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Abstract 

Four types of complex polymeric nanoparticles have been developed and investigated for their 

use in biomedical applications such as drug delivery, pH sensing and self-propulsion. Each type 

of nanoparticle was synthesised using a combination of controlled radical polymerisation, 

polymer self-assembly, polymer phase separation and gold nanoparticle preparation and 

conjugation. Polymers were characterised using gel permeation chromatography (GPC) and 

nuclear magnetic resonance (NMR) spectroscopy and synthesis was optimised to produce 

monomodal, low dispersity polymers. Assembled nanoparticles were characterised using a 

range of advanced techniques, including dynamic light scattering (DLS) and transmission 

electron microscopy (TEM). Patchy micelles were prepared from the aqueous assembly of pH 

responsive (poly (oligo(ethylene glycol)methyl ether methacrylate)-b-(2-(diisopropyl 

amino)ethyl methacrylate)-b-(2-(methacryloyloxy)ethyl phosphorylcholine) (POEGMA-PDPA-

PMPC) ABC block copolymers and characterised using selective phosphotungstic acid staining, 

which revealed phase separation in the corona of the micelles. The micelles were confirmed to 

be biocompatible and exhibited different drug encapsulation and release properties compared 

to homogenous micelles. Triblock copolymer coated spherical gold nanoparticles were prepared 

and found to exhibit low protein fouling, good biocompatibility and triggered doxorubicin 

release. Cell studies revealed they were more effective at killing cancer cells than doxorubicin 

controls. Triblock copolymer coated anisotropic gold nanoparticles (nanotriangles and 

nanohelices), were prepared successfully despite challenges relating to the instability of the 

structures, and the use of these nanoparticles for pH sensing was investigated. Phase separation 

of various homopolymers on the surface of gold nanoparticles was investigated and 

characterised with selectively stained TEM. Enzymes were successfully conjugated and self-

diffusiophoresis behaviour of these nanoparticles was investigated.  

  



Chapter 1 

6 

 

  



Chapter 1 

7 

 

Impact Statement 

The work in this thesis focusses on the development of nanoparticles for various biomedical 

applications. Overall, advances described here contribute to increased general understanding of 

the preparation, characterisation and potential applications of such nanoparticles, which can 

inform future research on related topics. If such research is successful, new nanoparticle 

therapies will eventually be approved for use in humans, improving outcomes for patients and 

having a positive impact on public health.  

More specifically, in Chapter 3, a new method for forming phase-separated micelles is described, 

which could be adopted in future as a faster, more economical and environmentally friendly 

method to develop similar systems. In Chapter 4, a new method for producing biocompatible 

drug loaded nanoparticles is described, which are found to be more effective at killing cancer 

cells than the plain drug control. The drug is only released in response to triggering by a low pH 

environment. This contributes to the field of selective drug delivery, where the side effects of 

cancer drugs can be reduced, as exposure of healthy tissues to the drugs is minimised. In Chapter 

5, pH sensing from anisotropic nanoparticles is not reliably achieved, however a method for 

coating unstable nanotriangles is described, which could be used to develop similar systems. If 

such pH sensing systems can be developed, they could offer increased insight into pH in different 

areas of cells, which is very valuable knowledge, when developing pH triggered drug release 

systems. In Chapter 6, advances are made towards the preparation of self-propelled gold 

nanoparticles, with phase separated polymer coatings. Such systems could provide a new route 

towards the development of active drug delivery, a field which aims to produce nanoparticles 

which can actively propel themselves towards areas of interest.  
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Chapter 1 Introduction - Anisotropic Nanoparticles 

from Polymer Self-Assembly and Phase Separation for 

Biomedical Applications * 

Nanoparticles are defined as particles having one or more dimension smaller than 100 nm. Their 

small size means their properties differ widely from their bulk analogues, due to quantum size 

effects, and have been exploited for their useful properties since as early as the Roman times, 

when gold nanoparticles were used to colour glass.1 Other examples of early use include copper 

and silver nanoparticles used in glaze for ceramics in Mesopotamia, exploitation of natural 

mineral nanoparticles in clay for bleaching and use of natural asbestos fibres for structural 

reinforcement. Synthetic and characterisation developments in recent years have allowed 

sophisticated investigation and exploitation of nanoparticles for a wide range of applications, 

meaning nanoparticles are now used routinely in sectors such as agriculture, construction, 

electronics, printing, cosmetics and medicine.2 Many different types of nanoparticles have now 

been developed, in addition to the inorganic nanoparticles mentioned above, we are now able 

to make nanoparticles from organic materials, producing soft nanoparticles which are often 

more suited to biomedical applications. Nanoparticles for biomedical applications in particular 

have seen a huge surge in research interest in the past decade, where they are being 

investigated for a wide range of applications, such as imaging, drug delivery, vaccines, 

antifungals and photothermal therapy.1, 3 More than 50 types of nanoparticles have already 

been approved for use in humans to treat a variety of conditions from cancer to osteoarthritis. 

