic surfactant which 

is enough to reduce the particle size even if it is a low amount, thus leading to variety 

of commercial surfactants which are made with a combination of anionic surfactants 

for particle size control and electro-stabilization. Non-ionic surfactants are used to 

enhance the electrolyte stabilities84. 

 

2.10.5 Oil-Drug Emulsion Nanoencapsulation: Solution for Insoluble 

Drug Delivery 

Drug administration can be defined as: the targeted delivery of a certain amount of a 

particular compound; delivered to a specifically diseased area in a specified time 

period where the compound can be classed as; liquid, tablet or encapsulated medicine. 

Liquid medicine is given by injection, tablets and capsules are usually swallowed85; 

other drugs based on proteins, antibodies, or a specific gene are not normally 

delivered using these methods as often they suffer from enzymatic degradation and 

they fail because of a very poor absorption/circulation rate in vivo due to their large 

molecular size and failure to reach the target diseased area due to particle surface 

charges diverting the target routing; these drugs are normally administrated by 

injection85, 86. 

 

Injected drugs: such as antibiotics, will rapidly be delivered via the blood stream to the 

liver, full absorption can be attained in around 5mins and metabolized throughout the 

blood; 30mins later the drug concentration will reach a peak (the drug flow with blood 

after passing though the vessel membrane), 4~6hrs later, it will be completely 
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absorbed and maximum decomposition will have occurred any waste or unabsorbed 

product is exhausted outside the body with urine86. This drug administration method is 

too rapid to be controlled in vivo, however nowadays most severe diseases which 

require a long term therapy and therefore require a large amount of drugs need to be 

consumed; this is often an expensive and painful process which can have a very low 

efficiency (most of the drug administration may be decomposed before it reaches the 

lesion)86.  

 

Scientists have developed a number of options for drug-delivery systems. Typical 

examples are solid nanoparticles such as liposomes; these can load drug molecules 

within polymeric layers which are made by self-assembled or interfacial 

polymerization86, 127this is the main concept behind co-operative nanotechnology and 

biological science normally referred to as “drug delivery”87. 

 

Drug chemical formulation, medical devices even drug-device coordination products 

are commonly involved in the drug delivery system. Drug dosage form and 

administration route play an important role in concept of drug delivery definition87, 128.  

 

Drug delivery technologies bring a completely new way to convenience patients in 

cancer therapy with reduced drug release rates; better absorption and distribution; 

risk elimination, and clinical drug-efficacy improvements. Diffusion, degradation, 

swelling mechanisms are four different forms of drug release in vivo, as well as the 

most recognized administration routes from non-invasive; oral, topical, transmucosal 

and inhalation administration87, 88. The artificial nanoparticles; liposome, microcapsules 

and nanoparticles carry the responsibility for intravenous administration with the ideal 

features of small size, biodegradability, high drug concentration at the target site, 

extended blood circulation period; and targeted release for water soluble drugs89.  
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However many anticancer drugs have low solubility during the water phase causing the 

drug delivery system to face a significant challenge. In fact, low water solubility is an 

intrinsic property of many cancer therapy drugs; direct intravenous injection of these 

drugs can cause small blood capillary embolization extended towards tissue 

ischemia89 ,on the other hand these insoluble drugs are easily be encapsulated.  

 

Currently, liposome is the optimal nanoencapsulated delivery system for sustained 

drug release; however it is difficult to control the release rate and maintains poor drug 

loading efficiency; this is accompanied by a complex fabrication process. The size range 

of liposome is over 600nm; which proves difficult to perform effectively in laboratory 

and clinical applications in this area research89. 

 

As research has progressed scientists have found that many insoluble drugs are 

however organic-solvent-soluble; this fortunate property gives rise to many exciting 

possibilities for drug delivery; creating systems utilising organic solvent carriers. This 

project uses a smart self-assembly nanoencapsulation around 100nm to suit medical 

applications; the chosen evaporative organic solvent retains a slow release rate at 

atmospheric conditions. As all solvent evaporates the polyelectrolyte shells start to 

shrink and the capsule size reduces due to external atmospheric forces causing capsule 

shrinkage from micro- to nano- in a short period of time89,90.  

 

2.10.5.1 Emulsion Nanocapsules  

Nanoencapsulation can utilise a solid, liquid and even gaseous core material; different 

types of core provide multiple applications which can be directed to: improve 

fabrication technique, stabilize nano-capsules during storage, and control the release 

rate90, 91. 
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Encapsulated materials can survive in a protective medium indefinitely as the capsules 

are protected from biological objects preventing capsule damage, degradation or 

destruction90, 91; the natural structure of the bio-core does not change after the 

encapsulation process90, 91. Among the three different possible types of core, liquid 

cores were primarily selected due to their form and homogenous surface morphology 

therefore the capsule shells present uniform layers whose membrane width is highly 

predictable. Additionally the diffusion rate for liquid core capsules is particularly stable 

and maintains a constant shell permeability which is highly advantageous for drug 

release.  

 

For this project the organic solvent (oil) and solvent soluble dye solution, are used as 

an emulsion; stabilizing microencapsulation efficiency, thus extending potential lifetime 

and retaining key functions90, 91. 

 

2.11 Polyelectrolyte Complex 

While columbic and hydrophobic interactions may be involved in the aggregation 

process, the driving force for polyelectrolytes’ complex is the entropy gained as a 

consequence of counterions a+ and b- in solution92. The 1:1 stoichiometric ratio 

between cations and anions is usually found between two strong polyelectrolytes. 

Oppositely charged polyelectrolytes form complexes when mixed in solution in 

accordance with the following relationship93. 

 

This ratio varies for weak polyelectrolytes in accordance to the relative charge densities 

and solution conditions; both polyelectrolyte types are affected by moderate to high 
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salt concentration; however since charge filtration occurs by counterions resulting in 

fewer exposed charges hence, the structure of the complex also depends on the 

polyelectrolyte’s construction92, 93. 

 

Scheme 2.14 Idealized constructions of polyelectrolytes in solution  

 

Scheme 2.14 illustrates a ladder-type (left) with repulsive forces which keep them 

separate, an entangled lattice polyelectrolyte complex (right) with pores inside the 

polymer entanglement. At the macroscopic scale, polyelectrolyte aggregation can 

result in the formation of soluble or insoluble complexes (the latter leads to 

precipitation), or in an in-between state where complexes remain soluble but are large 

enough to scatter light making the solution appear turbid93, 94. Soluble complexes are 

found mostly in non-stoichiometric mixtures of polyelectrolytes with very different 

molecular weights whereby the smaller polymer is in excess and acts by completely 

screening the larger92.  

 

2.12 Polyelectrolyte Multilayers 

The adsorption of polyelectrolytes at the core-surface depends on a variety of 

parameters including: charge density, molecular weight and construction of the 

polymers; as well as the properties of the surface such as, charge sign, charge density 

and topology. In addition, the solvent’s pH and ionic strength play important roles in 

the adsorption of polyelectrolytes at interfaces92,93,95. 
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2.13 Polyelectrolyte Adsorption on Particle Surface 

In the case of polyelectrolyte complex formation, the adsorption process is driven by 

polyelectrolyte charge neutralization in solution. The structure of nanocapsules in 

general depends largely on the construction of the polyelectrolytes and the ionic 

strength of the solution. Using a polyelectrolyte solution benefits layer depositions as 

the polyelectrolytes adsorb to the nanoparticle core-surface in ‘stretched form’93. Most 

polyelectrolyte charges pair with a charged site at the core-surface; these surface 

charges play an important role during particle adsorption93, 136. 

 

Ion adsorptions, protonation/de-protonation and the application of an external electric 

field are the major mechanisms by which charge builds at the core-surface92. Solutions 

of large colloidal particles depend on repulsion due to surface charge to maintain 

dispersion93; additional salt or polymer can interrupt this repulsive force causing 

colloidal particles flocculation93.  

 

Charged surfaces can adsorb or repel molecules (for example, to prevent the 

adsorption of basic proteins, a positively charged surface should be used)93. Polymers 

formed from ionised molecules serve to provide varying surface charges when 

submerged in an aqueous solution93 this allows for subtle variations in fabrication, 

allowing for discrete control of encapsulation. 

 

During this process non-adsorbed chain sections called “loops” and “tails” (scheme 

2.14) form, a tail is found when the polymer’s end section dangles in solution while 

loops are mid-chain sections that are not in contact with the surface93. These features 

exist primarily because adsorption is faster than rearrangements; these occur in the 

entangled coiled polymer during deposition; electrostatic repulsion and steric effects 

are contributing to the adsorption of the polyelectrolyte93,94 at this phase of 

nanoencapsulation.  
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In addition nanocapsules are the product of a large number of polymer assemblies; the 

tails as described are favourable, as the surface adjacent to the end of a polymer is 

already occupied by another polyelectrolyte94. The presence of loops and tails in a 

polyelectrolyte nanoencapsulation results in a nanocapsule with the charge sign 

opposite to that of the particles. This effect is known as “charge over-compensation” 

and it is a key requirement for the multilayer system known as Layer-by-Layer 

technique (LBL)94. 

 

Scheme 2.15 Picture of a polyelectrolytes’ adsorption at a charged particles surface 

 

The rod-like formation on the top and the one below are in a coiled construction as 

they deposit onto an oppositely charged particle; when adsorption is complete, 

polyelectrolytes are incapable of binding to the substrate termed “loops” and “tails” 



63 

 

resulting in charge overcompensation94.  

 

2.14 Layer-By-Layer Methods using Polyelectrolytes  

Encapsulation by polyelectrolyte multilayer has been proven to create multifunctional 

nanocapsules for applications in electrical, magnetic and optical fields. The concept is 

based on the Layer-by-Layer (LBL) technique94. 

 

The LBL assembly technique is a world-class method; oppositely charged layers are 

deposited under the forces described above encapsulating or surrounding an active 

core/bio-core material95. Originally LBL was primary used on planar surfaces and 

resulted in the generation of new thin layers with a broad range of functionalities94. 

More recently this technology was translated to colloidal particles and has emerged as 

a promising new tool within drug delivery systems and in cosmetic applicatoions94.  

 

2.15 Layer-by-Layer Polyelectrolyte Assembly 

Iler discovered the first electrostatic assembly in 1966; scientists in 1991 defined the 

“the growth of soluble organic polyelectrolytes” as Layer-by-Layer (LBL). The 

compositions of the polymer shells determined the properties of microcapsule 

products such as solubility, sustained-release and mobility95,138.  

 

There are large quantities of polymer materials which gives rise to a vast potential 

selection of agents for polymer shell fabrications95. During the layer-by-layer process, 

materials including: synthetic polyelectrolytes; natural polymers such as poly 

(diallyldimethylammonium chloride) (PDADMAC); poly (ethyleneimine) (PEI), poly 

(acrylic acid) (PAA), poly (vinylsulfonate) (PVS); nafion and metallosupramolecular 

polyelectrolyte (MEPE) with metal ions and polynucleotides, lipids and multivalent dyes 
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can be used as layer constituents to fabricate shells with specific: thicknesses95,138, 

permeability: stability, biocompatibility and affinity.  

 

One significant property of microcapsules is the selective permeability of the shell; 

molecules with a large molecular weight (≥ 5000) are not able to penetrate through the 

cell membrane while small molecules which have a low molecular weight- liquid and 

gas molecules, can diffuse and release effectively95.  

 

During the development of biological research in this area the use of synthetic 

polyelectrolytes was soon repeated using biocompatible polymers such as cationic 

(polylysine) and anionic (dextran sulphate, and bovine serum albumin)95 bio-active 

materials co-operate with biocompatible polymer shell that possesses: specific release 

times permeability and adhesion properties and they have an inner volume which can 

also can be loaded with biological particles with different properties such as 

fluorescent and bio-active materials95,96.  

 

Fluorescence allows the pathway of capsules that cooperate with cells to be traceable 

and molecules with bio-activity can be released in a programmed manner to interact 

with the target tissue95,96.  

 

In summary the control of polymer shells during fabrication provides a system which 

can make fluorescent labelling, adhesion, internalization, core protection and drug 

controlled release possible. The result is the formation of a stable inter-polyelectrolyte 

complex shell around each drug nanoparticle96. 
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2.15.1 Stabilizing Interactions within Multilayers  

Despite trivial enthalpy contributions from the electrostatic interactions between 

opposite charge polyions, the driving force for each layer deposition is entropy, while 

the thickness of each layer is limited by electrostatic repulsions between like-charge 

polyelectrolytes, nonetheless it has been proposed that a minimum charge density 

must exist for polyelectrolyte to adsorb to a charged surface94,95,96. A special case 

where adsorption of a polyion occurring below the minimum charge density suggests 

that the strength of the electrostatic interaction is of greater importance than the 

earlier proposal of a charge density threshold95. It was mentioned before that the 

presence of ions in the polyion solution is necessary to obtain proper charge 

overcompensation and allow the next layer to adsorb95.  

 

The washing step between layer adsorptions not only removes free polyelectrolytes 

but also takes ions that were associated with the polyion in solution out of the layers. 

This results in a more compact layer with a greater ratio of electrostatic interactions 

than in presence of salts that screen some of the interactions, swelling the 

multilayers95, 96. However, as long as a sufficient number of polyion pairs are present 

the layers remain stable96.  

 

Adding salt in high concentration inevitably results in excessive screening within the 

layer, potentially leading to disassembly. The effect of ionic strength on the ratio of 

polyelectrolyte ion pairs in the multilayer layer is expressed by the following 

relationship, where the left side illustrates the polyions pair held by an electrostatic 

bond and a+ and b- represent ions added to the solution96.  
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High salt concentration decreases the electrostatic interactions forcing the polyions to 

adopt the thermodynamically favoured construction and return to the bulk solution. 

 

In other words while the polyions adopt a compact, thin structure when sandwiched 

between oppositely charged polyelectrolytes96, the addition of ions relaxes their 

construction by loosening the electrostatic interactions up to a point where the latter 

are difficult to keep the polyions from desorbing. The electrostatic contribution is 

therefore more important in terms of layer stability than in its formation96.  

 

Additional energy may be gained from the contribution of weak interactions such as 

hydrogen-bonding and hydrophobic interactions between polyelectrolytes97. Kotov et 

al. suggested that polyelectrolyte complex could not occur without the contribution of 

short range Van der Waals interactions97.  

 

The contribution of hydrophobic interactions was also shown to play a key role in layer 

stability. The assembly of layer-by-layer multilayers using only hydrogen bonding 

interactions was shown for several polyion pairs97. The assembly of similar charge 

polyelectrolyte multilayers held together only by hydrogen bonding11 was also shown 

to be possible97.  

 

2.15.2 Layer Growth 

The layer thickness increment after each polyelectrolyte addition was shown to vary 

according to the polymer used. The layer growth of multilayers consisting of most 

polyelectrolytes, especially in the case of strong polyelectrolytes tends to increase 

linearly, meaning that the absorbed mass of a given polyelectrolyte is nearly constant 

at each layer97.  
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On the other hand, the layer growth of some weak polyelectrolyte such as biopolymers 

was shown to increase exponentially as layering progresses. Exponential growth occurs 

due to the ability of at least one of the constituent polymers to diffuse through the 

layer-by-layer increasing the mass of previously absorbed layers97, 98.   

 

According to the layer model, the multilayer layer structure having a well-defined set of 

properties. The first layer, in contact with the substrate, the thickness is typically lesser 

than subsequent layers97. The last layer, exposed to the bulk solution, which is defined 

by an excess charge and a penetration depth that can be understood as irregularities in 

the layer through which polyelectrolytes can penetrate beyond the last layer and 

diffuse to previous layers. As mentioned, this form of diffusion leads to exponential 

layer growth but it may become saturated as layers grow thicker changing the layer 

growth profile to linear98. 

 

2.16 Polyelectrolyte Microcapsules 

The basics of LBL assembly were transferred to non-planar surfaces by Sukhorukov et al. 

in the form of colloidal particles96. The layer-by-layer capsules refer to core material 

coated with multiple polyelectrolyte bilayers. Scheme 2.16 illustrates thin layer 

deposition starting with a positively charged substrate and chemically bonded with 

negative charge polymer chains. The positive charged wall can represent the core or 

the first layer98.  

 

One of the popular approaches to their construction is through self-assembly around 

dissolvable, charged microparticle template structures. Following the LBL deposition of 

the polyelectrolytes, the inner core can be dissolved away, leaving a hollow structure 

that can easily be filled with a variety of materials such as virus particles98,99,. The 

obvious advantage of polyelectrolyte multilayer assembly is that any substrate, no 



68 

 

matter what its size, shape or composition, can be used as long as it possesses a 

surface charge99,100,101.  

 

The superiority of layer-by-layer technology can be exemplified as: 1) Effectively 

reduces the reaction of core materials from external environmental factors such as 

light, oxygen, water etc. 2) Reduces the spread and evaporation of core materials to 

the environment due to explore in the air. 3) Control of the release rate of core 

material (sustained or timed release). 4) Masking the foreign odour or taste from 

encapsulated material. 5) Easily converts the physical and chemical properties of an 

encapsulated material111.  

 

Multilayers of various polyelectrolyte combinations can be obtained in the same way as 

for flat substrates with the exception that the stability of the colloidal particle 

suspension used requires alternative means to exchange the solvent. Polyelectrolytes 

like Poly(styrene sulfonate sodium) (PSS) and Poly(allylamine hydrochloride) (PAH) is an 

example of polyanion and polycation respectively111.  

 

The solution parameters are also optimized to provide the proper pH, ionic strength 

and polyion concentration to prevent aggregation and provide a homogeneous once 

the desired number of layers has been assembled, the excess or remaining solution 

after each adsorption step is washing with solvent or distilled water. After then a thin 

layer of charged species on the core surface is ready for next layer deposition step111.  

 

Earlier research has reported multilayers of diverse shapes with materials besides 

polyelectrolytes such as organic, inorganic particles and crystals, biomolecules, lipids 

and viruses using the LBL method to form more complex structures which means there 

are no restrictions in terms of size and topology since the process only involves 
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absorption from the solution, and multilayers have been prepared on colloids and on 

objects with dimensions of several centimetres111. 

 

Scheme 2.16 Charged substrate absorbing illustration. Charged substrate is adsorbing 

polyanion and polycation respectively, the illustration steps of from sample preparing 

to layers deposition111,112,113. 

 

2.17 Regularities of LBL on Nanoparticles   

 

Scheme 2.17 Two method diagrams used in projects  

 

Matched Concentration 

 

 

Centrifugation 
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In this thesis two different approaches were used in the projects to achieve multilayer 

assembly of polyelectrolyte nanocapsules fabricated using an LBL technique. In the first 

method, Matched Concentration is used the polyelectrolytes are sequential adsorbed 

at a specific concentration as the saturation point is reached by monitoring with 

ζ-potential. The theory is to eliminate time-consuming centrifugation, reducing 

particles loss rate during water washing and reducing particle aggregation during the 

layer assembly. Most of the polyelectrolyte molecules are well adsorbed on the 

nanocapsule surface, by using ζ-potential to monitor charge alternation to ensure 

polyelectrolyte adsorption is saturated.  

 

The second method Centrifugation is used prior to the next layer assembly; the 

over-dosage non-adsorbed polyelectrolyte molecules are removed by three repeated 

centrifugation with pure water washing in between. The excess polyelectrolyte in 

adsorption onto the nanocapsule surface and the adsorption of polyelectrolyte is 

performed at the concentration sufficient for a saturated layer.  

 

The ζ-potential plays a role in indicating the successful recharging of the particle with 

adsorbed polyelectrolyte layering by showing positive and negative values in 

alternation. The ζ-potential including the mobility error measurement is a constant 

value, giving an analysis method for both positive and negative polymer molecules 

forming the external layer.  

 

2.17.1 Reasoning behind the Method Selection 

The size of nanoparticles is successfully controlled in the range of 200nm~ 1um but it is 

a big challenge to create 100nm nanoparticles by using LBL technique. This size range 

particles are too small to use a centrifugation method114.  

 

This PhD project utilises two different approaches that combine viruses with 

polyelectrolyte to create nanocapsules which can be used in cell study and also create 
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oil-in-water emulsion with an evaporative solvent and solvent dissolved drug to 

fabricate nanocapsules.  

 

The virus stock available during this research was very limited and the assembled virus 

capsule must retain bioactivity for cell study therefore the decision to use matched 

concentration assembly method as opposed to centrifugation and the potential 

damaging effects of centrifugal forces at assembly speeds could be worked around. 

Virus size remain approximately 100~200nm and are difficult to centrifuge at normal 

centrifugation speed; a higher speed can damage the virus biological properties.  

 

Oil-dye nanoencapsulation uses a Layer-by-layer technique to fabricate oil 

nanocapsules. The Oil remains in liquid phase and can barely maintain a shape or 

morphology at room temperature, the polyelectrolyte solution for fabrication and the 

saturation is then removed from those excess polymer layers with 3x water washing in 

between.  

 

2.18 Functionalization Based on Small Particles 

Small particles within micro- and nano- scale receive tremendous interest from 

scientists; one single capsule can have multiple functions that can provide various 

purposes in different fields114. Small capsules usually show optimal characteristics 

which can be categorized into four distinct groups: Encapsulation, Protection, 

Substance Release and Delivery114. 