Examples include: liposomal drug carriers (Doxil®, Myocet, DaunoXome, Marqibo), which 

encapsulate chemotherapeutic drugs and accumulate in tumour areas, reducing exposure of 

healthy tissues to the harmful drugs; iron colloids (CosmoFer/INFeD/Ferrisat, 

DexFerrum/DexIron)  which help to treat iron deficiency in patients with anaemia and kidney 

disease; and imaging agents which increase contrast in ultrasound (Definity, Feridex).4, 5 These 

approved nanoparticles largely rely on passive targeting, however more sophisticated 

nanoparticles are in development which target specific biomolecules or will only release their 

payload when exposed to external stimuli such as pH, heat, NIR light or ultrasound, further 

limiting side effects.6-8   

 

* Some parts of this section were adapted from - MPhil transfer report, Elizabeth Ellis 2016, UCL 
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Despite these significant advances in nanotechnology, there remain many possibilities to 

develop more sophisticated nanoparticles, which are capable of treating medical conditions with 

increasingly selectively targeted approaches. As far back as 1960, it was envisaged that 

nanomaterials could be designed to act as nanorobots, or nanosurgeons, actively moving around 

the body to find and treat unhealthy areas.9 Such nanorobots would require great intricacy, with 

different parts and compartments able to respond to external triggers. In order to achieve the 

necessary levels of complexity, greater control over nanoparticle morphology is needed.10 

Complexity of nanoparticles can be increased by deviating from the traditional spherical 

symmetrical structure of nanoparticles and introducing different shaped particles, 

compartments and patterned surfaces. This opens up possibilities for increasingly sophisticated 

function of nanoparticles and altered interactions with their surroundings. Nature has perhaps 

the best example of intricate nanoparticles that are able to perform complex functions, in the 

form of viruses. Viruses have complex structures with many different parts, each performing 

individual functions and working together as a whole. This has inspired many biomimetic 

syntheses, but the level of complexity in these natural samples has yet to be reproduced.11  

There have already been huge advances in the development of manmade complex nanoparticles 

for biomedical applications, in the form of organic, inorganic and hybrid nanoparticles.12, 13 

Organic nanoparticles have the advantage of being more similar to biological structures, 

whereas inorganic nanoparticles can often have more controlled structures.  

1.1 Anisotropic Definition 

Anisotropic nanoparticles are defined as having directionally dependant properties, that is the 

properties vary if measured in different directions across the particle.13 Anisotropy is commonly 

used to describe shape anisotropy, where the nanoparticles have different dimensions in 

different directions. This could apply to cylindrical, triangular and disc shaped nanoparticles 

amongst others. However, the term can also be used to describe directional differences in the 

chemistry of the nanoparticles.14 For example, if one half of a nanoparticle is made of one 

substance, and the other is made from a different substance, this could also be described as a 

being chemically anisotropic. A nanoparticle could be both chemically and structurally 

anisotropic, for example a cylindrical particle with sides made of two different materials. The 

term can also apply if the surface chemistry is different on one half of the nanoparticle than on 

the other. If one face is coated with one substance and the other face with another, or if there 
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are patches of different substances on the surface of a nanoparticle, this would be surface 

anisotropy.  

 

Figure 1:1. Types of anisotropic nanoparticles 

The greater complexity of these nanoparticles compared to standard nanoparticles gives them 

huge potential for creating intricate nanostructures capable of multiple functions.  In addition, 

anisotropic nanoparticles have enhanced properties such as response to IR/vis radiation,15 and 

various studies have shown that anisotropic materials interact with biological systems 

differently to their isotropic counterparts.16, 17 There are numerous ways to prepare anisotropic 

nanoparticles, which differ significantly depending on whether the nanoparticles are organic or 

inorganic.  

1.2 Preparation of organic anisotropic nanoparticles 

Organic anisotropic nanoparticles can be prepared via bottom-up routes involving self-assembly 

and conjugation of molecules, or templating/top down routes where nanoparticles are 

produced from breakdown of larger structures or microfluidics or using emulsions.18 Bottom-up 

routes are generally more scalable, requiring less specialised equipment, so will be the focus in 
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this case. Various types of molecules can be used, however due to the complexity and tuneability 

required, macromolecules are often favoured, in particular block copolymers.19 However, more 

recently, controlled assembly of biomolecules has gained more attention so will also be 

discussed.20 21 

1.2.1 Anisotropic nanoparticles via Block Copolymer Self-Assembly 

Formation of nanoparticles using block copolymers is a well-studied phenomenon based on self-

assembly of lipids and surfactants, where amphiphilic molecules come together to minimise 

interactions of hydrophobic parts of the molecule with aqueous solvents. Block copolymers 

mimic these amphiphiles by having hydrophilic and hydrophobic blocks as part of the same 

polymer chain. In block copolymer self-assembly, polymers phase separate into different 

domains to form an extensive array of nanostructures. In bulk, this leads to nanosized patterns 

in forms such as lamellae and gyroid. In solution, micelles and vesicles are often formed 

depending on the lengths of the different blocks of the polymers. Reliable and reproducible 

assembly relies on the polymers being of uniform and controlled length. Uncontrolled 

polymerisation techniques can result in polymers with a wide range of lengths, which produce 

irregular unpredictable nanostructures.22 23 

1.2.1.1 Controlled polymerisation techniques 

Controlled polymerisation techniques allow the preparation of very low dispersity polymer 

chains via a variety of mechanisms including the suppression of termination reactions.24 Types 

of controlled polymerisation include living anionic or cationic polymerisation, and controlled 

radical polymerisation techniques such as Atom Transfer Radical Polymerisation (ATRP), 

Reversible Addition Fragmentation Chain Transfer (RAFT) polymerisation and Nitroxide 

Mediated radical polymerisation (NMP).25 In these techniques, termination reactions are 

generally eliminated or suppressed (with the exception of RAFT where termination reactions still 

happen in proportion to the amount of initiator added but are negligible in comparison to the 

amount of propagating chains, which is controlled by the amount of charge transfer agent 

(CTA)26), allowing for highly controllable polymer chain lengths and easy formation of block 

copolymers, due to the availability of active chain ends following consumption of the first 

monomer. Controlled free radical polymerisations are popular methods for preparing block 

copolymers from a broad range of monomers as they do not require such stringent conditions 

as living anionic and cationic polymerisation, which require very specific conditions and the 

removal of all impurities. Living anionic polymerisation can also be difficult for a broad range of 
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monomers with polar side groups due to potential termination reactions caused by back-biting 

and side reactions.27  

ATRP and NMP rely on the suppression of termination reactions by temporary deactivation of 

the propagating chain end. This reduces the amount of propagating radicals and therefore 

reduces the likelihood of radical-radical termination reactions. ATRP uses a transition metal 

catalyst, usually copper, conjugated to a ligand, to reversibly bind with a halide, activating and 

deactivating the growing polymer chain. Initiation occurs when the initiator (R-X) loses its halide 

to the transition metal catalyst and a radical is generated on the initiator (R•) (Scheme 1:1) This 

proceeds to react with monomer molecules (propagation) until the propagating chain is 

deactivated by the catalyst. During propagation a small amount of termination reactions can 

occur when two chains react via combination (to produce P-P) or disproportionation (to produce 

PH and P=)28. This also results in oxidised catalyst, which can be reduced in in Activator 

ReGenerated by Electron Transfer (ARGET) ATRP due to addition of reducing agents such as 

ascorbic acid to the polymerisation, or by addition of a radical source, such as AIBN, in Initiators 

for Continuous Activator Regeneration (ICAR) ATRP.29  

 

Scheme 1:1 ATRP mechanism.30 

ATRP is very versatile and can be used with many different monomers such as styrenes, 

acrylates, methacrylates, acrylonitriles and dienes. The metal used is copper, in the vast majority 

of cases, whereas the ligand choice varies depending on the system. Most ligands bind via 

nitrogen and are polydentate. The choice of ligand affects the ATRP rate constant, KATRP, which 

is given by kact/kdeact.31 The use of strong ligands such as Me6TREN in combination with a reducing 

agent, reduces the amount of catalyst required significantly and can even be used in solvents 
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such as water with small amounts of oxygen. This is known as ARGET ATRP.32 The reduction in 

catalyst used is beneficial in terms of cost and time as purification procedures for catalyst 

removal need to be stringent especially for samples intended for biomedical applications. Single 

Electron Transfer Living Radical Polymerisation (SET LRP) is another important type of ATRP, 

which can be catalysed using solid Cu(0) in the form of powder or wire, or Cu(0) generated in 

situ from Cu(I). Cu(I) disproportionates into Cu(0) and Cu(II)X2. This type of ATRP is used in polar 

solvents, which provide favourable conditions for disproportionation, and can be used with a 

wide variety of monomers. It can also be relatively tolerant of oxygenin the system.33    

RAFT polymerisation takes a different approach to ensure low Ð; it relies on rapidly swapping 

the CTA between the polymer chains to give them an equal opportunity to grow. Termination 

reactions still occur, however due to the greatly increased number of polymer chains (the 

number of chains is governed by the amount of RAFT agent, not the amount of initiator, the 

initiator provides the initial radicals, which react with monomers to start growing chains, then 

these react with the RAFT agent, which then fragments to start a new growing chain and 

continues to swap the radicals between the polymer chains). RAFT works by rapidly swapping 

the RAFT agent, usually containing a thiocarbonylthio group, between propagating polymer 

chains, giving all of the chains equal opportunity for growth.  The chain transfer equilibrium is 

faster than propagation, so less than one monomer unit should be added per cycle, so all chains 

should have equal distribution of monomer units.34  

 

Scheme 1:2. RAFT mechanism26 
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RAFT polymerisation is compatible with many monomers, including styrenes, acrylates, 

acrylamides, methacrylates, methacrylamides, vinyl esters and vinyl amides. It can also be used 

with a wide range of solvents, including water, however does require thorough removal of 

oxygen.34 RAFT agents remain part of the polymer chain once polymerization is complete and 

often result in coloured malodourous products, especially for short polymer chains. The RAFT 

agent can however be reacted to produce alternative end groups, which can be useful for 

functionalisation purposes.35 Selection of RAFT agents is based on whether monomers are ‘more 

activated’ or ‘less activated’. The reactive double bond of more activated monomers is generally 

conjugated to a further pi system, such as in styrenes/pyridines (aromatic ring), dienes (double 

bond), methacrylates (carbonyl group), and acrylonitriles (nitrile). Less activated monomers 

(LAMs)  have their vinyl groups adjacent to electron donating groups such as oxygen and sulphur 

lone pairs. The radicals formed during polymerisation are stabilised by resonance in MAMs and 

destabilised by electron donating groups in LAMs. For a RAFT agent to function, it must be more 

reactive to radical addition than the monomer. This property is tuned by selection of functional 

groups. 26 

When selecting a radical initiator for RAFT, it is important to consider how quickly the initiator 

decomposes. AIBN is a commonly used RAFT initiator and is heated to cause decomposition to 

produce radicals. However at 81°C the half life of AIBN is one hour, so radicals would continually 

be produced for one hour. New polymer chains can be initiated, so this can have an adverse 

effect on the dispersity.  

 

Figure 1:2. AIBN structure. 

Block copolymers can be made easily via RAFT and ATRP either using macro-initiators, or by 

sequential monomer addition, provided polymerisation conditions are suitable for all blocks.  

 

1.2.1.2 Polymer self-assembly 

Well-defined block copolymers prepared from the methods described above can then undergo 

self-assembly in solution to form nanoparticles. One of the blocks should have a high affinity for 

the solvent and one low. Diblock copolymers form micelles, cylinders or vesicles, depending 
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largely on the ratio of the lengths (and therefore volume fraction) of the two different blocks. 