 

Encapsulation is the fundamental function that capsule having; it has been categorized 

as (A) the desired material is incorporated in the template prior LBL assembly, or (B) by 

using an evaporation sensitive method to reduce the ingredient of the microcapsules 

to a material that can initially decrease the size through the shell114. Encapsulation of 

small particles can understand as adsorption of polymer molecules on particles surface. 
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And there are two principal modes: Layer-by-layer technique can be understood as 

Physical Adsorption (physisorption) and Chemical Adsorption (chemisorption) 114. 

 

Both of them are included in surface chemistry. Surface chemistry is the study of 

chemical reaction at interfaces, which primarily aims to modify the chemical 

composition of particles surfaces by working with selected elements or functional 

groups that produce required effects of the surface114. 

 

The adhesion of gas/liquid molecules to the surface is named as adsorption, which is 

performing by either chemisorption or layer-by-layer (physisorption) 154. The behaviour 

of solution operating on the interface is affected by the surface charge, dipoles, 

energies and their distribution within bilayers114. The general distinction method is 

focusing on the nature of bonding between polymer molecule and particles surfaces, 

which Physical Adsorption is the bonding by weak Van der Waals type forces only, 

mostly electrically neutral; Chemisorption is bonding with chemical bond, involving 

substantial electron density rearrangement is formed between the polymer adsorbate 

and core substrate. The nature of this bond is based on the complete ionic or covalent 

bonding114. 

 

Chemisorption theoretically has variety of possible materials selection without too 

much specificity. With a wide range of adsorption enthalpy which is dependent on the 

chemical bond strength that typically 40~800 kJ mol-1. However, the chemical 

adsorption is often dissociative and may be irreversible; the surface saturation is 

limited to one monolayer only, which is a restriction to layer fabrication114. The kinetic 

adsorption is also an unstable parameter that the systems often needs an activated 

process with very variable chemical reactions114.  
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For LBL technique (physisorption), materials specificity is slightly dependent upon 

substrate composition, with the adsorption enthalpy related to factors like molecular 

mass and polarity and typically is up to 40 kJ/mol. All these share similar benefits with 

Chemisorption114. However the biggest advantage of the layer-by-layer technique is 

non-dissociative and reversible and the creation of a multilayer; non-dissociative and 

reversible allows the whole system to remain in a stable condition, multilayer 

fabrication allows the particle encapsulation to become reality. The kinetic adsorption 

is taking place in a fast but non-activated process114. 

 

Protection. Capsules are giving protection to the coated substance, preventing them 

from external environmental damage such as light, laser, temperature and others114.  

 

Substances Released. Encapsulated capsules; one of the major functions is able to 

release those coated substances, allow genes, drugs, and other functional particles to 

be released from the shell, reach the target area. The release is normally classified as 

stimuli-sensitive such as thermos, laser, enzyme open shells, or natural breakage that 

opens itself as time changed114, 115.  

 

Delivery. Once the capsule has been successfully assembled, its major work is to 

deliver those coated substances to the functional areas, especially to those 

bio-sensitive particles, like DNA, genes. Biological materials usually receive a mass body 

rejection effect, hard to reach in the organism, tissue114,115. 
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2.19 Projects Aims: Coating Functional Smart 

Nanoparticles 

This thesis is aimed at fabricating smart nanoparticles within the range of ~100nm. 

With respect to the catalogues of nanocapsules all of the above issues were empirically 

described and the projects include the discovery and development of two novel 

assembly systems, requiring polystyrene latex beads modelling, followed with 

adenovirus nanoencapsulation and oil-assisted dye nanocapsules fabrication, these 

nanocapsules will then be thoroughly investigated. 

 

The general protocol is using polystyrene latex beads to simulate 100nm particles 

sequential accurate layers deposition, then transfer the successful protocol to allow for 

adenovirus nanoencapsulation that provides maximum protection to the virus 

bioactive and bio-functions. A second protocol is to fabricate insoluble drug 

nanocapsules using evaporative organic solvent as a carrier to create o/w emulsion. 

Low water soluble drug is dissolvable in organic solvent (oil phase) allowing the 

possibilities of nanoencapsulation with a solvent evaporation and capsule shrinkage 

from Micro-to Nano encapsulation. 

 

Sudan II, β-carotene, lidocaine are the drugs that have been chosen for this experiment, 

all of them have the same property as water insoluble drugs, in practise Sudan II is 

used to colour nonpolar substances like oils and emulsions which is commonly used in 

the food industry.  

 

β-carotene has a protective function against UV-induced skin changes. In clinical trials 

with low β-carotenoid patients showing signs of the risk to prostate cancer this risk can 

be reduced by β-carotene supplementation. Best known is the action of β-carotene as 

provitamin A.  
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Lidocaine is a common local anaesthetic and antiarrhythmic drug which is 

used topically to relieve itching, burning and pain from skin inflammations, injected as 

a dental anaesthetic or as a local anaesthetic for minor surgery. It is commonly used in 

the medical industry. The reason these three drugs were selected was after 

consideration of their differences similar to three different views of insoluble drug 

nanoencapsulation, from food, cosmetic and medical industry 
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Chapter 3 Materials and Methods   

3.1 Layer Materials 

3.1.1 Poly-L-Lysine-FITC (PLL-FITC) 

 

Scheme 3.1 Poly-L-Lysine chemical formula 

 

Poly-L-lysine is a small natural homo polymer of the essential amino acid L-lysine that is 

produced by bacterial fermentation. Poly-L-Lysine is commonly used as a natural 

preservative in food industries115, 116. 

 

PLL is typically produced as a homo-polypeptide of approximately 25-30 L-lysine 

residues. Epsilon (ε) is the lysine molecules linkage. PLL belongs to the 

cationic polymers group. In water, PLL contains a positively charged hydrophilic amino 

group. PLL is able to adsorb electrostatically to the cell surface of bacteria57, 116, 

followed by a stripping of the outer membrane of the bacteria that cause the damage 

to the bacterial cell because of abnormal distribution of cytoplasm157. In this research, 

it was purchased from Sigma-Aldrich. 

 

Fluorescein isothiocyanate (FITC) is a derivative of the fluorescein molecule that 

original functionalized with an isothiocyanate reactive group (-N=C=S): the 

hydrogen atom is replaced on the bottom of the ring structure117. FITC has an 

excitation and emission spectrum peak wavelength of approximately 495 nm or 
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521 nm. Like most fluorochromes, it is prone to photo bleaching117.  

 

Scheme 3.2 Fluorescein isothiocyanate (FITC) chemical formula 

 

3.1.1.1 Chemical Pathway of Amino- Group Linking 

 

Scheme 3.3 Chemical equation of amino-group linkage 

 

The Isothiocyanate functional group reacts with the amino groups of various chemicals. 

The reaction takes place, carbon-nitrogen double bonds open and bond with one 

hydrogen atom to a new amino group, another free electron then connects with this 

amino group117,118. PLL has a molecular weight of 30 to 70 kDa and is combined with 

FITC so that there is an average of one FITC per poly-L-lysine. The fluorescein 

isothiocyanate is linked to the amino group of the poly-L-lysine by a relatively stable. It 

was also purchased from Sigma-Aldrich117, 118. 
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3.1.2 Dextran Sulphate Sodium Salt (DS) 

 

Scheme 3.4 Dextran sulphate sodium salt chemical formula  

 

Dextran Sulphate sodium salt (DS) is a polyanionic derivative of Dextran. Its high purity 

and reproducible quality commend it for many applications in molecular biology and 

the health-care sector. The solution can retain its properties under 70-80°C for a short 

period of time at pH 6–7.5. Stronger heating for prolonged periods will lead to some 

hydrolysis of the sulphate groups. Dextran sulphate sodium salt is a polyanion that is 

soluble forming clear solutions with high purity and good stability, degradable by 

ecological systems; perform as a stabilizer to sensitive natural ingredients119. 

 

Dextran sulphate sodium salt is a potent polyanion and as such it will interact with 

cations or polycations. When mixed with polycations, a precipitate usually forms. It is 

supplied as the sodium salt119. Dextran sulphate has a lower anti-coagulant property 

(15units/g). The anti-coagulant property and duration of intravenously administered 

drug was confirmed in the human body. Dextran sulphate of various molecular weights 

is of pharmacological interest as ingredients of creams and ointments for treating 

thrombophlebitis and for cosmetic applications119. 

 

Dextran sulphate exerts a potent inhibitory effect on many enzymes; it also 

demonstrates a wide variety of functions in the immune system: Inhibits enzyme 
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release from macrophages; potent activators can complement an alternative pathway; 

Increases mobilization of B and T lymphocytes; Initiates polyclonal activation of 

B-lymphocytes; affects human immunity119,120.  

 

Much literature has been generated on the anti-viral potential of DS. Although most 

studies have used low molecular weight products, even higher molecular weight 

products >500,000 were also effective119,120. DS proved to be effective in vitro inhibitors 

of various enveloped viruses including herpes simplex, cytomegalovirus, and human 

immunodeficiency virus120.  

 

DS appears to bind to the lymphocyte cells and thereby inhibit the binding of the virus. 

Although in vivo studies proved disappointing, the potential of these products in 

topical anti-viral agents is being explored121. It was purchased from Sigma-Aldrich. 

 

3.1.3 Polysodium 4-Styrene Sulfonate (PSS)   

 

Scheme 3.5 PSS chemical formula 

 

PSS is a yellow powder at room temperature, water soluble and usually used to 

immobilize enzymes in amperometric biosensors. PSS modified electrodes have also 

been applied to the determination of heavy metals in samples with low organic matter 

content because they exhibit improved stability, reproducibility, sensitivity and 

resistance to fouling. It was purchased from Sigma-Aldrich122. 
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3.1.4 Polyallylamine Hydrochloride (PAH) 

 

Scheme 3.6 PAH chemical formula 

 

PAH is a white, coconut fibre root shaped powder with a low density, water solubility, 

and lower chemical content at the same concentration of PSS solution. PAH is cationic 

with positive charge use in the polyelectrolyte layer deposition123. 

 

3.1.5 Sodium Salt and DI Water 

Sodium chloride (NaCl) was purchased from Merck (Darmstadt, Germany), All solutions 

were prepared with water from a three stage Millipore Milli-Q plus water purification 

system (Millipore, United States of America) with a resistivity higher than 18.2 Ω·cm124. 

 

3.2 Core Materials 

3.2.1 Latex Polystyrene Beads 

The latex beads are amine-modified polystyrene nanoparticles, presenting a yellow to 

orange suspension, with the density 1.045-1.055g/cm3, composed of solid particles 

2.45-2.55% with a mean diameter 0.1-0.12um, >0.1 % dye content. The orange 

fluorescent dye has an approximate excitation/emission at 481/644 nm. The latex 

beads were purchased from Sigma-Aldrich Co. LLC125.  

 

The latex beads are industrially purified and used directly in nanoencapsulation 
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without further purification or preparation125. The beads are selected with a size range 

of ~100nm specifically to mirror the adenovirus, a prototype layer assembly method 

for the latex beads to test the protocol for adenovirus nanoencapsulation. The 

amine-modified fluorescence labels the beads for tracking experiments125,126.   

 

3.2.2 Adenovirus   

Adenovirus was purchased and provided by the School of Pharmacy, from the Baylor 

College of Medicine Vector Development Laboratory in Houston, Texas127.  

 

For this project, the vector Ad.βgal, encoding for the β-galactosidase reporter gene 

driven by the CMV promoter, Ad.GFP encoding for the enhanced green fluorescent 

protein driven by the CMV promoter (Ad.Null), an empty expression cassette was used. 

Stocks were stored at -80 °C in glycerol buffer at a concentration of 5x1012 particle units 

(pu)/ml until dy for use127. 

 

3.2.3 Sudan II 

 

Scheme 3.7 Sudan II chemical formula 

 

Sudan II is a lysochrome hydrophilic dye used for staining of triglycerides in frozen 

sections and some protein bound lipids and lipoproteins on paraffin sections. It has the 

appearance of red powder at room temperature and maximum absorption at 
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493(420)nm128. An approximate rule of thumb for hydrophilicity of organic compounds 

is that solubility of a molecule in water is more than 1 mass % if there is at least one 

neutral hydrophilic group per 5 carbons, or at least one electrically charged hydrophilic 

group per 7 carbons. It was purchased from Sigma-Aldrich128. 

 

3.2.4 β-carotene 

 

Scheme 3.8 β-carotene chemical formula 

 

β-carotene is an organic compound with chemical molecular formula C40H56 and  

536.87 g/mol−1 molar mass presenting as dark orange crystals at room temperature. It 

is classified as on a hydrocarbon and specifically as a terpenoid (isoprenoid) reflecting 

its derivation from isoprene units129.  

 

Under normal conditions, β-carotene is a dark red-orange pigment abundant in plants 

and fruits. It is biosynthesized from geranyl pyrophosphate129, 130. It is a member of 

the carotenes, which are tetraterpenes, synthesized biochemically from eight isoprene 

units and thus having 40 carbon atoms. Among this general class of carotenes, 

β-carotene is distinguished by having β-rings at both ends of the molecule. Absorption 

of β-carotene is enhanced when eaten with fats, as carotenes are fat soluble129, 130. 

 

Carotene is the substance in carrots that colours them orange and is the most common 

form of carotene in plants. In nature, β-carotene is a precursor (inactive form) 

to vitamin A via the action of β-carotene 15, 15'-monooxygenase129, 130. Isolation of 

β-carotene from fruits abundant in carotenoids is commonly done using 
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column chromatography130.  

 

The separation of β-carotene from the mixture of other carotenoids is based on the 

polarity of a compound. β-carotene is a non-polar compound that can well dissolve in 

cyclo-hexane128, 129, 130. Being highly conjugated, as a hydrocarbon lacking functional 

groups, it presents very lipophilic properties130. It was purchased from Sigma-Aldrich. 

 

3.2.5 Lidocaine 

 

Scheme 3.9 Lidocaine chemical formula 

 

Lidocaine, also named xylocaine, with formula C14H22N2O and molar mass 234.34 g/mol; 

it is a common amino amide type local anaesthetic and antiarrhythmic drug131. 

Lidocaine is used topically to relieve itching, burning and pain from skin inflammations, 

injected as a dental anaesthetic or as a local anaesthetic for minor surgery131.  

 

The efficacy profile of lidocaine as a local anaesthetic is characterized by a rapid onset 

of action and intermediate duration of efficacy. Therefore, lidocaine is suitable for 

infiltration, block and surface anesthesia131. Longer-acting substances such 

as bupivacaine are sometimes given preference for subdural and epidural anaesthesia; 

lidocaine, on the other hand has the advantage of a rapid onset of action.  
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For example: reduces bleeding and also delays the reabsorptions almost doubling the 

duration of anaesthesia. For surface anaesthesia several formulations are also available 

that can be used for endoscopies, before intubations etc. Buffering the pH of lidocaine 

makes local freezing less painful131. It was purchased from Sigma-Aldrich. 

 

3.2.6 Cyclo-hexane  

 

Scheme 3.10 Cyclo-hexane chemical formula 

 

Cyclo-hexane is a cyclo-alkane with the molecular formula C6H12, 84.16g/mol molar 

mass, liquid phase solution that usually is used as a non-polar solvent in chemistry and 

also as a raw material for the industrial production of adipic acid and caprolactam, on 

an industrial scale, cyclohexane is produced by reacting benzene with hydrogen132.  

 

Because of its unique chemical and conformational properties, cyclohexane is also used 

in labs in analysis and as a standard. Cyclohexane has a distinctive detergent-like 

smell132. It was purchased from Sigma-Aldrich. 
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3.2.7 Surfactant – Bovine Serum Albumin (BSA) 

 

Scheme 3.11 Simulation image of BSA biological structure133 

 

Bovine serum albumins (BSA) are serums derived from cows, albumin proteins are 

often used as a protein concentration standard133. There are 607 amino acids in a BSA 

precursor in a chain, 18-residue signal peptides in the N-terminal separated from the 

precursor, and the initial protein contains 589 amino acid residues. The other 4 amino 

acids are divided to yield the mature BSA that contained 583 amino acids134. 

 

The reason we chose BSA as the emulsifier is that is has a number of advantages as a 

biomaterial, it is completely biocompatible and has no additional requirements for 

stabilization133,134.  

 

Depletion and bridging are complications in nanoencapsulation. BSA at pH 5.0 is very 

stable and has no net charge, thus avoiding these pitfalls in fabrication133,134. BSA has 

multiple applications in immunology, biological science and biomaterial research. It is 

also commonly used in cell cultures as a nutrient133,134. Also, BSA is used to stabilize 

some enzymes during DNA replication, prevents adhesion of enzymes on tubes or 

other vessels’ surfaces and enzyme reaction134.  
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Interestingly, BSA always plays the role of a stabilizer; it does not affect other enzymes 

and there is no need to stabilize134 it. BSA is inexpensive to produce and is derived as a 

by-product from the cattle industry (bovine-blood). For this reason and its high 

chemical stability it is widely used134. 

 

BSA is used as surfactant in this project; it is soluble at 4mg/ml as an emulsifier 

solution. It was purchased from Sigma-Aldrich. 

 

3.3 Adenovirus Cell Study: A549 Cells, Gene Expression 

A549 cells are Adenocarcinomic Human Alveolar Basal Epithelial cells135. They are used 

to test adenovirus nanocapsules functionality during uptake into cancerous cells. The 

A549 cells can be anchored or suspended in a solution135. 

 

A549 cells were prepared and provided by school of pharmacy. A549 cells were grown 

to converge in 24-well tissue culture dishes (Corning B.V., The Netherlands) in 

Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% FBS and 

penicillin/streptomycin135,136. They are purchased from Invitrogen, U.K.  

 

3.4 PS Latex Beads Nanoencapsulation: Preparation and 

Layer Deposition 

3.4.1 ζ-Potential  

The layer-by-layer technique is based on particle surface electron-neutralisation. 

ζ-potentials measure particle surface charges prior to coating, and monitors alternating 

charge alternatives during each layering.  
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3.4.2 Dynamic Light Scattering (DLS) 

As layer-by-layer technique is used to construct the nanocapsules. DLS is used to 

measure the average diameter at each layer LBL 1~LBL 5: expected size increase 

90-150nm, ~30nm per polymer layer. 

 

3.4.3 Polyelectrolyte Molecular Weight Internal Relationship  

PLL and DS are suspended in solution at a specific weight ratio. As the layers electrically 

neutralise hydrogen bonds form between the polymers. The weight ratio is 1:3 in this 

research.  

 

3.4.4 Particle Numbers & Maximum Surface Concentration  

Polystyrene nanoparticles are negatively charged stabilized colloidal particles. The 

nanoparticles are produced by polymerization of styrene under conditions that induce 

spontaneous coalescent bead formation. Polymerization is terminated as long as two 

chains react to make a sulphate-terminated polymer chain. These sulphate groups 

locate on the particle surface where they interact during the aqueous phase. Latex 

beads are supplied in aqueous suspensions137. The number of particles per millilitre (N) 

can be calculated using the following equation:  

N =
(6 × 1010) × S × PL

p × d3 ×Ps
   or   N =

1.828 × 1011

d3
 

Where                               When 

S = % solid (w/w)                     S = 10% solids 

d = diameter (μM)                    PS = 1.05 g/ml (polystyrene) 

PS = density of bulk polymer (g/ml)       PL = 1.005 g/ml 
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PL = density of latex (g/ml) 

 

The latex bead suspensions are composed mainly of polymer particles and water, with 

small amounts of surfactant, sodium bicarbonate and potassium sulphate. A typical 

latex bead contains the following: water > 69.0%; polymer 30.0%; surfactant       

0.1-0.5%; inorganic salts 0.2%137,138. 

 

Latex beads are not sterilized. They may be stored at room temperature or refrigerated. 

However, they should be protected from freezing. Latex beads that have been frozen 

look like cottage cheese138. Latex beads larger than 0.6µm tend to settle during 

prolonged storage. Particles can easily be re-suspended by gentle agitation until they 

return to a uniform suspension. Depending on the particle size uniform re-dispersion 

may take several hours using an electronic shaker. Mild ultrasonic agitation can also be 

used to return the solution to uniform suspension138.  

 

Latex beads solution must remain at a certain concentration in order to proceed in the 

experiments. Suggested working concentration of surfactant should be < 0.1 % in the 

aqueous phase. Particle surface concentration of single latex beads is a constant at 

200ng/cm2, maximum Latex beads-polymer adsorption coefficient is 1:3 (33%)138.  

 

3.4.5 Number of Beads and Polymer Concentration 

Particles per unit latex beads = 1.25 x 1011 purchased from Sigma-Aldrich. So the 

polymer concentrations are:  

Poly-L-Lysine-FITC: [PLL-FITC] =0.0125mg/ml 

Dextran Sulphate sodium salt: [DS] =0.037mg/ml 
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This consists of sequential adsorption of polyelectrolytes at such a concentration at 

which the ζ-potential reaches saturation. The idea of this technique is to avoid 

time-consuming centrifugation, particle loss during washings and particle interaction in 

the resulting pellet138, 139. ζ-potential of the Latex beads surface charge and polymer 

solution were measured, so corresponding concentrations of polymer can be matched 

during LBL. It is assumed that under the condition of the onset of ζ-potential saturation 

most of the polyelectrolyte molecules will have been adsorbed to the surface of the 

particle138, 139. 