The longer the solvophillic block is in relation to the solvophobic block, the more curved the 

morphology will be, so the more likely it is that micelles will form instead of vesicles. Other 

factors also influence what kind of structure is formed, such as the affinity each of the blocks 

has for the solvent and entropic and enthalpic contributions from surface energy, expulsion of 

solvent molecules from core and stretching of chains.36 

Self-assembled micelles, vesicles and cylinders are significantly more stable than their lipid 

analogues due to the higher energy required to remove a large polymer chain from a self-

assembled structure than a small lipid molecule.37 This means that these types of nanoparticles 

can be useful for applications such as drug delivery, which require them to be stable in solution 

over long periods. Micelles have been shown to encapsulate and solubilise hydrophobic drug 

molecules in their cores, whereas vesicles can carry hydrophobic molecules within their 

membrane and also hydrophilic molecules in the inner water-filled cavity.37-39  

A common method to attempt to predict the morphology the surfactant will form in solution, is 

to use the packing parameter P, defined as: 

𝑃 =
𝑣

𝑎0𝑙𝑐
 

Where v is the volume of the hydrophobic tail, a0 is the area of the headgroup and lc is the length 

of the tail. Therefore, the larger the hydrophilic part is in proportion to the hydrophobic part, 

the smaller the packing parameter will be. A small packing parameter indicates a high degree of 

curvature of the interface between hydrophobic and hydrophilic. This means that, if a system 

has a low packing parameter, it will likely form high curvature morphologies such as spherical 

micelles. If a system has a high packing parameter, the interface will be less curved, and 

structures such as vesicles with a bilayer membrane are likely to be formed.40  

 

Figure 1:3. Micelle and vesicle formation. 
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This equation can also be applied to amphiphilic diblock copolymers, where the solvophilic part 

is considered the surfactant head. However, due to the complexity of calculating v and a0, the 

packing parameter is rarely used to predict the structure of diblock copolymers. Instead, the 

molecular mass and length of each block can be used. These methods, however, only predict 

equilibrium structures, and do not take into account kinetically trapped structures that can form 

when using different methods of self-assembly. Computational methods are sometimes used 

for predicting self-assembly, particularly for more complex structures.41, 42  

The way in which self-assembly is carried out has a significant effect on structures formed, 

especially for higher molecular weight polymers.43 Self-assembly in a solvent which is only 

selective for one block of the polymer still requires both blocks of the polymer to be dispersed 

in solution to an extent. Some self-assembly methods involve initially dissolving the block 

copolymers in conditions where both blocks are soluble, then changing the conditions so that 

one block becomes insoluble. This has the advantage of ensuring the polymers are spread out 

in solution so that discrete micelles can be formed and no insoluble clusters remain. However, 

if the conditions are suddenly switched so that one block becomes insoluble, kinetically trapped 

structures can form, especially if the solvophobic block is below its glass transition temperature 

(Tg). These are structures where the polymers have assembled in the easiest way available at 

the time to quickly minimise unfavourable interactions with the solvent, however these are not 

the lowest possible energy structures. Over time, these structures may change into lower energy 

structures via exchange of polymer molecules with those still left in solution, however this 

process can be extremely slow especially for high molecular weight polymers, which require a 

lot of energy to exchange in and out of the micelle. If polymers have a particularly large 

solvophobic group, they may have an extremely low critical micelle concentration (CMC) and it 

would require a lot of energy for the hydrophobic block to transition out of the micelle’s core. 

Other methods for self-assembly of the polymers include direct dissolution and thin film 

rehydration. In these methods, polymers are transferred into selective solvent directly from 

their solid state. These methods are more likely to result in the equilibrium structures forming 

as the polymers are dissolved much more slowly. The self-assembly process can sometimes take 

weeks.44  

Polymerisation Induced Self-Assembly (PISA) is a relatively new method for self-assembly, where 

the assembly occurs during the polymerisation process.45 A soluble homopolymer chain is 

extended using a monomer which is soluble in the solvent, but produces an insoluble polymer 

block. This means the second block gradually become insoluble as the chains grow. This method 
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allows for immediate preparation of self-assembled structures at higher concentrations than 

conventional self-assembly and is compatible with a wide range of monomers.46 Micelles, worms 

and vesicles have all been produced using PISA, with RAFT being the most commonly used 

polymerisation technique.47 Formation of more complex nanostructures is also being 

investigated along with the use of responsive PISA prepared nanoparticles for drug delivery.48 49, 

50 

 

1.2.1.2.1 Shape anisotropic self-assembled polymer structures 

Block copolymers can also self-assemble into shape anisotropic structures, the  most obvious of 

these being cylindrical micelles that occur when the packing parameter is between that of 

vesicles and micelles. Cylindrical micelles can also occur, even when it would appear 

unfavourable from the block ratios, due to crystallisation of the core forming block. This drives 

the micelles towards a more linear morphology. Manners and coworkers have developed this 

type of crystallization driven self-assembly to a high degree of sophistication using 

poly(ferrocenylsilane) as the core forming block.51 They have been able to generate a wide range 

of structures from worm like micelles, to different shaped platelets.52, 53 Crystallisation driven 

self-assembly has also been demonstrated by other groups using polycaprolactone as the core 

forming block, which is more biocompatible.54, 55 

Other shape anisotropic structures generated from block copolymer self-assembly include non-

spherical vesicles. These can be in the form of vesicles where the membrane is composed of 