 

A graph of the ζ-potential shows that by increasing the initial bulk concentration of the 

adsorbing polyelectrolyte recharging of the surface takes place. The concentration at 

which the ζ-potential became saturated is approximately 3x10-6monoM of 

polyelectrolyte (the same for PSS, data not shown), if 2.2x108 polystyrene latex 

particles/ml (ø 640 nm) were present138, 139. 

 

3.4.6 Latex Beads Layer Assembly 

16mins Ultrasonic & Shaking of latex beads plus PLL-FITC and DS solution, layer size and 

ζ-potentials monitored adjusted additional polymer solution in appropriate volume 

added. Dialysis or Spin Column purifies the NaCl in the samples.  

 

We received notification that there was only 20µl of adenovirus available, need to use 

matched concentration was obvious because of the efficiency of assembly.  

 

3.5 Virus Nanoencapsulation 

PLL-FITC/DS solution concentration was calculated based on the maximum particle 

surface concentration (~200ng/cm2). PLL-FITC(+) is a homopolymer of the essential 
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amino acid L-lysine140, yellow powder, labelled with FITC(GREEN); Dextran Sulphate 

sodium salt(-) is a potent polyanion, white powder. They are both biocompatible and 

biodegradable140. The supplied adenovirus: Ad stock and Ad Cy3 (RED). Ad stocks are 

using for SEM and Ad Cy3 for CLSM imaging. 

 

Successful latex beads encapsulation prompted us to attempt the LBL technique using 

the adenovirus. There wasn’t any expectation of significant problems in the deposition 

of the first (cationic) layer onto the virus because of its overall negative surface charge. 

However previous research has indicated that a longer sonication period can affect the 

biological activity of virus particles. To avoid this the original LBL protocol was  

modified and it was decided to ultrasonicate the adenovirus with the polymers for 

shorter time periods, hence the protocol was altered to the following; the Ad particles  

ultrasonicated with the polymer solution: 1 minute, then shaken for 10 minutes and 

finally ultrasonicated for an additional 5 minutes. 

 

The crystallization of NaCl interrupted SEM imaging quality, and highly effected virus 

identification; this was avoided by using a dialysis or spin column to purify the samples.  

 

3.5.1 Biological Experiments: Cell Test Only 

The next step was to deliver the virus capsules into A549 cells to release the Ad. The 

challenge is to release Ad only after penetration of the cell membrane, and in response 

to intracellular enzyme or external triggering. Once the capsules are delivered into the 

cell, they can be detected by CLSM and their functionality proved by gene expression. 

 

3.5.2 Gene Expression  

Gene expression is the process of information from a gene was used in the synthesis of 
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a functional gene product141. The products are often proteins, but in non-protein 

coding genes such as ribosomal RNA (rRNA), transfer RNA (tRNA) or small nuclear RNA 

(snRNA) genes, the product is a functional RNA. The process of gene expression is used 

by all known life - eukaryotes (including multicellular organisms), prokaryotes (bacteria 

and archaea) and viruses - to generate the macromolecular machinery for life141. 

Several steps in the gene expression process may be modulated, including the 

transcription, RNA splicing, translation and post-translational modification of a protein.  

 

Gene regulation gives the cell control over structure and function, and is the basis for 

cellular differentiation, morphogenesis and the versatility and adaptability of any 

organism141. Gene regulation may also serve as a substrate for evolutionary change, 

since control of the timing, location and amount of gene expression can have a 

profound effect on the functions (actions) of the gene in a cell or in a multicellular 

organism141. 

 

In genetics gene expression is the most fundamental level at which the genotype gives 

rise to the phenotype141. The genetic code stored in DNA is "interpreted" by gene 

expression and the properties of the expression give rise to the organism's 

phenotype142. 

 

With functional gene expression data from our experimentation with Ad nanocapsules, 

I hope to pave the way for a highly efficient fabrication pathway for viral vector cancer 

therapy nanocapsules142.  

 

3.6 Microencapsulation of Oil–Dye Emulsion 

Oil-dye nanoencapsulation theory is also based on the layer-by-layer technique. In this 

project, evaporated oil will perform as a dye carrier. Ideally, once the emulsion is 
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encapsulated with layer depositions, the solvent will be evaporated reducing the 

microcapsules to nanocapsules.  

 

After the solvent has been evaporated the capsules need to retain their structure, 

whilst the nano-drugs remain encapsulated. The choice of solvent is dependent on the 

evaporation rate. 

 

3.6.1 Preparation of Microcapsules  

3.6.1.1 Polymer and dye  

500mg PSS and 100mg PAH were weight by using electronic balance, lidocaine, 

β-carotene and Sudan II were weight 0.0408g. 

 

3.6.1.2 Create PSS/PAH solution  

Polymers were dissolved in 50ml centrifuge tubes using distilled water followed by mix 

shaking to 2mg/ml solution. 

 

3.6.1.3 Oil in Water Mixture 

Oil-dye solution was mixed with BSA (4mg/ml) 1:3 v/v following gently shaken.  

 

3.6.2 Ultrasonic Probe and Temperature as Size Control  

The ultrasonication period is essential for the synthesis of the emulsion. Considering 

that the solvent and dye are sensitive to temperature, we modified the protocol to 

allow for 15s intervals between the two 1 minute ultrasonication periods and used an 
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ice-bath to conduct in the experiment.  

 

The ice bath was used to reduce ultrasonication heating of the emulsion. The sample 

tubes were placed into the ice box with an ultrasound probe placed to maximum heat 

reduction.  

 

3.6.3 Emulsion Preparation (BSA Added) 

The emulsion is viscous and milky, PAH (10mg/ml) layer polymer in the ratio 1:1 v/v, 

was added to emulsion and shaken on the Vortex-Genie 2 for 10mins. Excess polymer 

was removed using centrifugation, all emulsions were washed 3 times using distilled 

water.  

 

3.6.5 Emulsion Nanoencapsulation  

Again, the LBL technique was used to encapsulate the emulsion, PSS/PAH polymers 

were dispatched. In addition to the established LBL protocol used in the emulsion 

polymer mixed solution. Previously nanoencapsulation centrifugation was used as 

opposed to a matched concentration because of its irregular morphology.  

 

A solvent evaporative method was also incorporated into the protocol to shrink the 

microcapsules to nanocapsules. Before deposition of the layers, PAH (2mg/ml) was 

added to the emulsion and then washed 3 times for excess polymer removal.  
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3.7 Methods 

3.7.1 Ultrasonication Machine 

 

Figure 3.1 Ultrasonic processor  

 

The figure 3.1 shows the current laboratory ultrasonic processor (500 and 750 Watt), 

purchased from Sonic & Materials INC (USA). Ultrasonication is the application of 

ultrasound in the frequency range of 20 kHz to several gigahertzes143. Ultrasound is 

defined as: an oscillating pressure wave with a frequency greater than the upper limit 

of the human hearing range143. Ultrasound includes the audible sound, range around 

20kilohertz, but cannot be heard by humans because of differences in the physical 

properties of the ears143.   

 

In the laboratory usually an ultrasonic bath and ultrasonic probe is used. For various 

functions ultrasonication can be used to produce nanoparticles including emulsion, 

nano-crystals and liposome; it can also be used as a wastewater purification method 

and for the extraction of plant oil144. 

 

A 50/60 Hz line voltage is converted to high frequency electrical power by the 

machine’s main inverter144, 145. This electrical energy is transferred through the inverter 
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to the piezoelectric transducer where the electrical energy is transformed into 

mechanical vibrations144, 145. These vibrations are instantly directed by the probe 

generating alternating low and high pressure waves in liquids forming millions of 

micro-bubbles during the negative pressure which centralise violently then collapse to 

high speed liquid jets with intensified shear forces as well as elevated pressures and 

temperatures reaching explosion points145. Cavitational collapse lasts a few 

micro-seconds and provides a minimal amount of energy that is released by each 

bubble; the additive effect still causes an extremely intensified energy release into the 

liquid. In this project ultrasoncation is used to fabricate oil-dye emulsion for micro- to 

nanocapsules144, 145. 

 

3.7.2 Confocal Laser Scanning Microscopy (CLSM) 

 

Figure 3.2 CLSM machine.  

 

The figure 3.2 shows a laboratory CLSM LEICA DMIRE2 that purchased from Leica 

Microsystems Ltd (Wetzlar, Germany). CLSM is a technique used to obtain 

high-resolution optical images with depth selection (optical sectioning)146.  
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CLSM Images are acquired point-by-point and reconstructed with a computer allowing 

for three-dimensional reconstructions of topologically complex objects. For opaque 

specimens this is useful for surface profiling while for non-opaque specimens interior 

structures can be imaged146. For interior imaging the quality of the image is greatly 

enhanced over simple microscopy because image information from multiple depths in 

the specimen is not superimposed146. A conventional microscope "sees" as far into the 

specimen as the light can penetrate while a CLSM only images one depth level at a 

time182. In effect the CLSM achieves a controlled and highly limited depth of focus. 

CLSM design combined the laser scanning method with the 3D detection of biological 

objects labelled with fluorescent markers for the first time147.  

 

3.7.3 Dynamic Light Scattering and ζ-potential 

 

Figure 3.3 Zetasizer nano series machine  

 

The Figure 3.3 shows the current ZETASIZER NANO SERIES machine in the laboratory 

purchased from Malvern Instruments Ltd148. It provides both ζ-potential and size 

distribution measurements. By selecting the same machine with a different cuvette 

(same software but different function options), it can conduct two different 

measurements with smooth switches. 
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3.7.3.1 Dynamic Light Scattering (DLS) 

 

Scheme 3.13 Working theory of DLS201  

 

Dynamic light scattering (DLS) is a technique used to determine the size distribution of 

small particles in solution149. The scheme 3.13 shows the electric component of light 

creating an oscillating dipole in the electron cloud of an irradiated atom. This light is 

irradiated back at various scattered angles from the normal (raleigh scattering) as the 

dipole fluctuates. Scattering of light occurs in all directions when sufficiently small 

particles (1 mm or less) are illuminated149. Particle size is a notion introduced for 

comparing dimensions of solid particles (flecks), liquid particles (droplets), or gaseous 

particles (bubbles). The particle size of a spherical object can be unambiguously and 

quantitatively defined by its diameter149.  

 

When the incident beam is laser light the scattering creates a time-dependent 

fluctuation in intensity. This is due to the constantly changing distance between the 

scattering particles in solution (brownian motion) and results in constructive and 

destructive interference patterns which contains information about the motion, size 

and concentration of the particles. This method is very sensitive to particle size since 

thermal motions are greater for smaller objects149, 150.  
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Motions are determined using a correlation function that quantifies the 

non-randomness of the measured signal. This is done by comparing the signal’s 

intensity with subsequent intensities which should come from the same particle150. If 

the motions are too fast, the scattering from particles cannot be correlated with the 

original particles’ positions and diffusion cannot be calculated150.  

 

At 23°C temperature, a He/Ne 488 nm laser beam was directed through the sample 

and the scattered light was recorded at a 5-10° angle on a photomultiplier connected 

to a multichannel analyser150. A beam blocker assured that the primary beam from the 

incoming source did not reach the detector which would have saturated the measured 

signal151.  

 

Electrophoretic mobility of colloidal particles was measured using a Malvern Zetasizer 

4. DLS was used to determine the growth of nanoparticle aggregates in solution. The 

measurements were made for a small volume of nanoparticle solution and transferred 

to a transparent capillary cell, and placed in a thermostatic cavity151. Particles sizer 

measurement was using Zetasizer Nano Series machine in the laboratory that 

purchased from Malvern Instruments Ltd151,152. 
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3.7.3.2 ζ-potential  

 

Scheme 3.14 Example of ζ-potential using gold nanoparticles 

 

ζ-potential is a scientific term for electro-kinetic potential in colloidal systems in 

literature ζ-potential153. Inside the liquid suspension colloidal particles have charged 

surfaces; these particles and their electrical double layers can move relative to the 

surrounding liquid under the influence of an applied field153. 

 

The liquid layer surrounding the particle exists in two states; an inner region (stern 

layer) where the ions are strongly bound together and an outer (diffuse) region where 

they are less firmly associated. Within the diffuse layer there is a notional boundary 

inside which the ions and particles form a stable entity. When a particle moves the ions 

within the boundary it also moves within it67,153, 154. Those ions beyond the boundary 

stay with the bulk dispersant. The potential at this boundary (surface of hydrodynamic 
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shear) is the ζ-potential which is the potential difference between the dispersion 

medium and the stationary layer of fluid attached to the dispersed particle154. The 

magnitude of the ζ-potential gives an indication of the potential stability of the 

colloidal system154.  

 

The stern model is a matrix offering a more specific ion adsorption explanation by 

introducing the “stern layer”154,155. The electrical double layer by definition is ion bonds 

are strong enough bond to the surface that are relatively unconnected by thermal 

motion. The stern potential ΨS describes the linearly changing charges within the stern 

layer from the theoretical surface potential Ψ0 up to the diffuse layer. Those ions are 

moveable with the exponentially decreases of potential154,155.  

 

 

Scheme 3.15 Electrical double layer  

 

This scheme 3.15 describes the change in electrical potential of a charged substrate 

with surface potential ψ0 in solution154,155. It is best described by the Stern Model 

which consists of the Stern Layer (A) where ions are tightly bound to the surface and a 

potential ΨS, as well as the diffuse layer (B) 154,155.  
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The dividing line between the stable and unstable suspensions is generally taken at 

either +30 or -30mV87. Particles with ζ-potentials more positive than +30mV or more 

negative than -30mV are normally considered stable. However if the particles have a 

density different form the dispersant they will eventually form sediment in the close 

packed bed. Measurement of ζ-potential can be used to optimize the use of expensive 

flocculants and speed up the flocculation process155. 

 

The factors affecting ζ-potential are: (1) the solution pH. The pH affects the strength of 

the charge separation because of the balance of ions. (2) Conductivity of sample 

solution. The thickness of the double layer depends upon the concentration of ions in 

solution and can be calculated from the ionic strength of the medium. The higher the 

ionic strength the more compressed the double layer becomes. (3) Solution 

Concentration. The ζ-potential can give information to assist in formulating a product 

to give maximum stability87,154,155. ζ-potential measurements were taken using a 

Zetasizer Nano (Malvern Instruments, Germany). The values measured were averaged 

from 3 cycles of 10 measurements155. 

 

3.7.4 Heatblock for Solvent Evaporation  
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Figure 3.4 Analog heatblock machine  

 

The Figure 3.4 shows the Analog Heatblock machine purchased from VWR Ltd used in 

this project (120V, 50/60Hz, 110W). 1 Block purchased from VWR International LLC 

which can provide multiple supports. 

 

This heatblock machine is designed as a multi-purpose device for incubation and 

activation of cultures, enzyme reactions, blood urea nitrogen determinations, 

immunoassays, melting/boiling points and a variety of other laboratory procedures156. 

Each unit contains front-mounted temperature control knobs providing low and high 

temperature adjustment156. All models of the machine are capable of interchange 

modular blocks, which offer multi-purpose functions varied for different types of tubes. 

Each block has several thermometer wells which feature close contact for tubes in 

order to gain maximum heat transportation156.  

 

The entire device contains two separate temperature control settings (ambient to 

100°C) for low temperature and from 75 to 150°C for high temperature control156,157.  

 

3.7.5 Scanning Electron Microscopy (SEM)  

SEM is a type of electron microscope that images a sample by scanning it with a 

high-energy beam of electrons in a raster scan pattern158. The electrons interact with 

the atoms to make up the sample signal that contains information about the sample's 

surface topography, composition and other properties such as electrical 

conductivity158,159. 

 

This technique was primarily used to obtain visual information about the quality and 

roughness of the microcapsules samples158,159. SEM measurements were conducted 

with an FEI instrument inspect F at an operation voltage of 20kV. During sample 
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preparation a drop of dilute capsule solution was placed on a carbon tag, left to dry 

under normal condition and sputtered with gold158,159.  

 

Sputter coating in SEM is classified as gold coating and carbon coating: covering a 

specimen with a thin layer conductor to reduce noise by increasing the signal. Heavy 

metals are a good secondary electron emitter158,159. This is the opposite for carbon 

coating requirements. All sample preparations in this project and all specimens were 

conducted using a gold coating158. Gold is used gold-palladium (Au/Pd) alloy.  

 

3.7.6 Transmission Electron Microscopy (TEM)   

TEM is a microscopy technique using a beam of electrons is transmitted through an 

ultra-thin specimen, interacting with the specimen as it passes through160. It is a 

powerful method to image materials morphology, topology and composition160.  

 

TEM is capable of imaging at a significantly higher resolution than light microscopes, 

owing to the smallest wavelength of electrons. This enables the instrument's user to 

examine fine detail even as small as a single column of atoms which is thousands of 

times smaller than the smallest resolvable object in a light microscope160,161. At smaller 

magnifications TEM images contrast due to adsorption of electrons in the material, also 

the thickness and composition of the material. At higher magnifications complex wave 

interactions modulate the intensity of the image, requiring expert analysis of observed 

images161.  

 

TEM was used to monitor the distribution of adenovirus nanocapsules. TEM 

measurements were conducted using a JEM-2010, JEOL at an operating voltage of 120 

kV.  
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3.7.7 Optical Microscope 

 

Figure 3.5 Olympus optical microscopes with digital devices 

Optical microscopes are commonly used for even detailed specimen observation, the 

lens is closer to the object than that being observed by the objective lens and all 

images of the specimen inside of the microscope162 are reproduced on the computer.  

 

The image is magnified by an eyepiece and offers the observer an enlarged inverted 

virtual image of the specimen162. These allow for even higher magnification, reduced 

chromatic aberration and replaceable objective lenses allow for adjustment to the 

magnification. Nowadays, optical microscopes are usually installed with a digital 

camera, allowing images are being captured by the computer screen for higher 

resolution, which produces a better observational result162,163.  

 

This optical microscope BX60 was purchased from Olympus using a brand new design 

at the time that used a smart Y-shaped for the microscope body163. A superior 

operability, excellent rigidity and 1st class optical performance is its main character163. 

Meanwhile the BX60 microscope was also worked on designing the Y-shaped 

microscope body as well as objective lens163. 
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3.7.8 Centrifugation 

 

Figure 3.6 Eppendorf centrifuge machine 

 

The Figure 3.6 shows a centrifuge. It is working by using sedimentation principle where 

the centripetal acceleration generates heavier substances separation along the radial 

direction to the bottom of the tubes and move the lighter materials towards the top164, 

165.  

 

Sedimentation principle is commonly specifying the amount of acceleration applied to 

the sample, rather than considering the rotational speed (revolutions per minute). 

Distinction is playing an important role due to two rotors with different diameters 

running at the same rotational speed but provide samples different accelerations164, 165.  

 

More specific, ultracentrifuge is a centrifuge special designed for molecular biology, 

biochemistry, polymer science and biomaterials with optimized for spinning a rotor at 

very high speeds and capable to generate acceleration up to 2,000,000G (~ 19 600 

km/s²) in speed164, 165.  

 

Centrifuge tubes are varying in capacity from tens of millilitres to even smaller capacity 

used in molecular biology laboratorie164, 165. The common laboratory tubes are 2ml in 

total capacity as recommendation made of plastic. Plastic centrifuges are very 
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economic choice by comparing with glass centrifuge tubes as they don’t need to be 

cleaned and usually disposable165.  

 

Balanced sample loading is another very important concept by using the centrifuge. 

This is achieved by using balance tube when prepared odd number of total samples, or 

place even number samples balanced inside the centrifuge164, 165. Small mass 

difference of sample loading can result in a large force imbalance once rotors start to 

spin in high speed this may cause damage to centrifuge and personal injury165.  

 

In this project the Ultracentrifuge 5418 purchased from Eppendorf Ltd with a compact 

18-place that designed for fewer samples but high demand in quality and performance. 
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3.7.9 Vortex Shaker 

 

Figure 3.7 IKA® VORTEX mixer  

 

The Figure 3.7 shows the IKA VORTEX GENIUS 3 mixer/shaker that is operating in the 

laboratory with a removable tube base that can fulfil simple biological experiment 

sample shaking and mixing purpose.  

 

Vortex mixer/shaker also named as vortexer166. It is a device that commonly used in the 

laboratory to shake and mix liquid samples or nanoparticles solution167. An electric 

motor is supplying the major vibration power to drive shaft moving vertically and 

attached to a cupped rubber sample mounted slightly off-centre and ran the rubber 

mounted oscillated rapidly in a circular motion. This is for normal shaking and mixing 

function166, 167. 