different polymers which phase separate, or due to deformation of homogenous vesicles to 

form stomatocytes. Other shapes with flattened faces such as cuboid vesicles have also been 

reported.56 

One way stomatocyte formation has been achieved is using an osmotic pressure strategy. In one 

example by Van Hest et al, PS-b-PEG diblock copolymers were used. 57 The polymers were 

initially dissolved in THF-dioxane (1:4) mixture, a good solvent for both blocks of the polymer, 

to which water was added until it reached 50 % concentration, at which point spherical vesicles 

formed. Upon transfer to 100 % water, stomatocytes formed. This transformation was 

attributed to the reduction in organic solvents inside the polymersome, whose volume could 

not be effectively replaced by water molecules due to the reduced plasticity of the PS within the 

membrane, as the amount of organic solvent was reduced. This strategy was also found to work 

for more biocompatible PEG-poly(D,L-lactide) via adjustment of the NaCl concentration outside 
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the membrane, however squashed tubes instead of stomatocytes were formed.58 Wilson et al 

recently reported the use of high PEG concentrations to produce a stomatocyte within a 

stomatocyte morphology for diblock copolymer vesicles.59 However they report that the PEG 

has a dual function in that it also promotes membrane fusion. Similarly, examples by Van Hest 

et al and Battaglia et al have shown that addition of crosslinkers or stabilisers for the polymer 

membranes can affect the morphology formed by inhibiting the vesicle formation process.60, 61 

This resulted in tubular structures.  

 

Figure 1:4. a) Formation of stomatocytes via solvent exchange and b) entrapment of enzymes to 

form nanomotors. Reproduced from ref. 62 with permission. Copyright 2016 

American Chemical Society. 

Cubosomes have been formed from poly(acrylic acid)-b-(1-(4-vinylbenzyl)-3-butyl imidazolium 

bis(trifluoromethylsulfonyl)imide) block copolymers.63 The hydrophobic block in this case is a 

poly ionic liquid which assembles with anion-cation ordering and is thought to form cubes due 

to the formation of a cubic liquid crystalline structure.  

1.2.1.2.2 Patchy particles 

Block copolymer self-assembly can be further manipulated to give patterned structures, made 

from more than two different polymers. Since the early 2000’s there have been various 

examples of patchy and multicompartment micelles described using diblock, triblock or star 

polymers in a variety of solvents.64 Early examples often relied on fluoropolymers to induce 

phase separation with the first micelles being directly observed by cryo-TEM in 2004.65 This 

example was prepared in aqueous solution from ABC miktoarm star polymers with a phase 

separated hydrophobic core, protected by a PEG corona. The higher electron density of the 
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fluorinated part of the polymer also allows for easy observation in TEM.  Linear ABC triblock 

fluoropolymers have also been used to successfully produce patchy micelles.66  

More recently, a large amount of work on the subject of patchy micelles has been carried out 

by Mueller and coworkers, who have developed sophisticated self-assembly techniques to 

generate highly controlled patchy structures from non-fluorinated polymers. They are able to 

observe these structures in TEM thanks to selective staining techniques. The self-assembly 

process is carefully engineered to sequentially reduce the degrees of freedom of the micelles.67-

69 

Micelles have also been developed which combine shape and chemical anisotropy using 

crystallisation driven self-assembly techniques described in section 1.2.1.2.1. Areas of different 

chemistry are introduced into the micelles by addition of diblock copolymers with different 

corona forming blocks during the seeded growth process. Micelles produced include cylinders70, 

71 and platelets.53, 72 Cylindrical micelles have even been shown to hierarchically self-assembly 

into larger superstructures.73 

However, most of the above structures are in organic solvents so are not viable for biomedical 

applications. Examples of such structures in aqueous solvents are extremely interesting, as they 

begin to mimic the intricacies of biological structures and interact in new ways with biological 

systems. If different compartments can be created within the hydrophobic cores of aqueous 

micelles, these could be used to load drugs with different affinities for the polymers, which 

would then be released at different times or rates. Differences in surface chemistry of the 

micelles can allow selective coordination of other substances, which could mean highly 

controlled hierarchical self-assembly. The surface chemistry of nanoparticles can also affect the 

way they interact with cells.74  

Examples of aqueous patchy micelles include poly (N-isopropylacrylamide)-b-poly(n-butyl 

acrylate)-b-poly(ethylene glycol) (PNIPAM-PnBuA-PEG) corona segregated micelles made by 

Muller and coworkers,75  where the two hydrophilic blocks phase separate in the corona above 

the LCST of PNIPAM, poly(ethylene oxide)-b-poly(ε-caprolactone)-b-poly(2-aminoethyl 

methacrylate) (PEO-b-PCL-b-PAMA) micelles which spontaneously assemble in aqueous solution 

to form micelles with PCL cores and PEO/PAMA phase segregated coronas,76 and patchy micelles 

from PEO-PS-P4VP by Groschel and co-workers that are prepared by sequential solvent 

transitions and can hierarchically self-assemble into long chains of micelles.77  
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Dual drug loading and release has very recently been successfully demonstrated from patchy 

micelles by Stenzel and coworkers.17 The polymer chosen was a linear ABC triblock copolymer 

with a hydrophobic central poly(benzy acrylate) block and terminal blocks made up of pH 

responsive poly(4-vinyl pyridine) and a bioactive glycopolymer block.  Self-assembly was 

performed using a two-step solvent transfer process. Selective loading of DOX and Cy5 into the 

PBzA and P4VP patches respectively was achieved and the drugs were successfully released in 

MCF-7 breast cancer cells.  

1.2.1.3 Janus particles 

Block copolymer self-assembly can also be used to produce Janus structures. These types of 

nanoparticles have numerous applications (see section 1.5). Synthesis of Janus particles has 

unique challenges as it requires a complete break in symmetry which is often hard to achieve at 

the nanoscale. Both Janus micelles and vesicles have been produced from block copolymers.12  

One of the most effective ways appears to be the production of Janus micelles from disassembly 

of the multicompartment patchy micelles described in section 1.2.1.2.2 made by Muller and 

coworkers.67 This method uses various ABC triblock copolymers which are initially placed in a 

good solvent for blocks A and C, forming mixed corona micelles with a B core, then transferred 

to a good solvent for only the C block, forming structures with a C corona and an A core, with B 

blocks between the A and C areas. (Figure 1:5) B blocks are then crosslinked and the micelles 

are returned to a good solvent for A and C causing the disassembly of the micelles into smaller 

Janus micelles.  The corona ratio can be tuned by altering the block ratios of the polymers67, 68.  

This method has been used to form micelles in both aqueous and organic solvents, using  living 

anionic polymerisation, and ATRP.  
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Figure 1:5. Preparation of Janus micelles from multicompartment micelles via selective solvent 

transfer. Reproduced with permission from ref.67  Copyright 2012 American 

Chemical Society. 

Examples using diblock copolymers are also present in the literature. It has been shown that 

micelles can be formed with a diblock, the core can be crosslinked, then another monomer can 

be used to swell the core and polymerised on the surface of the micelles.78  

A cyclic templating strategy has also been used to create micelles with anisotropic surface 

chemistry. Azide-functionalised micelles are mixed with alkyne functionalised gold nanoparticles 

and they click together with the micelles encircling the nanoparticles. A ligand exchange reaction 

is then carried out, where the thiol groups connected to the gold are displaced and the micelles 

are freed from the gold with thiol groups now on one face.79 

Biocompatible Janus micelles in aqueous solution are more rare in the literature, however 

examples exist using fluoropolymers. These micelles were shown to be cytocompatible and were 

made from diblock hydrophilic-hydrophobic copolymers with the hydrophobic block grafted 

with a fluorophilic block.80 PEG, polycaprolactone and poly(2-(perfluorobutyl)ethyl 

methacrylate) were used. The polymers self-assemble in aqueous solution into particles with a 

hydrophobic-fluorophilic Janus core and a hydrophilic corona. Another example includes a 

mixture of patchy and Janus micelles made from PEG-PCL-PAMA triblock copolymers. These 

were self-assembled by direct dissolution of the polymer in water. The micelles were silicified 

and imaged by TEM, however no studies on their biocompatibility were mentioned.76  

A similar example using more biocompatible polymers was described by Stenzel and 

coworkers.81 A poly(1‐acryloyl fructopyranose)‐block‐ poly(n‐butyl acrylate)‐block‐ poly(4‐vinyl 
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imidazole) (PFruA52‐b‐PBuA300‐b‐P4VIm250) ABC triblock copolymer is used with P4VIm 

replacing the more toxic P4VP used in other works as a pH responsive block. Cell studies are 

used to confirm the reduced toxicity of the polymer. Presence of Janus micelles is not observed 

directly, but is inferred by caterpillar structures seen in TEM which are assumed to correspond 

to hierarchical assembly of Janus micelles.  

 

1.2.1.4 Stimulus Responsive Polymers 

One advantage to using polymers for anisotropic nanoparticles is that there are many stimulus 

responsive options, which allow the nanoparticles to react to external triggers. The most 

common way this is used is in pH triggered drug release.82 The nanoparticles accumulate in 

tumours due to the enhanced permeation and retention (EPR) effect (section 1.5.2) then release 

their cargo either in the more acidic extracellular tumour environment (pH 6-7) or within the 

acidic endosomes or lysosomes (ph 4.5-5.5) following cell internalisation.83 Some nanoparticles 

coated with PEG are too hydrophilic to enter cells, so shed their PEG coating in response to 

decreased extracellular pH, then are able to enter cells.84 Polymers either change their solubility 

to release drugs due to swelling or dissociation of the micelles, or break down due to acid-labile 

bonds, which either detaches the drug or dismantles the micelle.85 For polymers which become 

soluble at lower pH examples are either polyacids, which are negatively charged at low pH, or 

polybases, which are positively charged at low pH.86 Polyacids are usually carboxylic acids such 

as polyacrylic acid and polybases are usually amines such as poly(N,N-dimethylamino)ethyl 

methacrylate (PDMAEMA). Nanoparticles can also be prepared from degradable pH responsive 

polymers such as those made from polyaminoacids such as poly(l-glutamic acid) (PLGA), 

poly(histidine) (PHIS), and poly(aspartic acid) (PASA).87  

Thermoresponsive polymers are also used for numerous biomedical applications. These types 

of polymers exhibit either a lower critical solution temperature (LCST) or an upper critical 

solution temperature (UCST). A polymer will be insoluble above the UCST, and below the LCST. 