 

The vortex mixer provide another function by simply named as “press shake”166 that 

achieved by put a test tube or other sample container into the rubber cup or even 

touch the edge vortex shaker initiate a quick vortex shaking by transmitted the motion 

to the liquid sample for a quick dissolution166, 167. In this project mixer normally use for 

better polyelectrolyte deposition and cooperation with core substances166, 167.  
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Chapter 4 Emulsion Assisted Nanoparticle 

Encapsulation  

4.1 Introduction  

Previous research168 has proved that emulsion is one the best carrier’s for water 

insoluble drugs. Currently most drug administration is performed by vein injection. This 

is only possible for water-soluble drugs; there are a large number of drugs that face 

difficulties of administration because of insolubility169. Emulsions can become a pivotal 

bridge in administration. Most known water-insoluble drugs are oil/organic solvent 

soluble; by selecting those suitable and appropriate oil/organic solvents with the 

function of evaporation is the best solution: creating an emulsion of the drug dissolved 

in oil which is suspended in water solution, fabrication of microcapsules using LBL 

technique, separation of the solvent and emulsion afterward (solvent evaporation), 

leaving drug capsules in a water solution169. 

 

Emulsion in Latin is defined as ‘milk’ where milk refers to: milk-fat and water emulsion 

with other components170. Emulsion is not a solution rather it is formed with two 

insoluble liquids170. Oils have healing properties due to high content of171 

polyunsaturated fatty acids called essential fatty acids such as: alpha-linoleic acid and 

linoleic acid which can’t be synthesized by the human body but must be obtained 

through food consumption. A Lack of these acids can cause many degenerative 

diseases such as: heart disease, cancer, and an increased incidence of stroke171. 

 

Emulsion is the most effective bridging system for the oil and water; it is a complex 

fluid system where the dispersion of liquid droplets (maintain identical interfacial 

tension at the droplet surface) are constantly in motion and contact where one of the 

liquids is dispersed in the second immiscible liquid due to mechanical shear forces 

which are resultant at the droplet surfaces as the move171. An emulsion in this case has 
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optimal stability preserving the droplets against oxidation which is an essential 

requirement for an oil-based drug delivery system172. 

 

In this research using emulsion due to its relative stability two chemicals co-exist in 

single phase in a relatively small volume droplet formation. These droplets can also 

easily bond with other molecules which is advantageous when considering drug 

delivery mechanisms. Emulsions contain three distinct regions: a lipid core, droplet 

interfacial membrane and continuous phase173  

 

Injected drugs such as antibiotics are carried by the blood stream and effective in the 

processing of the liver within 5mins173; about 30mins later drug absorption by the body 

will peak (the drug-flow in the blood after passing though the vessel membrane will 

start taking effect), after 4~6hrs later all drugs are completely absorbed in vivo the 

decomposed drug is then excreted by the body in the urine173. Obviously this process is 

comparatively very rapid however most severe diseases require long-term therapy with 

the need to consume a large amount of drugs which is both painful and expensive and 

often has a low efficacy. 

 

Protein anti-body or gene based drug delivery systems continually suffer from 

enzymatic degradation and are relatively slow to be absorbed in vivo due to their large 

molecular size174. Scientists have developed a range of artificial delivery systems to 

overcome this; a key area of cooperation between microcapsule fabrication and 

biological science. 

 

These new and innovative drug delivery technologies benefit the patient in several 

ways: allowing the quantity of drug released into the body to be controlled, using the 

known degradation rate of the semi-permeable polymeric layers, formed using LBL, as 
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a release mechanism; allowing for: better absorption, distribution, risk limitation and 

improved drug efficacy and safety. 

 

Many anticancer drugs have low water solubility175; this poses a significant challenge 

for a drug nanoencapsulation system (in fact low water solubility is an intrinsic 

property of many drugs175) in this project it is hoped that a smart method to prepare 

nanocapsules~300nm which will overcome insolubility issues and which are potentially 

suitable for medical applications with cancer therapy specifically in mind can be 

developed.  

 

Organic solvents that easily evaporate as the core component176 in this new novel 

encapsulation method have been selected; once the solvent evaporates the 

polyelectrolyte shell will shrink the capsules because of external atmospheric forces 

reducing the order of capsule size from micro- to nano-177. This project uses three 

drugs: Lidocaine, β-carotene, and Sudan II, because these meet the requirements for 

high oil solubility, low toxicity, and certain biocompatibilities. 

 

Lidocaine is an amino amide anaesthetic and antiarrhythmic drug165. It is used to: 

relieve itching, burning and pain from skin inflammations, dental or minor surgeries 

use it as an anaesthetic165. The anaesthetic efficacy is characterized by a rapid onset of 

action and intermediate active duration165.  

 

 

Scheme 4.1 Lidocaine chemical formula 
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Previous research in this field clearly indicates lidocaine plays an essential role in 

anti-arrhythmic regulation178; Lidocaine acts on the heart, blocking sodium channels in 

the conduction system and the heart muscle cells178. Increasing the depolarization 

threshold is allowing the heart to reduce the possibilities of initiating early action 

potentials that could trigger arrhythmia178.   

 

Metabolism is mainly regulated by the liver and this function starts to operate 45~90s 

after injection, it is a cheap, safe and legal drug in the pharmaceutical market place. 

However even such a popular drug is continuously facing challenges in 

administration179; its water-insoluble property restricts its further application and this 

metabolic function of liver in general blocks the lidocaine targeted delivery. To solve 

most of these problems is the aim of this section of this research.  

 

In this part of the project, lidocaine is used to simulate the water-insoluble drug that is 

used in pharmaceutical industry. 

 

β-carotene is classified as a hydrocarbon and specifically as a terpenoid (isoprenoid), 

reflecting its derivation from isoprene units180.  

 

 

Scheme 4.2 β-carotene chemical formula 

 

Carotene (an organic compound) is unsurprisingly found in carrots and is the 

pigment that colours them orange; it is the most common form of carotene found in 

plants. In nature β-carotene is a precursor (inactive form) of vitamin A via the action 

of β-carotene 15, 15'-monooxygenase180. The isolation of β-carotene from fruits 
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abundant in carotenoids is commonly processed using column chromatography. The 

separation of β-carotene from the mixture of other carotenoids is based on the polarity 

of a compound; β-carotene is a non-polar compound that can be well dissolve in 

cyclo-hexane180, 181. Being highly conjugated (a hydrocarbon lacking functional groups) 

it presents very lipophilic properties181. β-carotene purchased from Sigma-Aldrich.  

 

Vitamin A regulates the adsorption rate of β-carotene in the body which is proportional 

to the dietary intake of vitamin A181. Intestinal mucosa is the major way that converting 

of β-carotene into vitamin A by enzyme dioxygenase takes place in vivo181,182. 

β-carotene is usually a safe source of vitamin A and high intakes will not cause 

hypervitaminosis A, as extra β-carotene is stored in the body fat.  

 

The side effect of excessive β-carotene namely carotenodermis presents as an orange 

colouration in the outermost layer of the epidermis181. Interestingly a high 

concentration of β-carotene has been discovered in the bodies of lung cancer sufferers 

who are also smokers181.  

 

The aim of this section of the research is to discover a suitable concentration of 

β-carotene for application to and absorption by the skin for use in skin-care product; 

β-carotene simulates the water-insoluble drug that is commonly used in the cosmetic 

industry. 

 

Sudan II is a lysochrome dye used for staining of triglycerides in frozen foods and some 

protein bound lipids and lipoproteins on paraffin sections. It has the appearance of a 

red powder and maximum adsorption rate at 493(420) nm167.  



113 

 

 

Scheme 4.3 Sudan II chemical formula 

 

An approximate rule of thumb for the hydrophilicity of organic compounds is that the 

solubility of a molecule in water is more than 1 percentage mass if there is at least one 

neutral hydrophilic group per 5 carbons or at least one electrically charged hydrophilic 

group per 7 carbons167. Sudan II purchased from Sigma-Aldrich.  

 

Sudan-red has been used for colouring food (curry or chili powder) for thousands of 

years167 but more recently it has been noticed that it is a carcinogen; Sudan-red is also 

water-insoluble but oil soluble dye167; for these reasons Sudan II was selected as the 

encapsulation material (it is only Sudan-red that has not been reported as 

carcinogenic), Sudan II is used to simulate the water-insoluble drug that is used in the 

food industry167, 168. 

 

It was discovered that emulsion provides an excellent fabrication-bridge; it is produced 

using ultrasonication assisting drug particles from their organic solvents solution184. To 

avoid aggregation the layer-by-layer technique is used by alternating polyelectrolyte 

adsorption with the drug contained within the polyelectrolyte shell130.  
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Scheme 4.4 General process of volatilized solvent-dye microencapsulation. A) Solvent 

and Dye mixed with BSA forming the suspension. B) Post ultrasound treatment the 

emulsion is formed. C) Centrifugation performed with addition of PAH to stabilise the 

system and remove excess polyelectrolyte by washing using DI water. D) Alternating 

PSS/PAH for layer deposition. E) Heat treatment of the emulsion system to produce 

nanocapsules from the emulsion microcapsule suspension. 
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4.2 Results: Pre/Post Heat Treatment 

4.2.1 Emulsion-Protocol for Lidocaine, Sudan II, β-carotene 

Layer materials: Poly(sodium styrene sulfonate) (PSS) & Poly(allylamine hydrochloride) 

(PAH). Evaporable Solvent: Cyclo-hexane; Drugs: Lidocaine / Sudan Red II / β-carotene 

via Emulsion 

 

Figure 4.1 Stable emulsions of A) β-carotene, B) Lidocaine & C) Sudan II. Scale bar 

3.5cm 

 

In order to dissolve the drugs without crystallization, lidocaine, β-carotene and Sudan II 

powders were dissolved in a cyclo-hexane solution using an ultrasonic bath at room 

temperature for 1min before adding the surfactant BSA182. Once 3x BSA has been 

added the whole mixture is ultrasonicated for a further 2mins 15s at 300W, conducted 

by a Probe Ultrasound machine. Figure 4.1 shows the fabricated emulsion of A) 

β-carotene, B) Lidocaine & C) Sudan II. 

 

PAH was used in the initial layer assembly on the emulsion droplet surface, since 

lidocaine emulsion is negatively charged by the effect of BSA. The whole solution is 

then centrifuged. De-ionised water washing is used to remove excessive polyelectrolyte 

before the next layer (PSS) is assembled.  
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The layer assembly operation was repeated with 3 PAH/PSS additional layers, there are 

in total 2 bilayers (PAH/PSS)2. The resultant lidocaine, β-carotene and Sudan II 

microcapsules were preserved at low temperatures to prevent the dye from being 

released and in preparation for future nanocapsules production.  

 

4.2.2 Emulsion analysis: Capsule Concentration Counting  

Measurement of capsule concentration counting is a compulsory experiment in this 

project for two important reasons; the polyelectrolyte-solution-concentration (that is 

proportional to the number of emulsion droplets) is a fraction of coated emulsion 

droplet and the free polyelectrolyte particles. 

 

The polyelectrolyte-solution-concentration must be calibrated and adjusted before and 

after the droplet nanoencapsulation in order to apply the suitable concentration of 

polymer in the experiment; the ratio of coated to non-coated emulsion droplets is also 

known as the capsule viability and is used to set the assembly chemical concentrations. 

 

The smallest droplet surface measurements made had an area of 0.0025mm2 

calculated under the optical microscope. Therefore allowed us to calculate:  

 

Each main square has an area of 0.04 mm2. (0.0025 x 16 = 0.04). 

 

The depth of the chamber (space between the glass slide and cover slip) is 0.1 mm 

therefore the volume is calculated as:  
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Figure 4.2 Shows the capsule counter which calculates the capsule concentration. The 

calculation method is described below. 

(0.04) x (0.100) = 0.004 mm3 = 0.004 µl 

 

No. of Cells in 1µl = (number of cells in a main square)(1µl) /0.004 

Cells in 1 ml = (cells in 1µl) x (1000) 

Average capsules counted was: 52 

 

Capsule Centration is 2.6x105 /ml 

 

4.2.3 Emulsion Analysis—CLSM Imaging 

All three CLSM images of the capsules were captured in liquid condition prior to 

solvent evaporation.  

 

The 1st image (Figure 4.3 A) shows Lidocaine nanocapsules. This black & white 

overlapping channel presents the capsule in its spherical form and a variety of sizes 

appearing from the fluidity of the capsules; all the capsules have a 2-ringed structure in 
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polydispersity. Scale bar 3μm. 

 

The 2nd CLSM image (Figure 4.3 B) shows β-carotene nanocapsules. The black & white 

overlapping channel presents the capsule as a spherical shape without background 

colour interference which is the indication image for β-carotene nanocapsules 

including layer and β-carotene core. Some nanocapsules are broken which may be due 

to compression from the covering slides and secondarily capsules whose core size 

breaches the capsule stability limit; the rest of nanocapsules retain their function and 

structure. Scale bar 3μm.  

 

The 3rd CLSM image (Figure 4.3 C) shows Sudan II nanocapsules. It is an overlapped 

channel indicating the nanocapsules’ layer and core (Sudan II). All these capsules 

display a predictable distribution and the structure of the nanocapsules also matches 

the later description from the optical microscope. Scale bar 3μm. 
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Figure 4.3 A) This image shows Lidocaine prior to heat treatment; the emulsion is 

suspended within the microcapsules which show as the black rings. Figure 4.3 B) 

Here the three-ring structure shows the dye held within the emulsion suspended 

C 
3μm 

3μm 
B 
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within the polymer capsules. Figure 4.3 C) Sudan II microcapsule CLSM images. A 

similar three-ring structure can be seen in this image, highlighted by Sudan II a 

natural green florescent colouring. Scale bar 3μm.  

 

4.2.4 Heat Treatment: Assisted Nanocapsules Assembly 

The aim of this area of the research is to use micro-emulsion capsules to produce 

nanocapsules. The micro-emulsion capsule contains a high concentration of 

evaporative solvent. Additional heat or natural atmospheric pressure was used to 

remove this solvent and shrink the capsules from micro-to-nano size. The diagram 

below shows this procedure in more detail using lidocaine micro- to nanocapsules as 

an example.  

 

Scheme 4.5 Heating process to produce micro- to nanocapsules. A) Lidocaine 

emulsion nanocapsules. B) Heat treatment allowing for solvent evaporation C) The 

final nanocapsules shrunk from micro-emulsion capsules. 

 

For better results an Analog Heatblock machine was used at LTU (Low Temperature 

Unit) to heat the microcapsules. Once this operation had begun 10μl samples were 

collected every 30s then immediately diluted 100x using de-ionized water. To prevent 

capsule aggregation and damage, each 30s phase indicates one size change in total 5 

groups were prepared to study the changes of the microcapsules. Dynamic Light 
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Scattering (DLS), Optical Microscopy and SEM were used in the analysis. 

 

4.3 Results: Post Heat-Treatment 

4.3.1 DLS Measurement of Capsules 

Generally all the graphs indicate that the capsule sizes decrease periodically (post 

machine heat treatment) in each 30s at 100°C. The sample cap was opened allowing 

cylco-hexane evaporation by the time the solvent was released the capsule-sizes were 

reduced because of shrinkage.  

 

Cyclohexane-control graph is used as the control unit; the whole curve decreases 

showing capsule shrinkage. The 1st sample at 0s was originally taken from the fresh 

capsule solution prior to the heating operation.  

 

The 1st Lidocaine (Figure 4.4 A) graph shows the general decrease in capsule size from 

micro-nano (initial measurements of ~250nm; natural shrinkage due to atmospheric 

pressure). The sample was taken at 0s from the fresh solution without heating. The 

solvent naturally evaporates over time however the heating process accelerates and 

consolidates the capsules and stabilises them at ~100nm. 

 

Analysing the results we see that from 30-120s, by comparison with the control graph 

lidocaine and cyclo-hexane capsules present a similar size distribution and size 

reduction tendency, preliminarily fulfilling the initial purpose: capsule size reduction 

with the evaporation of solvent: cyclo-hexane; all experiments were performed under 

the same experimental conditions. This provides physical evidence for the success of 

lidocaine micro-nanoencapsulation. 

 

The 2nd β-carotene graph (Figure 4.4 B) shows sample capsules’ size reduction until 90s, 

then suddenly it can be seen to increase to a higher value at 120s (this was highly likely 
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due to over-heating) capsules began to aggregate then extra water was added in order 

to dilute the aggregated sample, however the over diluted sample was difficult to 

detect using DLS. 

 

By comparison with the control, β-carotene and cyclo-hexane capsules presented 

similar size reductions again preliminarily fulfilling the initial purpose: capsules size 

reduced as the evaporation of cyclo-hexane, however β-carotene showed slightly 

unstable size distribution and variation at 120s due to a possible combination of factors 

ranging from: over-heating which can lead to breakages in the capsules and the likely 

crystallisation of β-carotene. 

 

By comparison β-carotene has a large molecular weight186 and the cyclo-hexane 

capsules only contained water. β-carotene capsules proved much easier to break. All 

experiments were operating under same conditions. This is again physical evidence of 

the success of β-carotene nanoencapsulation.  

 

The 3rd Sudan II graph (Figure 4.4 C) shows an artefact at 60s far outside of the 

measurements and trends seen at 0, 30s, and 90s, 120s. It appears that the capsules 

were over-heated and the Sudan II nanocapsules were broken leaking Sudan II and 

allowing for crystallization185 that highly likely caused a significantly size increase.  

 

David Julian McClements et al (2012)185 indicate that once crystal drugs have been 

formed in a particular location within an emulsion they may grow into crystals. The size, 

shape and location of crystals in an emulsion will affect its physical stability and 

functional performance185.  

 

By comparison with the control graph Sudan II presented a linear size distribution 

different size reduction tendency. The low solubility of Sudan II causes easy breakage of 

the polymer layers. All experiments were performed under the same conditions.  



123 

 

 

 

 

A 

B 



124 

 

 

 

 

 

Figure 4.4 A) This graph shows the general trend of capsule shrinkage mirroring the 

C 

D 
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expected trend. Figure 4.4 B) Artefacts at 120s due to operation error due to 

aggregation. Figure 4.4 C) The artefact at 60s is again due to operation error caused 

by mass aggregation. Sudan II is easily crystallised and heating at 60s and the sample 

taken may have allowed for serious operational error. This very likely shows broken 

capsules leaking Sudan II into the sample solution vastly increasing the particle size 

measurements due to crystallization185. Figure 4.4 D) Size distribution graph of 

lidocaine; cyclo-hexane as control. 

 

4.3.2 Post-heating: Optical Microscope Images of Lidocaine, 

β-carotene, Sudan II Capsules. 

The Figure 4.5 A) 1st optical microscope image indicates the post-heating lidocaine 

nanocapsules; the Figure 4.5 B) 2nd image shows post-heating β-carotene nanocapsules; 

the Figure 4.5 C) 3rd image is the post-heating Sudan II nanocapsules. 

 

All the solvent in each sample has been evaporated using the heat treatment process 

as outlined. A combination of four PSS/PAH layers were assembled to produce these 

nanocapsules, cyclo-hexane was used as the carrier solvent and as seen from the image, 

most of those nanocapsules maintain a spherical shape presenting a 2-ring structure. 

The outer ring is the capsule polymer layers the inner ring showing the white 

material-Lidocaine; the gap is created by the cyclo-hexane solvent after evaporation 

β-carotene and Sudan II nanocapsules present a spherical structure that matches our 

previous CLSM images. 
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Figure 4.5 A) Optical microscope images of lidocaine nanocapsules, some of the 

capsules have been elongated due to preparation where the droplet containing the 

capsules is covered by a glass slide, pressure in some cases may have distorted the 

capsule shape. Scale bar 1μm 

1μm 
A 
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Figure 4.5 B) Optical microscope images of β-carotene nanocapsules. Here you can 

clearly see aggregated capsules that have retained their three-ring structure. Some 

aggregation is also visible. Scale bar 1μm 

1μm 
B 
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Figure 4.5 C) Optical microscope images of Sudan II nanocapsules. Here we see the 

size of capsule is much larger than the previous capsules because of the molecular 

size of Sudan II. Scale bar 1μm 

 

4.3.3 SEM Images of Lidocaine, β-carotene, Sudan II Nanocapsules 

The Figure 4.6 A) shows lidocaine nanocapsules after solvent evaporation. All solvent 

evaporation takes place in aqueous to prevent breakage of the nanocapsules, this SEM 

1μm C 
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image indicates the successful oil-dye evaporation encapsulation process. All these 

capsules present single, clean, bright images with few aggregations.  

 

This image was taken under 10kv laser beam, with magnification 16000x looking at the 

images it can be seen that the lidocaine capsule’ polymer layers have dried and shrunk; 

a gap between the lidocaine core and the multi-layers is clearly observed created by 

the evaporation of cyclo-hexane. Most importantly all the nanocapsules’ structure and 

morphology matches with our previous optical microscopy observations.  

 

The Figure 4.6 B) shows the post-heating β-carotene nanocapsules. This image was 

taken at 20kv electron beam (magnification 13500x). The capsules in contact with each 

other present a well-preserved morphology and structure. For this sample β-carotene 

concentration is 3.3% to ensure it was well dispersed in cyclo-hexane.  

 

Low concentration β-carotene leads to high capsule stability and a successful rate of 

β-carotene encapsulation. This concentration of β-carotene was derived from 100’s of 

lab trial and error observational experiments. 