The LCST/UCST can be visualised when the polymers begin to crash out of solution. The solution 

changes from transparent to turbid. The cloud point is when the solution is most turbid (not 

where it starts to become turbid) and can be measured by UV-Vis.88   
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1.2.2 Proteins and Peptides 

Peptides and proteins provide biological building blocks for anisotropic nanoparticles, which 

often have the advantage of natural biocompatibility and biodegradability. The number of amino 

acid building blocks available also allows good versatility and options to build in moieties that 

will interact biologically, such as epitopes and receptors. Formation of nanoparticles from 

peptides and proteins happens due to controlled self-assembly of the protein or peptide 

macromolecules into larger molecules. Protein folding is normally described in terms of primary 

structure (amino acid sequence), secondary structure (alpha helices and beta sheets due to 

hydrogen bonding between amino acid residues), tertiary structure (overall protein shape due 

to side chain bonding between secondary structures) and quaternary structure (self-assembly 

of tertiary structures from more than one chain). The rules that govern how a chain of amino 

acids folds and forms secondary, tertiary and quaternary structures are complex involving 

various types of bonding, such as hydrogen bonding, Van der Waals bonding, ionic interactions,  

and disulphide bonds.89 For this reason computational methods are often used to design amino 

acid sequences and programme how they assemble. To reduce the computing power required, 

structures can be designed from known repeating units.90  

Many complex anisotropic nanostructures have been created using protein/peptide self-

assembly. For example, the Woolfson group use assemblies of coiled coil motifs to make 

structures such as fibres and barrels.91 Coiled coils are rope like assemblies of alpha helices which 

can be programmed to assemble together to form quaternary structures. Some of these 

structures contain hydrophobic cavities which could be exploited for applications such as drug 

delivery. The internalisation of these structures into mammalian cells can be regulated via 

addition of short peptide chains, opening up possibilities for more controllable drug delivery.92 

These structures have also been used to create a chassis for a protein based nanomotor.93 

Metal coordination can also be used to direct protein folding and create structures by computing 

binding sites into the amino acid structure.94, 95 These proteins have the potential ability to act 

like artificial enzymes with catalytic centres and are also stabilised by the metals.96 The most 

common metals are Fe, Cu and Zn, which commonly bind to residues such as Hys, Cys, Asp and 

Glu.  

Peptides and proteins can also be combined with synthetic molecules to create protein 

amphiphiles which can self-assemble in a similar manner to block copolymers. The protein parts 

of the molecules form beta-sheet type structures, which self-assemble into linear type 
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structures like cylindrical micelles.97 Tuning at a molecular level has also led to other structures 

such as flat nanobelts.98  

1.2.3 DNA 

DNA self-assembly is a powerful tool for designing anisotropic and complex nanostructures. The 

highly programmable nature of DNA means that it is possible to design a huge array of shapes 

from simple building blocks.99 DNA origami is a method for DNA self-assembly which makes use 

of Watson Crick base pairing to make predictable programmable structures. A long DNA strand 

is mixed with shorter strands, or staples, which control its folding.100 The process can be 

designed computationally. This can create exceptionally intricate nano-objects, which can also 

be programmed to respond to external stimuli to make smart nanodevices.101 

Examples include programmable DNA nanoboxes which open in response to external stimuli and 

release their payload.102 These devices have even been shown to operate inside living animals. 

Many 3D DNA nanstructures have been designed, which can form a wide array of shapes and 

sizes due to the highly tuneable nature of their assembly.103  

1.2.4 Single Polymer/ Dendrimer 

Dendrimers, repetitively branched molecules, have been known to form various anisotropic 

nanostructures, in fact, some dendrimers are considered to be in their own right anisotropic and 

are known as Janus dendrimers.104 One example of anisotropic dendrimer self-assembly, 

reported by Kitagawer and coworkers, describes the assembly of dendrimers around a central 

metal-organis polyhedron to form an anisotropic structure.105  

1.2.5 Lipids 

Limited examples of formation of anisotropic structures from lipids exist in the literature. Lipids 

are much smaller molecules than block copolymers and therefore their self-assembly is much 

less tuneable, despite nature’s ability to make complex structures from lipid bilayers. Formation 

of Janus particles106 and cubosomes107 have been described, but these both rely on stabilisation 

using polymers.   
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1.3 Hybrid Anisotropic Polymer Nanoparticles 

1.3.1 Polymer-Inorganic Anisotropic Nanoparticles 

An alternative way to make anisotropic nanoparticles using polymers is to coat the polymers 

onto another type of nanoparticle, for example a gold nanoparticle. This process is 

advantageous in that the nanoparticles are ready made and generally of uniform size and shape, 

self-assembly can be less time consuming, and the hybrid nanoparticles can often have more 

than one function, such as the polymer can load a drug, and the inorganic core can be used for 

imaging or photothermal therapy.  

These types of particles can be prepared via templating and deposition, where nanoparticles are 

arranged on a surface and either the exposed face, or the face in contact with the surface, is 

selectively modified.108, 109 Similarly, these sorts of particles can be prepared at air-liquid, or 

liquid-liquid interfaces.110, 111 These methods can be very effective, however require large 

surface areas and are therefore not well suited to being scaled up.  

On the other hand, due to their unique properties, polymers can be conjugated to the 

nanoparticle surface and allowed to spontaneously arrange themselves into anisotropic 

patterns, which greatly simplifies anisotropic nanoparticle preparation.  The phase separation 

of polymers in bulk and on surfaces has been widely investigated,112-114 examples on the surface 

of nanoparticles are less explored, however various examples exist. Reports of small ligand 

phase separation on the surface of nanoparticles are perhaps more widely reported.115 Polymer 

coated nanoparticles however, have numerous advantages over small molecule coated 

nanoparticles. Polymers can provide greater stability for nanoparticles in biological media, due 

to steric hindrance and non-fouling properties of polymers such as PEG and zwitterionic 

polymers.116, 117 Polymers can also be stimulus responsive, so the nanoparticles respond to 

triggers such as heat, light and pH, which can have important biomedical applications. These 

attributes, combined with unique properties of inorganic nanoparticles, open a wide range of 

possibilities for these types of nanoparticles.   