 

Optical imaging was performed in aqueous with low magnification by contrast SEM 

observation was performed in dry condition with 20kV (magnification 13500x) so the 

SEM images are bigger and clearer than the optical images. These results show 

successful β-carotene nanoencapsulation. 

 

The Figure 4.6 C) shows the post-heat Sudan II nanocapsules. This image was taken 

under 20kv laser beam (magnification 55000x), three nanocapsules are in contact with 

each other but they show well-preserved morphology and structure. For this sample 

the Sudan II concentration is also 3.3% to ensure it was well dispersed in cyclo-hexane. 

Low concentration Sudan II leads to high capsule stability and a successful rate of 

Sudan II encapsulation185. This concentration was derived from 100’s of lab trial and 

error observational experimentation. 
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From the SEM images of β-carotene and Sudan II it cannot be seen that the drugs are 

retained inside the capsules; they may be dissolved into the local solution due to SEM 

sample preparation but the overall with low drug concentration the capsules retain 

stability. The shrunk lidocaine nanocapsules indicate the success of the oil-dye assisted 

nanoencapsulation protocol. β-carotene and Sudan II formed capsules but it was 

harder to locate the drugs in these images, which additionally proved water insoluble 

drugs can retain their structure in solution but they are harder to preserve in dry 

conditions much like a fish in a drying pond. 

 

 

Figure 4.6 A) SEM images of lidocaine nanocapsules. In this extraordinary picture it is 

crystal clear how the polymer layering forms a containing capsule around the 

lidocaine in a similar shape to the original lidocaine droplet. We can see the spacing 

A 
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between the polymer and the dye left by the evaporated solvent and shrunk to nano 

scale. Scale bar 1μm. 

 

 

 

Figure 4.6 B) SEM images of β-carotene nanocapsules. Here the capsules can clearly 

be seen but the imaging does not allow us to see the dye within the capsule unlike 

the lidocaine capsules where their internal structure is more visible. Scale bar 1μm. 

B 
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Figure 4.6 C) SEM images of Sudan II nanocapsules. Here four aggregated capsules are 

clearly visible and stable. They have fabricated around the dye, however It is not 

possible to detect the dye in these images and their larger size may suggest that the 

dye has leaked beyond the capsule Scale bar 1μm. 

 

 

 

C 
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4.4 Discussion 

Drug delivery is a wide ranging term and is concerned with: the transportation of 

pharmaceutical compounds in the body using certain delivery mechanisms, 

prescription drugs, specialized delivery technologies and systems that allow for safe 

drug targeting of sites in the body, with site-targeting and facilitating systems; 

pharmacokinetics are involved in the quantity and duration of drug dosage is also 

consideration186, 187.  

 

In this experiment/project the creation of emulsion is highly dependent on the 

solubility of the drug in solvent. The solvent is used as a substitute for oil throughout 

the entire project. The amount of highly lipophilic material that can be dissolved in an 

oil phase depends on the molecular characteristics of the oil (e.g., molecular weight, 

polarity, and interactions) in a 2012 study by K. Ahmed et al where the author’s 

demonstrated that the solubility of drug in solvent is proportional to the nature of 

solvent (evaporation speed, polarity) 186. 

 

Additionally the maximum amount of drug that could be dissolved increases as the 

average molecular weight of the carrier oil molecules decreases. Huyskens & 

Haulaitpirson et al (1985)187 indicate this phenomenon can be attributed to differential 

interaction and excluded volume effects which also has been confirmed by K. Ahmed et 

al (2012)186. When a drug molecule is introduced into a lipid phase there will be a 

region around it from which the centre of the lipid molecules are excluded186. It has 

been suggested that the bioavailability of lipophilic components is greater in 

nanoemulsions than conventional emulsions186,188; this was of particular interest in this 

project because of the desire to create bioactive nanocapsules for targeted drug 

delivery and the search for the greatest solubility ratio of drug to solvent.  

 

Initially hexane and chloroform were mixed as the solvent for better drug solubility to 
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balance the advantages offered by each solvent; evaporation rate and solubility. From 

the experiment it was found that the thickness of the formation increases with 

increasing molecular weight of the lipid molecules189, hence this effect was greater for 

hexane and chloroform the solvent alone. The solubility of the drugs in the hexane: 

chloroform mix was close to the average of its solubility in pure hexane and 

chloroform189. In other words, there was no significant synergistic or antagonistic effect 

on drug solubility by mixing the two solvents189. Based on these results, it was using 

0.15mg drug in the lipid phase (solvent) to prepare all of the microemulsions, so that 

they could be compared based on similar, fully dissolved drug concentrations. However 

the results showed poor solubility for any drug dissolved into these two solvents; poor 

stability of the drug solution which was easily isolated at room temperature189; low 

emulsion quality; most of the solvent evaporated during ultrasonication due to the 

heat produced by the probe. It was decided to choose cyclo-hexane as the final solvent 

because of its comparatively high performance. Sometimes theory doesn’t match 

practice. 

 

The protocol is designed using probe-ultrasonication, the operation is performed using 

an ice bath to reduce the emulsion temperature in order to control the emulsion 

droplet size and prevent further damage. After 2mins 15s ultrasonication lidocaine 

emulsion presented as a uniform “milky” liquid, β-carotene emulsion showed a 

uniform yellow liquid and Sudan II emulsion gave a light orange liquid. The most 

common initial manifestation of instability of oil in water emulsion is creaming which 

can lead to phase separation with a distinctive clear or semi-transparent lower serum 

phase and cream in a 2008 study by W. Klaypradit et al (2008)184 and Dickinson et al 

(2003)190, in contrast with W. Klaypradit et al (2008) and Dickinson et al (2003) three of 

these emulsions did not display isolated layers after 5mins at room temperature184,190  

nor creaming. The ultrasound bath significantly increased the solubility of lidocaine in 

the cyclo-hexane dispersion as well as β-carotene and Sudan II. BSA was added as a 

surfactant to stabilize the entire emulsion system. Pure cyclo-hexane emulsion was also 

fabricated as the control group.  
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Layer assembly using two corresponding polyelectrolytes offers the formation of four 

layers with PSS/PAH. Figure 4.3 (p.118-119) shows evidence from CLSM microscopy 

that was used to confirm the fabrication of these microcapsules. The aim is to create 

nanocapsules by using microemulsion with an evaporative solvent. Earlier research 

results were in agreement with the generally accepted principle indicating the smaller 

emulsion droplets are more physically stable than the larger emulsion droplets in a 

2008 study by W. Klaypradit et al (2008), where the authors demonstrated that small 

emulsion droplet is even controllable and stable184. 

 

All These results confirm that physical stability and droplets size of the emulsions 

depend significantly on the proper ratio of polymer materials, amount of dye load and 

oil percentage used184.  

 

Figure 4.3 A (p.118) lidocaine nanocapsules CLSM images of the 2-ring structure is 

clearly observed; Figure 4.3 B is β-carotene nanocapsules presenting optimal results 

from CLSM image; Figure 4.3 C Sudan II is a naturally fluorescent material that emits a 

dark orange colour under CLSM microscope. Seen from the CLSM Sudan II 

nanocapsules are bigger than β-carotene and lidocaine nanocapsules and vary in size.  

 

Heating microcapsules has been shown to induce the reorganization of loosely 

arranged polyelectrolyte layers into a denser structure in a 2008 study by Matthieu F. 

Be d́ard et al, where the authors demonstrated heat assisted micro- to nanocapsules 

assembly experiments were used to create the nanocapsules by reducing their size 

after solvent evaporation191. The thickness of these nanocapsule layers were measured 

by Dynamic Light Scattering ~30nm on average.  

 

The solvent evaporation rates of water and oil from emulsions are reported to vary 

based on the relative magnitudes of oil-water, water-vapour, and oil-vapour interfacial 

tensions and the strength of repulsive colloidal forces across the water film192. The 

evaporation rate and water content of the control and oil-drug emulsions may vary 
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considering the fact that the values of interfacial tension changes in the presence of 

nanoparticles193 and Simovic et al (2010)194 research indicate magnitude of repulsive 

forces varies depending on the level of interfacial assembly of nanoparticles at oil 

droplet surfaces. 

 

From Figure 4.4 (p.123-124) the graphs of all three drug-capsules decreased in size 

over the time period at 120s. Figure 4.4 AB of lidocaine & β-carotene showed optimal 

results compared to the control group. Figure 4.4 C showed an artefact at 90s from the 

Sudan II nanocapsules sample, this may be due to a manual error during sample 

preparation and or handling the capsule has high instability (very low solubility in 

solvent) a further discrepancy may arise from the relatively large mean diameters, the 

fact that larger particles scatter light much more effectively than small ones therefore 

could tend to dominate the signal in dynamic light scattering experiments186 

accounting for the large variation in results186.  

 

Thirdly the emulsion stability and particle size analysis showed that the wall material 

interaction between PSS and PAH has the best capacity to prevent emulsion instability 

and has smaller particle size184. However this structure is too narrow for the Sudan II 

molecule so they can easily break the polymer layers and leak into the local solution 

which may have caused the artefact.  

 

Natural atmospheric force can reduce the microcapsules’ size before heat treatment 

and this is the reason that lidocaine capsules are around 250nm at beginning of DLS 

measurement but β-carotene and Sudan II capsules were ~1μm before heat treatment. 

The major reason is that β-carotene and Sudan II have a larger molecular weight than 

lidocaine164; the atmospheric force does not easily compress the capsules’ shape. By 

comparing lidocaine emulsion with the control the lidocaine capsule sizes were steadily 

decreased (the same as the control) with similar distribution. Lidocaine was 

successfully encapsulated. 
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The formulation of lidocaine, β-carotene and Sudan II microcapsules using the 

layer-by-layer technology was confirmed by CLSM; after performing heat treatment the 

reduced capsules size was confirmed by DLS; the solvent evaporated-shrinkage 

structure was obtained by Optical Microscopy and SEM.  

 

For SEM the dried and ‘shrunk’ lidocaine nanocapsules can clearly be viewed from the 

image Figure 4.6 A (p.130) the gap between lidocaine and the polymer layers is physical 

evidence to support cyclo-hexane evaporation which was also observed by the optical 

results. The SEM image seems to show capsules contracted due to dry preparation 

conditions and the capsule is well preserved in water solution. 

 

Later SEM tests found Figure 4.6 C (p.132) Sudan II nanocapsules in a slightly 

aggregated condition. One possible reason could be the low solubility of Sudan II, 

excess Sudan II not dissolved in solution was observed floating in the CLSM images. 

 

The images of these nanocapsules mainly show a spherical shape with average 

diameter of 1μm, their emulsion suspension is stable during a month of observation. 

Layer-by-layer technology offers optimal protection to those drugs from 

polyelectrolyte-coated nanocapsules by simple changes in coating materials related to 

thickness.  

 

Marijana et al (2012)195 reported using stirred cell membrane (membrane 

emulsification) as the main method to create seed oil emulsion with uniform droplet 

size, it can be seen this method created controllable volume median diameters from 

100 to 430 μm195. For most of the work, membranes with 20 and 40μm pores with 200 

μm pore spacing were used, and additionally 15 days were spent and showed optimal 

results in emulsion fabrication195. However this project using LBL method shows far 

faster fabrication to create a similar oil emulsion ~6hours and allowed for the creation 

of even smaller emulsion droplets ~1μm with a markedly easier fabrication procedure 

and better overall stability. 
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Alternaterively Eng-Seng Chan et al (2011)196 reported that using a gelling method to 

create emulsion and emulsion capsules, based on visual estimation, oil droplet size 

decreased from 100~400μm to 10~50μm when the solution increased from 5g/L to 45 

g/L196. Compare to LBL, the LBL method can control the capsules size in around 

500nm~1μm with high oil content by using similar centrifugation speed. 

 

Additionally unlike the drug dissolved in solvent which involves only electric repulsive 

forces, the polymer-encapsulated drug dispersion involves steric repulsive and electric 

repulsive forces181; while the addition of electrolytes reduces the electric repulsive 

force, the steric repulsive force is still effective in the polymer-encapsulated drug 

dispersion181. This explains why the polymer-encapsulated drug dispersion displays 

superior stability to the drug in solvent. 

 

The use of three different drug templates and these results both confirm that 

Layer-by-layer technology is capable of modifying the surface of stable insoluble drug 

molecules with very specific targeted functions by cooperating with highly evaporative 

solvent carrier; this could provide a manufacturing pathway from micro- to 

nanocapsules. The SEM images of β-carotene and Sudan II capsules show that the 

microcapsule was successfully fabricated additional further evidence that these three 

drugs that LBL method is a multi-functional method which can be used with various 

types of drugs to create different nanocapsules. 
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4.5 Sectional Conclusion  

Successfully fabricated microcapsules using emulsion and ultrasonication techniques 

were confirmed by CLSM. Heat treatment of those microcapsules created 

nanocapsules which have been confirmed by optical microscope, DLS and SEM 

imaging. 

 

High solubility drugs produce more stable nanocapsules; low solubility drugs Sudan II 

can produce a micro-emulsion but are harder to form into nanocapsules and show 

some success but also some anomalous results due to capsule breakages under drying 

conditions. 

 

The following formulation technique was demonstrated: stable nanocapsules of 

insoluble drugs cooperated with an evaporative solvent can be prepared by a 

layer-by-layer ultrasonication method. Emulsion plays the key role that combines both 

polyelectrolyte and insoluble drugs into a unity. Solvent release rate from those 

nanocapsules can be controlled by both assembling biocompatible polyelectrolyte 

layers and additional heating operations.  

 

The lidocaine, β-carotene and Sudan II nanocapsules fabrication was successful, after 

the evaporation of the organic solvent, their structure still remains spherical and all of 

the drugs were preserved with their specific properties remaining inside of the 

capsules. This successful novel method allows for the possibility of delivery of a desired 

dosage of insoluble drug in vivo; a very small and controllable quantity of 

polyelectrolytes and emulsion are required compared to Yuri et al (2008)6 protocol. 

 

In the future this is a potential manufacturing pathway for micro-nano capsules for use 

in the pharmaceutical industry (lidocaine), cosmetic industry (β-carotene) and food 

industry (Sudan II). 
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Chapter 5 Coating of Nanoparticles: 

Polystyrene Latex Beads Nanoencapsulation 

5.1 Introduction 

In chapter 4 the results of the latex beads nanoencapsulation include particle size 

distribution, surface ζ-potential of both the latex beads and the capsules, CLSM and 

SEM images of the actual nanocapsules. 

 

This experimentation was aimed at demonstrating successful nanoencapsulation of the 

latex beads; designed to test the encapsulation protocol for an extension of the 

method to encapsulate adenovirus. Modelling adenovirus using latex beads is a perfect 

test-protocol as they accurately resemble the adenovirus in both surface charge and 

size155. Specifically it was looking to discover the optimal polyelectrolyte concentration 

for matched concentration LBL nanoencapsulation avoiding time consuming and 

inefficient centrifugation nanocapsules assembly. 

 

If the latex beads can be successfully encapsulated it can continue the research to 

encapsulate the expensive and fragile viral vector adenovirus.  

 

5.2 Results for the Coating of Nanoparticles  

5.2.1 Number of Latex Beads 

According to Sigma-Aldrich the number of particle latex beads used in every 

experiment is approximately 1.25 x 1011 in 20μl167.  

 

The reason we modelled the virus on latex beads is that they are approximately the 

same size of viral vector around 100nm also the price is very economical for bulk 

assembly and they maintain a high chemical stability for protocol testing. 
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The materials used in this experiment are polystyrene Latex beads (negative charge), 

with orange fluorescently labelled Poly-L-lysine-FITC (PLL-FITC, fluorescently labelled) 

and Dextran sulphate with sodium salt (DS). All these layer polymers are a type of 

protein and retain completely biocompatibility.  

 

5.2.2 Determining Polyelectrolyte Solution Concentration 

 

Scheme 5.1 Matched concentration method general processes means the polymer 

fibres are accurately deposited on the surface of nanoparticles without the 

involvement of external forces (centrifugation). The key preparation is determining 

the exact concentration of polymer required for each batch sample. 
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1011 latex beads197 with an average diameter ~100nm stored in 20μl solution, were 

used to calculate the polymer concentrations. The nanoparticle surface saturation 

concentrations are shown in g/cm2, previous research from Spitznagel et al(1993)113 

proved that to achieve the expected surface saturation for polystyrene capacity for 

protein is around 250 ng/cm2≈300 ng/cm2 respectively.  

 

Considering PS latex beads surface polymer saturation; three different surface 

saturation concentrations of polymer layer solutions were selected to test the PS latex 

beads encapsulation behaviour. Three groups: 200 ng/cm2, 250 ng/cm2 and 300 ng/cm2 

were tested and here are the results. 
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Here are the results showing encapsulation at these concentrations: 

 

 

Figure 5.1 A) At 200 ng/cm2 it can be seen there is a large amount aggregation of PS 

latex beads, however excess polymer layers at this surface saturation concentration 

can hardly be seen. Aggregation in this image is mainly caused by the drying for SEM 

preparation; in liquid condition the beads float independently. Individual PS latex 

beads can clearly be viewed, which suggests they have successfully been 

encapsulated without excess polymer. This saturation concentration therefore closely 

matches with protocol theory. Scale bar 1μm. 

A 
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Figure 5.1 B) At 250 ng/cm2 the number of aggregations increases and the gaps 

between the latex beads are filled with excess polymer at this surface saturation 

concentration. In the foreground it can be seen that all the latex beads are 

amalgamated together apart from the aggregation; it is clear that all latex beads have 

been encapsulated but there is considerable excess polymer; as can also be seen in 

the background of the image. Scale bar 1μm. 

 

B 
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Figure 5.1 C) At 300 ng/cm2 the encapsulated latex beads were difficult to view. At 

this surface concentration there is excess polymer throughout the sample; 

encapsulated PS latex beads are almost impossible to accurately determine. Scale bar 

1μm. 

 

All volumes were maintained in constant proportions and after hundreds of 

experiments it was found that the surface saturation at 200ng/cm2 gave the best 

C 
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polymer absorption on the latex beads~95% because the remaining polymer complex 

post encapsulation was very minimal in comparison to higher concentrations. When 

looking at Figures 5.5 and Figures 5.1 (p.154 & p143-145 respectively) a very clear 

indication of excess polymer complex over the entire sample was visible. 

 

Based on these results it was decided to use 200ng/cm2 as this is clearly the most 

effective matched concentration for polymer layering. Additional calculation was 

performed in order to prepare the correct polyelectrolyte concentration for layer 

assembly, here is the procedure.  

 

Assuming that all the latex beads were spherically structure, then a single bead surface 

area, S: 

S = 4πR2 = 3.14 × 104nm2 

Where 𝑅 = 50𝑛𝑚 

 

Total 106beads surface areas, STotal are: 

STotal = 3.14 × 1010nm2 

 

Optimal nanoparticle concentrations (saturation) C17 is: 

C = 200 ng cm2⁄ = 2 × 10−21 g nm2⁄  

So the Mass of polymer M is: 

M = STotal  × C = 6.28 × 10−11g 

Where in 20𝜇𝑙 (106 𝑏𝑒𝑎𝑑𝑠) 

 

Then the polymer concentration C𝑝𝑜𝑙𝑦𝑚𝑒𝑟 is: 

C𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =
𝑀

𝑉
=

6.28 × 10−11𝑔

20𝜇𝑙
= 0.0314 𝑚𝑔 𝑚𝑙⁄  

 

Thus, [PLL-FITC] =0.0314mg/ml; [DS] =0.037mg/ml.  

After observing some minor variations in layer deposition density the concentrations 
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were adjusted to the figures above which under analysis from SEM clearly 

demonstrated the maximum surface absorption in terms of layer depth and an 

absolute minimum for residual unabsorbed aggregated polymer complex. This seemed 

unusual because the experimental figure and the theoretical values were the same but 

when looking at over thousands of experiments and variations on concentration this 

was indeed the best value for polymer concentration. 

 

5.2.3 ζ-Potential Measurement for Surface Charge  

As outlined earlier the layer by layer method utilises alternating electrical charge to 

allow each layer to bond therefore the ζ-potentials which correlated with the expected 

charge as each layer deposited was measured which showed successful encapsulation 

over two bi-layers.  

 

ζ-potential measurements indicate an alternating surface charge at each layer assembly. 

The ζ-potential of PLL-FITC & DS solution was measured at values of -2.8 mV 

corresponding to a stabilized PS latex bead layer and consecutive alternating 

ζ-potential demonstrated by multiple layering of the latex beads surface.  

 

From the graph there is an unexpected charge increase from at layer 1 (PLL-FITC) and a 

significant decrease in surface charge from layer 1 to layer 2 ~70Mv. The author 

suggests that the unexpected charge distributions relate directly to the surface 

morphology of the beads, this is discussed in depth in section 5.3.  
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Graph of Charge Distribution (numbers are in mV) 

 

Figure 5.2 ζ-potential indicates the alternating charge at the PS beads surface at each 

layer deposition. All samples were prepared and measured at room temperature. The 

Red line shows the trend line of charge alternation for the predicted model of the 

experiment plotted against the actual measurements. From the graph it can be seen 

that there is an unexpected charge increase from PS latex beads at the layer 1 

(PLL-FITC) and a significant decrease in surface charge from layer 1(PLL-FITC) to layer 

2(DS) ~70Mv.   

 

5.2.4 Latex Beads DLS Measurements  

At Figure 5.3(Page 150) unexpected values at layer 1 and layer 2 are likely explained by 

aggregation. From the Figure 5.4 A) and B), both are showing beads in a dried condition 

aggregated by weak Van Der Waals' forces. After studying many images the author 

observed two types of aggregation were taking place at each stage of the protocol. 1) 
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Single bead encapsulated but weakly bonded into 3~4 formations (bonds overcome by 

sonication) 2) Two beads encapsulated together an ultrasonication bath is therefore 

introduced to separate the beads before each layering. 

 

In these circumstances ultrasonication has two benefits: separation of aggregations 

and additional energy for each layer deposition. The mechanism of these benefits is: 1) 

Ultrasound separates the aggregated beads temporarily; 2) Energized beads separately 

benefit maximum polymer absorption for the layer; 3) Van Der Waal’s forces are 

weakened, allowing some aggregations to break up. 

 

DLS measurements at layer 1 and layer 2 actually measured not just single beads but a 

bulk aggregated beads’ diameter creating the anomalous results. By layer 4-5 the 

beads and polymer are more balanced as aggregations continue to break up and the 

polymer layers thicken and stabilise as the majority of the sample are single beads in 

solution.   

 

Interestingly as PLL and DX layers were added the size growth went back to 

approximately 5~10nm per layer. The polymer solution was prepared with further 

bio-applications e.g. gene expression in mind, for this reason and because of 

bio-sensitivity, zero additional salt and buffer were added.   

 

Generally, the graph shows successful latex beads encapsulation with controllable layer 

size growth. Due to the existence of aggregations further analysis included SEM, CLSM 

were conducted to exclude the effect of excess polyelectrolyte complex that could be 

mistaken for nanocapsules. From these images it becomes clear there is no polymer 

complex interruption further proving that the matched concentration method is the 

optimal method for maximum deposition.  
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Graph of Size Distribution (all numbers are in nm) 

 

Figure 5.3 DLS measurement (room temp.) The green line represents the modelled 

trend line plotted against the recorded measurements. At layers 1(PLL-FITC) and layer 

2(DS) the measurements are highly likely to be not just single beads but a bulk 

aggregated beads’ diameter creating what appears to be anomalous results. By layer 

4-5 the beads and polymer are more balanced as aggregations continue to break up 

and the polymer layers thicken and stabilise. As PLL and DX layers were added the 

size growth decreases to 5~10nm per layer. The graph shows successful latex beads 

encapsulation with controllable growth in layer thickness. 
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SEM images shows aggregation is natural exist before and after encapsulation 

 

 

Figure 5.4 A) Shows PS latex beads in a dried condition aggregated by weak Van Der 

Waals' forces. Scale bar 500nm 

A 
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Figure 5.4 B) Shows 5 layer coated PS latex beads nanocapsules in a dried condition 

aggregated by weak Van Der Waals' forces. Scale bar 500nm 

 

5.2.5 CLSM Images of Latex Beads Nanocapsules 

This CLSM image demonstrates along with the latex beads capsules after layer were 

deposited with implanted FITC for confocal observation. CLSM images of nanocapsules 

with latex beads amine-modified, fluorescent orange and PLL shells labelled with FITC.  

 

B 
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The coated latex beads samples contained essentially very little aggregation and 

showed a good contrast under visible microscopy making their particles easy to 

observe. The coated latex beads seem slightly aggregated but they could still be used 

for further experimentation. The nanocapsules were discovered to have an average 

diameter of ≤200nm. On the left side at the top the nanocapsules presented PLL-FITC 

fluorescence green colour.  

 

On the top right the same observation experiment is performed with nanocapsules of 

identical layer structure but presenting latex beads, amine-modified in red colour. On 

the bottom left, the overlapping image confirms internalization of capsules in solution 

by observing from the x-z direction.  

 

In the three images definition appears at approximately 80% of the expected quality, 

which allows the latex beads to locate at a deeper layer to become less apparent. This 

was to be expected since a portion of the fluorescence not only remains to perform 

diffusion from the layer to the local solution environment but also exists there 

indefinitely. Small molecules including dye or excess polymer particles tend to diffuse 

in and out of thin polymer layers freely and are only restricted by their interaction with 

the layer organization and not by size repulsion operation. 
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Figure 5.5 A) Confocal image of encapsulated polystyrene latex beads. The arrows 

point out two co-localized latex beads in suspension. The coated latex beads in this 

sample shows very little aggregation and provide a good contrast under visible 

microscopy making these particles easy to observe; an average diameter of ≤200nm 

was measured; presenting PLL-FITC fluorescence green colour. Scale bar 500nm. 

Figure 5.5 B) Confocal image of the arrows point out the co-localized latex beads. The 

A B 

C 
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same observation experiment was presenting latex beads amine-modified in red 

colour. Scale bar 500nm. Figure 5.5 C) The arrows point out the co-localized latex 

beads. The same observation experiment was presenting the overlapping image 

confirms internalization of capsules in solution by observing from the x-z direction. 

The layer assembled on the latex beads core emitted a fluorescence when excited at 

481nm; emission at 644nm. Scale bar 500nm. 

 

5.2.6 SEM Images of Non-coated & Coated Latex Beads 

The Figure 5.6 AB (p.156-157) shows several non-coated and coated PS latex beads 

image that is captured by SEM (scale bar 100nm). From image A) PS latex beads have 

various diameters; they are aggregated because SEM sample preparations require 

dried specimens so an over-night specimen drying process was conducted. An average 

diameter has been measured. In the above images the beads average diameter is 

around 75nm and it is clearly observed that there is a large amount of irregularities on 

the beads’ surfaces however at the 1st layer (LBL-1) an increase of 37nm is visible. 

 

The Figure 5.6 B) shows an image of coated PS latex beads more specifically latex beads 

nanocapsules. One of the most significant changes is that the beads’ surface 

irregularities have become smoother. 

 

The diameter measurements indicate the increasing margin of colloid polystyrene latex 

particles size, compared with Figure 5.4 non-coated and coated PS Latex beads size 

increases in the range of 10 ~ 50nm. Early DLS data suggests the increase in range is 

from 10 ~ 80nm, considering the elimination of the aggregation effects the whole DLS 

measurements, SEM and DLS values are height matched. Additional evidence from 

previous Sukhorukov et al (1998) research also suggested the increase in layers 

thickness is 10 ~ 20nm197. The overall picture is that the layers in range from 10~20nm 

in thickness and the finished capsules lie within the range 110>190nm. 
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Figure 5.6 A) SEM images of non-coated PS latex beads; PS latex beads aggregated 

because SEM sample preparations require dried specimens so an over-night 

specimen drying process was performed on the sample. Average diameter measured 

at 75nm and it is clearly observed that there are large amount of irregularities on 

bead surfaces. Scale bar 100nm 

A 
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Figure 5.6 B) SEM images of coated PS latex beads (LBL-1). The average size shows 

about 113nm. This image shows coated PS latex beads more specifically latex beads 

nanocapsules. One of the most significant changes is that the beads surface 

irregularities have become smoother. Scale bar 100nm 

 

B 
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5.3 Discussion  

5.3.1 The protocol 

This experiment was aimed at encapsulating the PS latex beads to discover if it is 

possible to directly encapsulate nanoparticles in the range of ~100nm using the 

matched concentration method at 200ng/cm2 and as a preparation protocol for 

adenovirus nanoencapsulation experiments. 

 

After hundreds of experiments using 16mins ultrasonication & shaking of the latex 

beads plus PLL-FITC and DS solution is the best preparation, layer size and ζ-potentials 

are monitored and adjusted for additional polymer solution in appropriate volume to 

be added. CLSM imaging, as well as SEM gives additional evidence to support 

successful encapsulation. In the next chapter gene expression experiments also provide 

evidence that these bio-nanocapsules retain their functionality.   

 

5.3.2 Discoveries 

5.3.2.1 DLS & ζ-potential 

From Figure 5.3 (p.150) DLS image shows a large size increase from layer 2 (PLL-FITC) to 

layer 3 (DS) an increase of ~54nm, meanwhile the ζ-potential also maintain a large 

surface charge, alternating from layer 2 (PLL-FITC) to layer 3 (DS) as well.  

 

PS latex beads' stability in a study of 2015 by G. Boniello et al showed stretching 

polystyrene beads in a 1 μm radius, shows no noticeable deformation of the interface 

in the range of a few micrometres198, where the author demonstrates that PS latex 

beads has high stability even under the SEM electron beam.  

 

Fluorescence labelled latex beads are usually used as bio-markers that distinguish 

cancer exosomes from normal exosomes which are unknown; exosomes were attached 
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to labelled latex beads199. It is common to use latex beads as bead-based retraction 

assay in biology for simulation cell study, motile cells consistently crawled out of a 

laser-tweezers trap strong enough to firmly arrest 1μm latex beads in a study at 2000 

by J. Alexey et al, where the author demonstrate that latex beads is one of the closest 

choice as biological substitution200.  

 

The directed assembly of particles on droplet/bubble surfaces typically relies on the 

adsorption of particles from the polyeletrolyte concencetraion in a study at 2013 by B. 

Teresa et al, where author demonstrate that correct polymer concentration is 

benefiting the entire nanoencapsulation process201. SEM, TEM images and DLS analysis 

indicated that PS latex beads nanocapsules could be successfully fabricated202.  

 

It is known that dispersions with high ζ-potentials are electrically stable while 

dispersions with low ζ-potentials tend to coagulate or flocculate, ζ-potential is closely 

correlated with the amount of the dispersant presenting on a surface to some extent, 

because the ionic dispersant is the main source of charge on the surface of the 

particle181. Figure 5.2 compared the encapsulated latex beads and predicted results, 

the polymer encapsulated latex beads has higher ζ-potential than predicted results. 

This indicates that the polymer encapsulated latex beads has high stability in room 

temperatures181. In capsule fabrication it is essential to maintain shell stability 

therefore latex beads high surface area to size (irregular morphology) allows for stable 

polymer shells to form in line with these results.  

 

Surface charge and size distribution are definitely correlated due the morphology of PS 

latex beads. Results show PS latex beads have large amount of surface irregularity and 

their sizes are on average 100nm but not uniform. Due to PS latex beads comparatively 

large surface charge they can attract a large quantity of polymer at their first layer and 

quickly neutralise their surface charge creating a relatively large increase203. In order to 

balance this charge an equal quantity of oppositely charged polymer is attracted and 

deposited on the surface which then reduces the surface charge to ~70mV. After this 
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initial jump in charge concentration surface charge alternates smoothly.  

 

The non-uniform latex beads layer size growth also presents a large increase from layer 

2 (PLL-FITC) to layer 3 (DS) due to the character of the surface charges. The additional 

coating of nanoparticles with polymer layers leads to partial substitution of the initially 

adsorbed nanocapsules by the polyelectrolytes203, but the total amount of assembled 

nanocapsules can be easily increased by construction of numerous nanocapsules 

polymer layers in a 2007 study by V. Dmitry et al (2007), where the author 

demonstrates the 1st layer is significantly larger than the following layer and layer 

growth the smoothly increase since the 2nd layer deposition203. 

 

5.3.2.2 CLSM Imaging of the Nanocapsules: Aggregation 

CLSM imaging was used to confirm successful encapsulation. Figure 5.5 (p. 154) shows 

two CLSM colour channels red and green detecting the PLL-FITC and the latex beads 

prior to encapsulation and a third CLSM image detecting the encapsulated beads.  

 

All three images show the beads, the polymer layers and the encapsulated beads in the 

same position as was expected for complete encapsulation. The third image detects an 

orange channel which completely confirmed successful encapsulation204. 

 

The three images also show a large quantity of aggregation. Based on the surface 

charges aggregations should not necessarily influence the results of the entire 

experiment. The preparation and concentration of the CLSM sample solution could 

easily have made this occur in solution; aggregation can easily be eliminated by hand 

shaking and an ultrasound bath, additionally adenovirus nanocapsules aggregation can 

also easily be ignored because of enzymatic action and separation. The author predicts 

that gene expression will prove this as aggregation should not affect the viruses’ 

bio-functionality.  
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5.3.2.3 SEM images of the Nanocapsules 

The SEM images Figure 5.6 (p.156-157) compare non-coated and coated PS latex beads. 

The encapsulated PS latex beads size is significantly increased ~100nm over 5 layers of 

nanoencapsulation. Meanwhile, the non-coated PS latex beads still show a large 

quantity of surface irregularities their typical “golf ball” like surface that is observed in 

control images. Coated PS latex beads nanocapsules show flattened surfaces that are 

covered by polymers layers. This is additional evidence that the PS latex beads are 

successfully being encapsulated proving that the LBL matched concentration method to 

encapsulate PS latex beads without external forces involved, can be used.  

 

An amendment to this polymer concentration was necessary for later adenovirus 

encapsulation because the received adenovirus stock was less concentrated than the 

latex beads that were used in solution.  

 

5.4 Sectional Conclusions  

It has been shown that PLL-FITC and DS layer fabrication can be performed on the 

surface of polystyrene latex beads with average diameter 100nm. During this 

experiment: DLS, ζ-potential, CLSM imaging and SEM are used for the major analyses 

except AFM which is normally used in solid surface diagramming, it is rarely used in 

liquid samples which are restricted by functional difficulties. These analysis methods 

previously proved useful to support nanoencapsulation results.  

 

This encapsulation method is very stable, the fabrication is based on charge 

neutralization and alternating ζ-potentials which allows for strong electrical bonding 

and final capsule stability resting on the fifth positively charged layer205. The protein 

based polyelectrolytes and inorganic nanoparticles which are used to fabricate very 

stable nanocapsules can only be opened by enzymatic action; this offers a broad range 

of in vivo applications and possibilities for the future when considering different 
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biomaterials and their physical properties. The pitted golf ball like surface has a surface 

area increase of 40~50% compared to a smooth surface which is a significant benefit 

when considering polymer absorption and layer stability205. 

 

Future applications using this method would primarily focus on bio-sensing, cancer cell 

trafficking, as well as nanocapsules properties in Nuclear Magnetic Resonance (NMR), 

or other techniques requiring a large delivery of nano-biomaterials.  

 

The fabrication processes is a perfect protocol for virus coating at 100nm and is the 

preparation for adenovirus nanoencapsulation. Carrying micro/nanoparticles inside 

polyelectrolyte shells has been successfully proven in this project206, moreover the 

diffusive properties of PS latex beads nanocapsules were not utilised in the current 

experiments further investigation needs to be conducted to see how this might benefit 

the fabrication procedure.  

 

The coating of PS latex beads with a layer-by-layer matched concentration method 

using DLS for particle sizes monitoring, ζ-potential for measures of surface charge 

alternation, SEM and CLSM as the analysis techniques, following cross comparison with 

DLS data has been successfully proven207.  
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Chapter 6 Virus Nanoencapsulation  

6.1 Introduction 

Traditional drug delivery methods in cancer therapy are posed with several problems in 

the modern world, on one hand delivery methods are continuously improving but on 

the other hand scientists are also turning their eyes towards the biological arena and 

specifically to viruses with their novel properties208. Viruses introduce their genetic 

material to a host cell by attacking it during its reproductive cycle; during this cycle 

genetic material containing information for multiple self-replications is forced on the 

host cell209. The virus has the ability to take hostage the host’s mitochondria that 

provides nourishment to the virus; the completion of this cycle is called infection210.  

 

Utilising these properties viruses are selected to transport designer genes into diseased 

cells in a process called “viral vector”. Among hundreds of viruses, adenovirus is the 

optimal option with previous scientific success. S. Shizuya et al (2004) research 

reported transient introduction of the Smad7 gene by using an adenoviral vector is 

effective in treating inflammatory/fibrotic disorders in lung, kidney and liver211. 

 

Additionally adenoviruses are trophic for the multiple human organs such as the liver, 

where they can drive the release of secretory proteins, such as BMPs, into the blood 

stream211,212. This property means adenovirus can be used as a biocompatible material 

option for in vivo cancer therapy research. 

 

Adenovirus early proteins E4-ORF3 from the research proved that the cellular tumour 

antigen p53 is inactivated in adenovirus-infected cells, which is a critical mechanistic 

insight that could now enable the rapid development of true p53 tumour-selective 

adenoviral therapies which indicate that adenovirus has scientifically proved its ability 

for inhibiting tumour cell growth and even could eliminate tumour cells212. All these 

natural properties of adenovirus mean it is the only choice for this research project.  
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Direct injection of the adenoviral vector in vivo is literally a dead end solution as the 

virus can trigger the body’s immune system. A. M. Daniel et al (2008) adenovirus 

vectors trigger the immune system, which results in the rapid induction of 

inflammatory cytokines such as IL-1β and TNF6 and acute inflammation in vivo213. Low 

dosage adenovirus vector has been proven to be killed by the body’s defence system 

(immuno-rejection) before reaching the target cells and high dosage viral vector can 

also cause the host more illness than cure of the cells. 

 

Taking this into consideration encapsulating the viral vector before deploying it to 

target cells has become a new and exciting area of research. Previous research 

indicates that it is possible to encapsulate a virus using liposome; however this method 

has a long fabrication process period because of the high density of the protein layers. 

A layer-by-layer method presents some significant advantages over this method. LBL 

has a shorter layer fabrication processing period. Each layer grows around 10~20nm 

and most importantly the layer thickness and nanocapsules sizes are controllable. 

There are hundreds of polyelectrolytes that can be used to fabricate nanocapsules, but 

in this project Poly-L-lysine-FITC (PLL-FITC) and Dextran sulphate sodium salt (DS) were 

chosen as the polymer layer materials.   

 

The previous latex beads encapsulation protocol was employed for adenovirus 

encapsulation. The polyelectrolyte concentration was decreased slightly to 

0.0125mg/ml and 0.033mg/ml to adjust for the number of viruses per 20μl as provided, 

see discussion 6.3.1. 

 

  

http://www.nature.com/nature/journal/v452/n7183/full/nature06664.html#B6
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6.2 Results for Ad Nanoencapsulation  

As with latex beads nanoencapsulation several measurements to validate successful 

encapsulation were made. Looking at TEM/SEM, ζ-potential and size distribution as per 

latex beads nanoencapsulation testing protocols. 

 

Unlike the latex beads analysis adenovirus has a recognisable tetrahedral structure and 

hexagonal morphology in 2 dimensions which proved useful in determining 

encapsulation because the polymer layers flattened the surface. 

 

6.2.1 ζ-Potential Measurement for Surface Charge Alternation 

The initial ζ-potential for the naked adenovirus was unmeasurable due to the low 

concentration of particles in solution.  

 

6.2.2 DLS: Particle Size Distribution 

Figure 6.1 shows capsule size distribution. At LBL-2 the capsule size is double that of 

the increase at LBL-1, similarly from LBL-4 to LBL-5 there is an unexpected increase, this 

is due to light absorption of fluorescence during the measurement and capsule 

aggregation. In both the latex beads and adenovirus encapsulation process it can be 

seen this similarly unexpected size increases at LBL 1~2; approximately twice the 

predicted layer growth. The author discusses this with likely explanations in more detail 

at chapter 6.3.3; it does, however indicate that the protocol has a similar construction 

during the initial layering for both. The unexpected layer growth provides a strong and 

stable foundation layer on which the outer capsule shells adhere themselves to at 

expected thicknesses around 20~30nm, this proved to be a fortunate anomalous result 

particularly considering the permeability of the A549 cells to the adenovirus capsules 

at LBL 1 & 2 and the subsequent resistance displayed to sonication by LBL 4-5. 
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Figure 6.1 Five adenovirus nanocapsules layer size growth charts. This graph shows 

layer growth at LBL 0-5. Due to the nature of this being a biological sample 

aggregation plays a much greater role in obscuring the actual measurements for layer 

deposition. These graphs show capsule growth between the layers however it is not 

possible to draw any firm conclusions regarding layer growth other than a general 

trend in layer thickness between LBL 0-5; therefore further analysis using SEM is 

required to validate encapsulation. However the trend in capsule growth is clear. 

 

6.2.3 TEM: Ad and Ad nanocapsules morphology in 2D  

Looking at Figure 6.3 the hexagonal structure is sometimes still visible but the shapes 

are no longer uniform and the polymer layers deposited on the virus have flattened the 

visible “pitted golf ball” like surface of the naked adenovirus. Comparing Figure 6.2 and 

6.3 it can be seen the size increase is 37.8nm, which is approximately the same as the 

final latex beads capsule. This demonstrates conclusively the success of the 

encapsulation protocol and the uniform nature that the capsules on average are 
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forming. 

 

TEM Images: imaging single virus and adenovirus nanocapsules  

6.2.3.1 Naked Adenovirus with Size Measurements 

 

Figure 6.2 TEM image of naked adenovirus with average diameter 68nm. These 

adenoviruses are labelled with their initial diameter. The hexagonal structure is 

clearly visible. Scale bar 100nm  
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6.2.3.2 Layer-by-Layer Coated 

 

Figure 6.3 TEM image of LBL disposition of the 5th Layer (LBL-5), with average 

diameter 105.8nm approximating the predicted layer growth. The hexagonal 

structure is sometimes still visible but the shapes are no longer uniform and the 

polymer layers deposited on the virus have flattened the visible “pitted golf ball” like 

surface of the naked adenovirus. Scale bar 100nm 

 

6.2.4 SEM: Tetrahedral Morphology Disappearance by Encapsulation 

The adenovirus surface contains hundreds of irregularities, these irregularities can be 

clearly seen in the SEM 3D images however biological samples are always quite 

sensitive to electron beams which makes single virus imaging very difficult, however 
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the coated virus displays far more stability for imaging and the confocal images are 

visible. These images include Adenovirus Cy3 labelled & Adenovirus Cy3 capsules 

trafficking confocal images (CLSM), and adenovirus stock & adenovirus stock capsules 

for cell uptake and transfection (gene expression) tests. Pure adenovirus SEM images 

are hard to take in normal reservoir conditions and with a standard SEM preparation 

process.  

 

 

 

 

Figure 6.4 SEM images of adenovirus nanocapsules; zoomed picture. A) B) C) D) Scale 

bar A) 3μm B) 1μm C) 3μm D) 300nm. These four images clearly show the 

encapsulated adenovirus. The hexagonal structure of the virus is “shrink wrapped’ by 

the polymer layering clearly visible in the zoomed pictures C and D.  

A B 

C D 
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The Figure 6.4 ABCD, the adenovirus nanocapsules image at 50K magnification. Figure 

6.4 AC, the hexagonal adenovirus structure which can still clearly be seen although it 

appears to have been “shrink wrapped” by the polymer layers.    

 

The zoomed image Figure 6.4 BD simply increases the magnification under the same 

intensified level of energy the high energy of the electron beam is very risky as it can 

destroy the nanocapsules. It is also difficult to capture higher definition images due to 

limitations of SEM. Interestingly pure adenovirus is destroyed by the electron beams 

but the coated viruses survive because of the protection of the polymer shells showing 

successful nanoencapsulation. 

 

  



171 

 

6.2.5 Biological Effects on Cell Studies: CLSM Images  

This chapter mainly focuses on the nanocapsules in cell uptake studies; the study was 

separated into several steps from non-treated nuclei to LBL-5.  

 

 

 

15μm 

15μm 

A 

B 
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Figure 6.5 A) The naive image shows untreated cells (negative control). The Image 

shows the cell nuclei highlighted in blue; the cell structures are compacted within the 

black space between the highlighted nuclei. Scale bar 15μm.  

 

Figure 6.5 B) The polymer control was used to eliminate obstructions from polymer 

layering. The green highlighted areas are showing polymer residing either within or 

on top of the cell surface. Scale bar 15μm. 

 

For clear viewing (Figure 6.5 AB) the cells’ background has been removed and only blue 

nuclei are left. The polymer control also provides evidence that pure polymer cannot 

be uptaken by cells in later experiment. 
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Figure 6.6 A) The Ad-Cy3 figures show expected nuclei infection by Ad-Cy3 prior to 

encapsulation. The red highlighting Cy3 shows that the adenovirus has successfully 

infected the cell nuclei having penetrated the cell membranes. This is clear from the 

pink fluorescence above the nuclei, which appears a deeper red colour in the dark 

areas of the image within only the cell membrane. Scale bar 15μm. 

 

Figure 6.6 B) The LBL-1 figure shows slightly less infection after 1st layer 

encapsulation because this first layering creates some restriction or barrier to the 

adenovirus infection. Scale bar 15μm. 

 

Ad-Cy3 is untreated adenovirus labelled with Cy3; LBL-1 is the 1st layer that the 

polyelectrolytes are deposited on the adenovirus surface. From the Ad-Cy3 it can be 

seen the labelled Ad-Cy3 is visible at the nuclei, it shows infection. Similarly at LBL-1 

infection is due to very thin layer, permeable layer 1 encapsulation cannot completely 

prevent the infection. 

  



175 

 

 

 

 

Figure 6.7 A) Combined confocal images of capsule showing uptake by cancerous cells 

15μm 
A 

15μm B 
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(A549). The green highlighting is the polymer layer DS from laser analysis. The dark 

coloured patches within the nuclei again show infection in the majority of cell nuclei. 

The small orange dots show adenovirus capsules within the cell membrane. Scale bar 

15μm. 

 

Figure 6.7 B) At LBL-4 a similar effect (green colour) is showing in confocal imaging 

but there are far fewer examples of nuclei infection (dark patches within the blue 

highlighted nuclei) where the nuclei are breached by the adenovirus. By LBL-4 the 

polymer layering successfully encapsulates the Ad protecting the cells from infection. 

Scale bar 15μm. 

 

From Figure 6.7 A) it can be seen that LBL-2 shows a green fluorescence (polymer) 

surrounding the nuclei; the polymer layer is too thin to prevent infection. At Figure 6.7 

B) LBL-4 it can be seen a similar green fluorescence displays a brighter colouring as the 

thick polymer layer contains both PLL-FITC & DS with anionic dextran finished layers 

allowing excess electrons to heighten the polymer fluorescence colour to a brighter 

green.  
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Figure 6.8 A) Combined confocal images of capsule uptake by cancerous cells (A549). 

The nuclei by this stage are showing significant viral infection, the virus replication 

has reached late stages within the nuclei, which have expanded due to infection 

whilst polymer shells are broken and visible within the nucleus and cell membrane. 

Scale bar 15μm. 

 

Figure 6.8 B) LBL-3 and LBL-5 shows more orange colour. In LBL-3 those dyed 

nanocapsules are surrounding or attaching to the nuclei, but in LBL-5 significantly, 

very few nuclei have been infected by the adenovirus. Layer thickness and stability 

protect the cells from infection and the nuclei show far fewer infections as the 

capsules remain closed prior to enzymatic release and remain either in the cell 

membrane or attached to the nuclei themselves but as unopened capsules. Scale bar 

15μm. 

 

Figure 6.8 AB (LBL-3 & LBL-5) show a more orange colouring because the virus is 

restricted by polymer layers. Figure 6.8 B (LBL-5) shows very little nuclei infection with 

a balance of polymer and Ad Cy3. There are clear differences between the different 

layers: a fluorescence pattern can be observed for LBL1-3 and LBL-5. LBL-2 and LBL-4 

show a more diffuse fluorescence especially when considering the green channel. 

 

In addition the overlap between the FITC and Cy3 channels and the differences 

between the different layers provide further proof that successful encapsulation of 

adenovirus took place. A higher uptake was observed at LBL-1, LBL-3 and LBL-5 when 

compared to LBL-2, LBL-4; the major reason will be discussed in depth in the Chapter 

6.3.3.3. 

 

The most significant result in this analysis is that by LBL-5 we see little nuclei infection 

although the adenovirus nanocapsules are uptaken into the cells. The capsules are 
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residing in the cell membrane or attached to the nuclei without causing infection. Layer 

thickness and core capsule stability contains the adenovirus within the polymer shell 

ready for enzymatic release as hoped, predicted then observed. 

 

6.2.6 Virus Release: Gene Expression using β-gal 

Gene expression indicates the bio-functionality of a gene: it is a detection of proteins 

produced by infected cells and it is also a measure of the amount of protein produced 

during viral infection214,215. 

 

Figure 6.9 β-gals transfection in A549 cells. Naive the untreated cell (negative control, 

set as zero value/lowest values); Ad treated with naked (untreated) adenovirus 

(positive control, set at maximum values that can be reached); Naive & Ad, the 

reference data for this experiment. The graph is conclusive. Naked Ad is significantly 

damaged by the ultrasound but progressively protected at LBL-1, 3, 5 showing 

increasing capsule stability (see control vs. coated virus). Bio-functionality of the 

capsules is demonstrated by gene expression during enzymatic release at LBL-1, 3, 5. 

 

Here the same gene expression rate for naked Ad and the Ad-capsules was observed 

demonstrating that the nanocapsules maintain the same bio-function as the Ad and 

the control group. The control group at LBL-1, 3, 5 monitors the ultrasonication effect 
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showing that the non-coated Ad is damaged or destroyed compared to the capsules at 

LBL-1, 3, 5. 

 

Following the viral infection efficacy analyses using the b-galactosidase assay of the 

encapsulated viruses with cationic polymer layer termination, it’s clear that similar 

infection efficiency was observed for LBL-1 and LBL-3; whereas a slightly lower 

transfection resulted from LBL-5.  

 

The decrease in gene transfer efficacy can be attributed to the increased number of 

layers encapsulating the adenovirus and hence it is difficult to enzymatically release 

the virus from its polymer capsule in the endosome; as the capsules gain stability with 

each layer the virus is further prevented from infecting the cells without a higher 

enzyme catalyst. The same concentration of enzyme was used at each gene-expression 

test. 

 

Looking at these images coated Ad 1, 3, 5 retains bio-functionality compared to naked 

Ad; secondly the ultrasound process damages naked Ad and thirdly the average loss is 

30%~50% by comparison with the control & LBL. 

 

6.3 Discussion  

6.3.1 Reason to choose adenovirus 

The reasons for choosing adenovirus as the main viral vector for this viral 

nanoencapsulation project are the high stability of its hexagonal structure in drug 

delivery, strong capability to inhibit tumour cells growth and eliminate tumour cells by 

infection, trophic biocompatibility to human organ tissue, encouraging healthy organ 

cell growth. G. Willimsky et al (2005) research indicates that Ad-treated immunized 
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LoxP-Tag (bacteriophage P1 derivative for gene activation) mice remained tumour-free 

during 25 months' observation214. 

 

Later, F. Shojaei et al (2007) in the research using adenovirus viral vector to delivery 

Bv8 (Bombina variagata peptide 8) into tumours was shown to promote angiogenesis 

which is a wish choice of method using drug delivery for cancer therapy215. 

  

6.3.2 The Latex beads protocol  

Sixteen minutes ultrasonication & shaking of latex beads plus PLL-FITC and DS in 

solution. Layer size and ζ-potentials monitored. Adjusted additional polymer solution in 

appropriate volume added. Additional NaCl from Dextran is not influencing the 

experiments.  

 

This protocol has been examined hundreds of times to ensure that a suitable polymer 

concentration is used and because there was only 20µl of adenovirus available it was 

decided that a matched concentration was used due to the efficiency of assembly.  

 

6.3.3 Successful Protocol Application to Ad Nanoencapsulation 

The success of the latex beads nanoencapsulation protocol (the LBL technique) was 

transferred to adenovirus. Previous research71,75 indicated that a longer sonication 

affects the biological function of virus particles. To avoid this original LBL protocol was 

modified to ultrasonicate the adenovirus with the polymers for a shorter time periods 

hence the protocol was altered to the following: ultrasonication of Ad in the polymer 

solution 1 minute, shaking for 10 minutes and finally ultrasonication for an additional 5 

minutes. There were positive results from the gene expression experiments and 

optimal imaging results using SEM/TEM were taken; there are some interesting results 

discovered in DLS, ζ-potential and CLSM images. The following section will discuss them 

in depth.  
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6.3.4 Discoveries: Facts and Reasons 

6.3.4.1 DLS 

First the Ad capsules were analysed using DLS and the results Figure 6.1 (p.166) show 

an unexpected layer thickness increase at the layer 1~2 (50~100nm). This was similar 

to the latex beads nanocapsules’ DLS measurements. DLS is related to particle 

morphology especially when analysing biological particles216. As mentioned previously 

adenovirus has a recognisable tetrahedral structure and hexagonal morphology in 2D, 

this uneven surface contains a large number of nodules this allows for polymer to build 

around these nodal points where they become significantly charged; additionally this 

polymer formation causes an aggregated build-up which then deposits between the 

spaces creating a thicker layer.  

 

Scheme 6.1 Illustration of naked adenovirus LBL 1-5 polymer layers deposited on the 

Ad surface aggregating around nodal points and building into the shell. LBL-5 the 

surface of Ad particle has been fully encapsulated.  
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Scheme 6.1 illustration of naked adenovirus LBL 1-5 polymer layers deposited on the 

Ad surface. As seen in the Figure 6.2(p.180) the surface irregularities show a fibrous 

‘fish scale’ like texture on the surface; this structure allows for a larger than expected 

surface charge to build up compared to the subsequent layers, where the charge is 

more evenly distributed; this is similar to the latex beads’ experiment at LBL 1 which 

causes a large deposition of polymer at LBL 1 approximately 57nm in accordance with 

the description above (about twice that of LBL 3-5).  

 

At LBL 2 (DS, -ve charge) a considerably large layering is also seen due to the charge at 

LBL-1 being larger than expected, the high polymer to initial surface charge ratio which 

necessarily has to be neutralised by the DS molecular layer (the molecules of which are 

3x larger than PLL-FITC in size). By LBL-2 this knock on effect of high charge to polymer 

ratio is mostly dispersed through the additional thicknesses at LBL-0 ~ LBL-2 and an 

expected thickness of around 30nm is observed both for Latex beads and Ad 

nanoencapsulation at LBL-3 ~ LBL-5. 

 

6.3.3.2 Facts seen from SEM/TEM: Smooth Surface 

TEM 

From the control image Figure 6.2 (p.167) the adenovirus shows a tetrahedral structure 

(a fish scale surface and a hexagonal structure in 2D) with average diameter measuring 

around 65nm. From the LBL coated image Figure 6.3 (p.168) those adenoviruses were 

all encapsulated (fish scale surface tetrahedral structure turns into a smooth surface) 

the hexagonal structure is practically spherical shape. In Figure 6.2 & 6.3, the average 

diameter is around 125nm compared with the control the particle size has ~50nm 

increase by the LBL 5 (5th layer) of encapsulation.  

 

This increase fits well with our experimental prediction of 10~30nm per layer also the 

adenovirus surface morphology has clearly changed after encapsulation.  
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SEM 

From SEM images Figure 6.4 (p.169) the capsules appear to have been “shrink wrapped” 

by the polymer layers during the drying preparation process for imaging however the 

adenovirus hexagonal structure can still clearly be seen; the adenovirus still retain their 

original morphology even though the polymer encapsulates the adenovirus, 

additionally the capsules are well preserved; the polymer plays a role in protecting the 

adenovirus keeping it away from external damage, for example damage by the SEM 

electron beams. Pure adenovirus can undergo a freeze-dried operation that provides 

more stabilised conditions for SEM imaging217. 

 

Working at this scale all analysis points to successful viral encapsulation with a capsule 

thickness range from 100~280nm. Whilst there is some variation in the results because 

of aggregation seen in the DLS measurements, thin encapsulation in TEM coming from 

expected variation in average diameter measurements and additional polymer complex 

and its aggregation, the overall picture is very clear. It is easy to see the precise nature 

of encapsulation in the SEM images; they clearly show the ‘shrink wrapped’ adenovirus 

nanocapsules in significant number with a size range well within the expected 

paramenters~200 nm. The DLS analysis shows a general trend in capsule growth TEM 

images show the capsules morphology and the expected changes in thickness and 

surface morphology at each layer and ultimately the SEM images clearly demonstrate 

both the average capsule thickness increase and the final ‘shrink wrapped’ 

encapsulated Ad of 250~280nm viral capsules. 

 

6.3.5 Comparison with Liposome Fabrication 

The adenovirus nanoencapsulation experiments here are aimed at improving on the 

liposome encapsulation process and the possibility of creating the foundations for a 

wholly new fabrication technique218,219. During the past decade liposome has become 

one of the most successful drug delivery methods in cancer and gene therapy219. The 

main advantages to using liposomes are that the capsules are composed of natural 
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phospholipids as bio-carriers and are obviously biologically inert and weakly 

immunogenic they also poses low intrinsic toxicity220. Drugs with different 

lipophilicities can be encapsulated into liposomes: strongly lipophilic drugs are 

entrapped almost completely in the lipid bilayer, strongly hydrophilic drugs are located 

exclusively in the aqueous compartment and drugs with intermediate logP can easily 

partition between the lipid and aqueous phases both in the bilayer and in the aqueous 

core220,221.  

 

By synthesizing amphiphilic cavitands to form liposomes, the limitation of low cavitand 

concentration has been overcome. The synthesis required some special measures 

because of the size and hydrophobicity of the cavitand framework222. 

 

Additionally for liposome system, S. Mura et al (2013) research indicates the 

complexity of the architectural design and difficulties in the scaling-up of their 

synthesis are likely to hamper their translation from the laboratory to industry223. 

Moreover, their toxicity is multifactorial, depending on composition, physicochemical 

properties, route of administration and dose. The benefit-to-risk ratio has therefore to 

be balanced according to the intended medical application223. Unfortunately, many 

available liposome systems have limited chances of reaching the clinic because of 

absence of degradability or insufficient biocompatibility223. In the contrast with Mura S 

et al (2013) the LBL method has scientifically proved it is full of degradability even 

sufficient biocompatibility. 

 

Liposome fabrication can be achieved by surface modification. Liposomes with bilayers 

can be synthesised in several ways: physically adsorbing the polymer onto the surface 

of the vesicles224; incorporating the PEG-lipid conjugate during liposome preparation or 

by covalently attaching reactive groups onto the surface of preformed liposomes225. 

 

Clinically numerous groups have reported that adenovirus infectivity can be enhanced 

by interaction with cations226,227 or more recently zwitterions, preformed liposomes , by 



186 

 

simple mixing prior to infection in a process commonly referred to as “lipoduction” 227. 

These complexes are thought to be taken up by cells independent of virus-specific 

pathways leading to enhanced gene expression when compared to Ad alone 

particularly in CAR-deficient cell lines227,228. Liposome however also faced problems 

during drug trails such as irreproducibility restriction to cationic liposome formulations 

and inherent colloidal instability which making in vivo applications or large scale 

production almost unfeasible228,229. 

 

This research was designed with many of these problems in mind; the LBL fabrication 

method is an alternative method for creating nanocapsules at 100nm. Compared to 

liposome encapsulation LBL nanocapsules are extremely easy to fabricate. The time 

period for encapsulation is reduced from approximately a week to two days by 

liposome lipid layer is based on surface modification and their layer lipid materials230. 

LBL nanocapsules have various layer selections that it can easily choose biocompatible 

polymer alternating polyelectrolyte could also use poly (diallyldimethylammonium 

chloride) (PDADMAC) and poly [1-[4-(3-carboxy-4-hydroxyphenylazo) benzene 

sulphonamido]-1,2-ethanediyl, sodium salt] (PAZO) with a matched concentration 

method that accurately encapsulates the adenovirus, which has been proven by 

SEM/TEM231. CLSM imaging and gene expression also prove that encapsulated 

adenovirus was well protected and maintain bio-functionality.  

 

6.3.6 The Importance of This Research 

Current research of liposome and nanocapsules shares some common ground, for 

example PH/heat/UV-sensitivity allows for designer target delivery in pharmaceutical 

research and cancer therapy231,232. There are exciting possibilities for the development 

of this research revolving around the use of proteins to form the capsules which would 

potentially usher in a totally different realm of bio-functionality when compared to 

liposome as a drug delivery mechanism. These nanocapsules are considerably easier to 

manufacture than current liposome allowing for polyelectrolyte charge neutralisation. 
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The charge neutralisation in layering is very rapid, simplistic size control with a 

multitude of potential polymer options and surface modification is also easily achieved 

by incorporating different functional groups which can have designer applications as 

well as directly targeting specific cancers and tissues and delivery of specific 

pharmaceutical and cosmetic drugs233. 

 

This is currently under way in liposome research as current trends in targeted delivery 

and designer applications with niche target delivery mechanisms from PH temp and UV 

sensitivity234. What makes nanoencapsulation a real contender in this field is not only 

the ease of fabrication that this research illustrates but that it can be achieved with 

minimal difficulties and a simple pathway for fabrication using LBL matched 

concentration in a matter of 6~10 hours, but also the range of proteins for the 

encapsulation68; therefore designer applications which can be generated through this 

style of encapsulation far outweighs the future of liposome encapsulation 

technologies. 

 

Adenoviruses are trophic for human organs such as the liver, where they can drive 

release of secretory proteins, such as BMPs, into the blood stream in a 2008 study by Y. 

H. Tseng et al, which allows the author to demonstrate three exciting potential 

applications of adenovirus nanocapsules: 1, polyelectrolyte layers allow adenovirus to 

penetrate into cell nuclei without triggering the immuno-response. 2, adenovirus 

vector nanocapsules can release the loaded drug and infect the tumour cells in order 

to kill the tumour cell without damaging healthy cells. 3, adenovirus vectors hollow 

shells are trophic for cells which additional benefit, the released protein BMP7 is 

capable of increasing the brown fat in 15days234. Transient introduction of the specific 

gene by using an adenoviral vector is reportedly effective in treating 

inflammatory/fibrotic disorders in lung, kidney and liver211. 
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6.3.7 Future research 

Further experimentation will be carried on if continuous funding can be found. The 

later experiments will need to focus on cell studies and in vivo testing; this is the key to 

creating a revolutionary drug delivery manufacturing process.  

 

6.4 Sectional Conclusions 

It should be noted that the current choices for the polymers for LBL encapsulation of 

adenoviruses might not result in the highest transfection efficacy. Previous 

polyelectrolyte capsules prepared from PLL-FITC and DS have shown that these slowly 

degrade in a cellular environment.  

 

Due to the relative ease of this approach it can easily be modified for other polymers. It 

might be possible to repeat the nanoencapsulation of Ad using more responsive 

polymers. If one chooses polyglutamic acid as the anionic polymer69,209, it might be 

possible to invoke a more rapid response as this polymer can be ionized at lower pH 

such as in the endosome; this would result in a decrease of the polymers’ anionic 

properties and hence destabilize the super molecular complex. The excellence of the 

LBL nanoencapsulation is that it also allows for further modification of the final layer 

which can add targeting ligands, cell penetrating peptides, etc.  

 

In conclusion, this data indicates that the encapsulated viruses within polyelectrolyte 

capsules were successful. In 2012 this constituted the first example of adenovirus 

nanoencapsulation using LBL. The results have been analysed using DLS, TEM and SEM 

to confirm the nanoencapsulation. 

 

Additionally the Ad nanocapsules bio-activities with human A549 cells using CLSM 

imaging and gene expression was studied this is very significant for the reasons 
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outlined. This is a breakthrough for nanoencapsulation at 100nm retaining complete 

bio-functionality and biocompatibilities. The continuation of this type of work will 

result in smart materials nanocapsules with a variety of functionalities and designer 

targeted delivery applications and mechanisms for time controlled release and 

functionally improved dynamics with heat/UV and PH catalysing mechanisms and 

cancer therapy treatments. 

 

Over the last decade research has primarily focussed on the improvement of materials 

used in encapsulation but has failed to look at the method itself since it is assumed 

that liposome is by far the most effective and established method of drug delivery, but 

as with many areas of materials research in the world right now manufacturing 

pathways are being re-considered. Take graphene as a material example, its potential 

applications are revolutionising established manufacturing methods; this is not to make 

a direct comparison with this research to such a revolutionary material but to illustrate 

that I believe it has the potential to shake up the accepted manufacturing methods 

using liposome as the platform. 

 

  



190 

 

Chapter 7 General Conclusions & Future Work     

7.1 General Conclusions 

This PhD dissertation demonstrates a smart way to produce nanocapsules including 

three different polyelectrolyte nanoencapsulation projects which were implemented 

and studied.  

 

Until now nanoparticles in the size range of 600nm~1um have been successfully 

fabricated, however nanoparticle fabrication with sizes around 100nm is still difficult56. 

Traditional nanoparticle encapsulation methods face challenges: 100~200nm particles 

are hard to centrifuge completely (using high speed centrifugation may damage the 

particles’ biological properties); water-insoluble drugs could not be directly 

encapsulated154. 

 

100nm particles nanoencapsulation is the breakthrough and highlight of this PhD 

project. There are three different approaches in this project: 1) Nanoencapsulation of 

latex beads using polyelectrolyte to create the nanocapsules as well as a protocol for 

adenovirus nanoencapsulation. 2) Encapsulation of adenovirus using polyelectrolyte to 

create nanocapsules for the potential use in cancer therapy. 3) The fabrication of 

micro-nanocapsules using emulsion and evaporative solvent and oil dissolved drugs.  

 

Nanocapsules using the layer-by-layer technique for potential applications in drug 

delivery, the cosmetic and pharmaceutical industries, containing functional chemical or 

biological materials are fabricated and investigated. This was achieved using matched 

concentration and centrifugation methods.  

 

Technically biological materials are preferable when using the matched concentration 

method and using emulsion is preferable when using ultrasonication and centrifugation 

methods. The corresponding variation of capsules morphology, layer shell stability and 
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core release and cell studies were investigated.  

 

The first smart nanoencapsulation project was to create water insoluble drug-oil 

nanocapsules. Oil soluble drugs Lidocaine, Sudan II, β-carotene and an evaporable 

solvent cyclo-hexane were used to investigate this. Lidocaine is pure transparent, 

β-carotene is orange and Sudan II is dark red; cyclo-hexane has a controllable 

evaporation speed by comparison with chloroform and hexane. To encapsulate these 

three drugs emulsion was used as the carrier. The results indicate that Lidocaine, 

β-carotene and Sudan II nanocapsules fabrication was successful. Lidocaine, Sudan II, 

β-carotene all prove to be oil soluble but vary in solubility within the same oil solution.  

Solubility plays a key role in this project, Lidocaine, β-carotene and Sudan II 

microencapsulation was successful following the evaporation of solvent (cyclo-hexane) 

these nanocapsules’ structure remained spherical lidocaine was preserved within the 

nanocapsules but β-carotene and Sudan II were harder to preserve due to the their 

large molecular weight.     

 

Then amine-modified polystyrene latex beads with fluorescent orange and high 

stability in normal conditions were introduced to build up the nanocapsules. Virus 

nanoencapsulation project’s demand that the 100nm latex beads were selected with 

stable chemical and physical properties; ζ-potential and DLS measurements not only 

monitor the initial latex beads surface charge to ensure the 1st polymer layer 

deposition, but also provide a clear instruction and indication of encapsulation while 

using matched concentration.  

 

SEM analyses were performed to observe the structure and morphology in 

three-dimensions as well as capturing high resolution images. CLSM imaging was used 

to track fluorescent labels attached to latex beads nanocapsules to accurately provide 

evidence of the latex beads nanoencapsulation.      

 

Following the success of polystyrene latex beads encapsulation adenovirus Cy3 labelled 
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were encapsulated with the same polyelectrolytes under the same protocol for the 

latex beads nanoencapsulation. Ultrasound bath was applied to loose adenovirus 

stored in β-gal. With the combination of measurements and monitoring of ζ-potential 

and DLS adenovirus was proven to be encapsulated using PLL-FITC as the first layer 

followed by DS alternating for the subsequent layers.  

 

Naked Ad was not successfully imaged using SEM because of the electron beam energy 

which destroyed the specimen; high resolution images using TEM captured naked Ad 

and Ad nanocapsules. CLSM was also used to track fluorescent labelled virus capsules. 

Cells studies of adenovirus nanocapsules were analysed using β-galactosidase assay for 

gene expression. From the results it can be seen LBL-1 and LBL-3 gave optimal 

transfection efficacy compared to LBL-2 and LBL-4, furthermore this research may 

prove to be the first successful direct encapsulation of 100nm adenovirus. This has 

potential uses for bio-functional nanocapsules in the treatment of disease, cancer 

therapy or other in vivo treatments, by creating stable functional viral nanocapsules 

that can successfully target tumour cells and more importantly they can be specifically 

directed to target those cells not damaging the healthy cells as is the case in 

chemotherapy. The high efficacy rates and functional fidelity demonstrated by 

prototype capsules certainly fulfils all of our initial expectations and hopes for future 

research and possibly paves the way for many new areas of research. 

 

In this dissertation all the ideas and calibrated methods are possible working 

approaches for intelligent biocompatible nanoparticle encapsulation with release 

functions. For future work these designer nanocapsules could provide an optimal nano 

container for the creation of a new smart biomaterials delivery system with the option 

of using oil soluble drugs and different viruses within the scope of this delivery system.  

 

Oil-dye emulsion assisted nanoencapsulation is the highlight of indirect 

nanoencapsulation; further experiments will potentially continuously explore more 
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applications in the fields of drug delivery and cosmetic skin care. These potential 

applications can significantly increase the possibilities and efficiency of drug delivery 

and also the choice of water insoluble drugs that can be applied and could be the next 

generation of the skin care and repair using specific concentrated serum or crème. 

Potential applications could be specialized in the field of optimised food safety, drug 

delivery systems, new generations of skincare solution within the cosmetic industry, 

profiting from the therapeutic efficacy of such functionalized core materials loaded by 

the nanocapsules.  

 

Currently there are confidentially rules around products in this size range. 

Self-assembly fabrication technology is sensitive and still evolving. This research 

provides new and exciting possibilities and is potentially the simplest and easiest 

model of multi-purpose nanoencapsulation. 

 

Additional experiments would need to be continued. Adenovirus nanoencapsulation 

indicates the success of LBL matched concentration method; further experiment will 

need to be conducted using this method with other viruses to research more 

orientations in this field; explore the combination of experimental results and industrial 

application.  

 

7.2 Future work 

The research presented in this thesis seems to have raised many new questions than 

there are several lines of research rising from this work which could be interestingly to 

pursue. 

 

Further study is relevant to the work on the emulsion assisted nanoparticle 

encapsulation. It is our intention to investigate thoroughly the new approach of 

nanocapsules encapsulation by using evaporative solvent; using three different types of 

drug for different purposes, with a view to explaining how different physical 
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parameters (e.g. solvent concentration, particle in solvent solubility, particle size, and 

particle morphology) affect the size and shape of the nanocapsules. This might create a 

new method to fabricate nanocapsules envisaged application in food industry, 

pharmaceutical industry and cosmetic industry. The understanding of this method to 

create nanocapsules can be used in biological tests such as dermatological mole 

mapping tests to identify the risk of malignant melanoma at its early stage. 

Furthermore, we would use these nanocapsules in cell studies for uptake and cells 

viabilities tests. The nanocapsules containing different dyes will cover important 

industry ranges and later research should pay attention in different experimental 

environment to reduce or even remove the contamination between the various 

laboratories techniques used in producing nanocapsules. 

 

After the fabrication of nanocapsules and the cell tests we have additional problems to 

resolve. The most important of these is the release of dye. Once the solvent is 

evaporated, microcapsules reduce to nanocapsules and those dyes are wrapped inside 

the nanocapsules. The size around 300nm is essential to find out the correct method to 

monitor the release of the dye or drug and its consumption. It is therefore desirable to 

discover how shell influence on release. Since these nanocapsules are using PSS/PAH to 

encapsulate so it could be better to implant silver nanoparticles within the polymer 

shell and this polymer shell can be more permeable by laser induction233. Most of the 

silver nanoparticles models produced previously234 have used the silica particles 

nanoencapsulation and releasing. 

 

A second line of research which follows on from chapter 5 is to investigate the correct 

protocol for adenovirus nanoencapsulation using PS latex beads as a model. The latex 

beads are stable system and preserves optimal physical and chemical properties. Also, 

they reserve similar particle size of adenovirus. 

 

PS latex beads are really optimal choice for simulation experiments due to their 

stability and size. The future work of these particles is chapter 6 adenovirus 
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nanoencapsulation. The matched concentration method can be improved to a faster 

assembly procedure, less contaminations operation container and more computer 

control assembly systems. Also the PS latex beads can be used as substitute in any 

other micro-/nanoparticle application as encapsulated nanocapsules delivery in vivo is 

far more effective comparing with direct delivery. PS latex beads could be a model for 

other tiny biological object like bacteria and Microorganism. 

 

The third line of research which follows from chapter 6 is to investigate the adenovirus 

nanoencapsulation then uptaken into cell following with virus release. The gene 

expression study confirms this success.  

 

Therefore this research can be carried on to make it use in the field of tumour tissue 

therapy before use it into the real cancer therapy. As there is funding provided to this 

research one can extent to into three directions. 

 

First of all the choice of viral vector can extent from adenovirus to adeno-associated 

viruses in order to find out other potential virus that tumour cell targeted and is to be 

nanoencapsulated. And then cell study transfer to tissue study following with deeper in 

vivo tests. During this period the nature of nanoencapsulated viral vector is clearer 

once they are using in the animal researches for accurate tumour cell targeted. 

Meanwhile the choice of polymer layer will also be changed in order to be 

biocompatible and bio-functional with both viral vector and in vivo tests. Additionally 

these nanocapsules are opened by enzymatic reaction, changing the polymer will lead 

to alternative enzyme234. In order to find out the correct enzyme it can use enzymatic 

injection for adenovirus nanocapsules samples. This method is capable to match the 

correct polymer with the correct enzyme. The last one is the delivery of the adenovirus 

nanocapsules. This experiment is mainly focusing on the cell study; however the 

application of this method can be much more complicate once using in human body. 

The immune-system will instantly launch an attack to those foreign nanocapsules. Also 

the correct deliver those nanocapsules into the correct organs are another discovery.  



196 

 

Reference  

1    M. Kuchowicz, S. Stepanovsky and J. Kołaczkiewicz, Surface Science. 600, 

1600-1603 (2006). 

2     G.A. Hodge, D.M. Bowman, A.D. Maynard, UK: Edward Elgar (2014). Print  

3   N.Taniguchi, Proceedings of the International Conference on Production 

Engineering Part II Tokyo, (1974). Print 

4     J.A. Kent, R.T. Koodali, K.J. Klabunde, New York: Springer. 1, 2014. Print 

5 G. B. Sukhorukov, A.L. Rogach, B.Zebli et al.,Small. 1, 194-200 (2005). 

6 K. Ariga, Y. M. Lvov, K. Kawakami, Q. Ji and J. P. Hill, Advanced Drug Delivery 

Reviews. 63, 762-771 (2011). 

7 K. Ariga, J.P. Hill, M.V. Lee, Sci Technol Adv Mater. 9 (2008)  

8 B. Borkent, S. Gekle, A. Prosperetti and D. Lohse, Phys. Fluids. 21 (2009) 

9 K. Faber, Springer-Verlag. 5th rev. & corr. edn (2004).Print 

10 M.F. Bédard, B.G. De Geest, A.G. Skirtach, H. Möhwald, G.B. Sukhorukov, Adv 

Colloid Interface Sci. 12 (2010). 

11 K. Kaneshiro and E. Connor, Medical Reference Services Quarterly. 23, 101-102 

(2004).Print 

12 J. P. Rho and S. G. Louie, Pharmaceutical Products Press. (2003). Print 

13 S. Lapanje, Biochemical Education. 8, 124-124 (1980). 

14 H. J. Butt, K.Graf and M.Kappl, Wiley-VCH Verlag GmbH & Co. KGaA. 206-221, 

(2004). 

15 N. P. Praetorius and T. K. Mandal, Recent Pat Drug Deliv Formul. 1, 37-51 (2007). 

16 A. Domb, Y. Tabata, M.R. Kumar and S. Farber, American Scientific Publ. 5, 158 

(2007) 

17 R. Mueller, L. Daehne and A. Fery, Journal of Physical Chemistry B. 111, 

8547-8553 (2007). 

18 R. Mueller, K. Kohler, R. Weinkamer, G. B. Sukhorukov and A. Fery. 

Macromolecules. 38, 9766-9771 (2005). 



197 

 

19 B. G. De Geest, N. N. Sanders, G. B. Sukhorukov, J. Demeester, S. C. De Smedt, 

Chem Soc Rev. 36 (2007)  

20 V. B. Patravale and S. D. Mandawgade, International Journal of Cosmetic Science 

30, 19-33 (2008). 

21 H. J. Butt, K. Graf and M. Kappl, Wiley-VCH Verlag GmbH & Co. KGaA, 57-79, 

(2004).Print 

22 H. J. Butt, K. Graf and M. Kappl, Wiley-VCH Verlag GmbH & Co. KGaA, 80-117, 

(2004). Print 

23 K. Glinel, A. Moussa, A. M. Jonas and A. Laschewsky, Langmuir 18, 1408-1412 

(2002). 

24 U.Voigt, W. Jaeger, G. H. Findenegg and R. V. Klitzing, Journal of Physical 

Chemistry B. 107, 5273-5280 (2003). 

25 B. Schoeler, G. Kumaraswamy and F. Caruso, Macromolecules. 35, 889-897 

(2002). 

26 B. Schoeler, E. Poptoschev and F. Caruso, Macromolecules. 36, 5258-5264 

(2003). 

27    D. Quesada-González and A. Merkoçi, Biosens Bioelectron. 73, 47-63(2015) 

28 S. T. Dubas and J. B. Schlenoff, Macromolecules. 34, 3736-3740 (2001). 

29 N. A. Kotov, Nanostructured Materials. 12, 789-796 (1999). 

30 S. T. Dubas and J. B. Schlenoff, Macromolecules. 32, 8153-8160 (1999). 

31 S. C. De Smedt, B. G. De Geest, N. N. Sanders, G. B. Sukhorukov et al., Chemical 

Society Reviews. 36, 636-649 (2007). 

32 B. G. De Geest, D. K. Stefaan, G. B. Sukhorukov et al., Soft Matter. 5, 282-291 

(2009). 

33 G. B. Sukhorukov, E. Donath, H. Lichtenfeld et al., Colloids and Surfaces 

a-Physicochemical and Engineering Aspects. 137, 253-266 (1998). 

34 I. Masahiko, O. Kenji, Y. Yasuto et al., Biosci.Biotechnol.Biochem. 72 (10), 

2543-2547 (2008) 

35 V. Shabner and J. Collings, Yale J Biol Med. 64(4), 412–413. (1990). 

36 J. A. Larrauri, C. Sánchez-Moreno et al., J Agric Food Chem. 47(4) 1603-6 (1999). 



198 

 

37 J. D. C. Liesbeth, L. Joke, B. G. De Geest and D. K. Stefaan et al., Biomaterials. 32, 

1967-1977 (2011) 

38 S. Kommareddy and M. Amiji, Nanomedicine. 3(1):32-42 (2007). 

39 M. J. Abrams and B. A. Murrer, Science. 261,725-30. (1993). 

40 J. Alamed, W. Chaiyasit, D. J. McClements, E. A. Decker, J Agric Food 

Chem. 57(7):2969-76 (2009)  

41 M. A. Albota, C. Xu and W. W. Webb, Science. 281, 1653-1656 (1998) 

42 W. T. Al-Jamal and K. Kostarelos, Accounts of Chemical Research. 44, 1094-1104 

(2011). 

43 N. J. Baxter, T. H. Lilley, E. Haslam, M. P. Williamson, Biochemistry. 36(18), 

5566-77 (1997). 

44 A. Bouhelier, M. R. Beversluis and L. Novotny, Appl. Phys. Lett. 83, 5041 (2003). 

45 F. Caruso and G. B. Sukhorukov, Wiley-VCH Verlag GmbH & Co. KGaA, 331-362, 

(2003). 

46 P. Che, J. Xu, H. L. Shi and Y. F. Ma, J. Chromatogr, 669, 45 (1995). 

47 J. C. L. Chow, M. K. K. Leung, S. Fahey, D. B. Chithrani and D. A. Jaffray, Journal of 

Physics: Conference Series. 341, 012012 (2012). 

48 J. C. L. Chow, M. K. K. Leung and D. A. Jaffray, Physics in Medicine and Biology. 

57, 3323 (2012). 

49 M. C. Daniel and D. Astruc, Chem. Rev. 104, 293 (2004). 

50 D. Koker, S. B.  G. De Geest, C. Cuvelier, L. Ferdinande et al., Adv. Funct. Mater. 

17, 3754 (2007). 

51 G. Decher, Science. 227, 1232 (1997). 

52 J. L. Donnelly, E. A. Decker and D. J. McClements, J. Food Sci. 63, 997 (1998). 

53 D. J. McClements, Food Emulsions: Principles, Practices, And Techniques (2rd ed). 

Boca Raton, Florida: CRC Press (2005). 

54 Zeng, S. et al., Plasmonics. 6, 491-506 (2011). 

55 X. Zhang, J. Sun and J. Shen, Wiley-VCH Verlag GmbH & Co. KGaA, 301-330, 

(2003). 

56 J. Yang, J.Y. Lee, H.P. Too, G.M. Chow, Biophys Chem. 120(2):87-95 (2006).  



199 

 

57 F. Xiao, Y. Zheng, P. Cloutier, Y. He, Hunting D., Nanotechnology. 22, 465101 

(2011). 

58 R. L. Whetten, J. T. Khoury, M. M. Alvarez, S. Murthy, I. Vezmar, Z. L. Wang et al., 

Adv. Mater. 8, 428–433(1996). 

59 M. F. Bédard, A. Muñoz-Javier, R. Müller, G. B. Sukhorukov et al., Soft Matter. 

5(1), 148-155 (2009) 

60    A. Elaissari, J. Chatterjee, M. Hamoudeh and H.Å. Roque, 315–337 (2010). Print 

61    X. T. Meng, T. Xiao; C. S. Hugh; L. T. Lu et al., Nanoscale. 3 (3), 977–984. (2011) 

62    F. M. Koehler, M. Fabian, M. Rossier et al., Chem. Commun.32 (32), 4862–4 

(2009) 

63    K. E. Scarberry, E. B. Dickerson, J. F. McDonald and Z. J. Zhang, Journal of the 

American Chemical Society. 130 (31), 10258–62. (2008) 

64    S. Ayyappan, S. Mahadevan, P. Chandramohan, M. P.Srinivasan, J.Philip and 

B.Raj, J. Phys. Chem. C. 114, 6334–6341 (2010) 

65 J. F. Wall, F. Grieser and C. F. Zukoski, J. Chem. Soc. 93, 4017 (1997). 

66 H. F. Wang, B. H. Terry, A. Z. Daniel, H. Wei, S. L. Philip, et al., Proc Natl Acad Sci 

USA. 102(44), 15752–15756 (2005). 

67 K. Szczepanowicz, D. Dronka-Góra, G. Para and P. Warszyñski, J. 
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