The main methods of attaching polymers to nanoparticles are grafting-to and grafting-from, 

where the polymers are synthesised then attached to the nanoparticles, or grown from an 

initiator already attached to the nanoparticles respectively.118  Since 2006, Zhao and coworkers 

have been investigating the phase separation of PS and PtBA on large (160 nm) silica 

nanoparticles using a grafting-from method.119, 120 The polymers are tethered together using a 
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Y-shaped initiator and grown on the nanoparticles using ATRP. A rippled structure is reported in 

TEM when stained with ruthenium tetroxide. Other examples of nanoparticles grafted with 

more than one type of polymer exist, however investigation into and characterisation of phase 

separation of the polymers is not thorough. Proof of an anisotropic structure is mostly indirect 

and inferred from behaviour of the nanoparticles.121-128 These particles nevertheless exhibit 

some interesting properties, such as assembly into superstructures and plasmonic properties. In 

one example, gold nanoparticles coated with two different homopolymers were found to self-

assemble into gold nanoparticle vesicles. The vesicles had enhanced localised surface plasmon 

resonance (LSPR) properties, which facilitated their use in photothermal therapy and for CT 

imaging.8  

More detailed examination of the phase separation of the polymers on nanoparticle surfaces 

has more recently been carried out using TEM tomography, NMR, small angle neutron scattering 

(SANS) and Infrared Reflection Absorption Spectroscopy (IRRAS).129-131  In 2016 Kim et al 

investigated gold nanoparticles (~3 nm) coated with PMMA and PdS (poly deuterated styrene), 

together with nanoparticles coated with a random copolymer of PdS and PMMA as a control, 

dispersed in toluene. They used SANS and Monte-Carlo simulations and found that as the 

molecular weight increased (from 3000 g mol-1 to 15000 g mol-1), more complete phase 

separation was observed between the two polymers, eventually resulting in Janus particles. 

They deduced that toluene is expelled from the polymers due to the preferential protection of 

the gold by the polymers due to the lower interfacial tension between the gold and polymers 

compared to gold and toluene. This results in a dense polymer wetting layer which they 

hypothesise is important for the phase separation. Their simulations support these results.131 

 Also in 2016, Percebom et al investigated PS/PNIPAM and PS/PEG coated gold nanoparticles in 

water and THF.130 They use larger nanoparticles (13-33 nm) and claim that long (presumably in 

comparison to small molecule ligands) chain length polymers (1000 to 5000 g mol -1) facilitate 

full phase separation even on these larger particles. The phase separation in the coating was 

investigated by SAXS, NOESY NMR, stained TEM and bright field (BF)-TEM tomography. The SAXS 

data is not described in detail. It is claimed that the lack of crosspeaks in NOESY indicates phase 

separation of the polymers. It has been suggested that NOESY is not possible for Au-NPs larger 

than 5 nm due to the increased T2 relaxation time resulting in significant peak broadening.132 

The BF-TEM tomography is more convincing, showing 3D images of copper sulfate-stained 

PNIPAM, although it is not described why copper sulfate would stain PNIPAM selectively. They 

also attempt to grow silica from the PEG half-shells to demonstrate Janus structure.  
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A study carried out by Rossner et al in 2018 investigates PMMA and PS (~14000 g mol-1) coated 

gold nanoparticles (~15 nm) dispersed in DMF/H2O.133 The phase separation was evaluated using 

scanning transmission electron microscopy (STEM) with electron energy loss spectroscopy 

(EELS) mapping to avoid any ambiguity from staining (which was also demonstrated in one 

example using RuO4 to selectively stain the PS). STEM-EELs mapping was found not to be 

possible using tomography due to beam degradation of the samples so 18 samples were imaged 

in 2D instead. Four of these samples were found to have Janus structures, the rest isotropic or 

in between. In all cases the PS was closer to the core, which was assumed to be due its lower 

affinity for the solvent. They also demonstrated to an extent that they were able to conjugate a 

functional group on the PS with other small nanoparticles.  

Guzman-Juarez and coworkers investigated small (3.5 nm) ZrO2 nanoparticles with PS and PEO 

(5000 g mol-1) coatings.134 The nanoparticles were characterised using solid state NMR and then 

self-assembled.  

It has also been shown that two different polymers are not required to form different polymer 

domains on the surface of nanoparticles. Instead a single type of polymer can be used to form 

patches by careful control of parameters such as solvent-polymer and solvent-nanoparticle 

affinity, which control the wetting of the polymer on the nanoparticle surface.135, 136 137 

In one example, 50 nm gold nanoparticles are mixed with PAA ammonia and isopropanol and it 

is shown that varying the proportion of isopropanol can cause the formation of Janus shells of 

PAA.138 This is attributed to the change of interfacial energy when increasing amounts of 

isopropanol are added. These Janus structures are then further functionalised to become 

‘octopus’ nanoparticles, which were then investigated as a multifunctional platform for 

chemotherapy as they were pH and light responsive and able to encapsulate doxorubicin.  

Choueiri et al demonstrated segregation of PS (30 and 50 kg mol-1) into patches on the surface 

of various types of gold nanoparticles.139 The nanoparticles were dispersed in DMF and patches 

formed when a small amount of water (a bad solvent for PS) was added. They found the size and 

number of patches depended on the polymer chain length and the size of the nanoparticle. 

Interestingly there is no mention of staining for their TEM imaging, this could be due to the long 

chain length and high grafting density of the polymers. They attribute the patch formation to 

the balance between polymer solvent interactions and stretching of polymer chains which 

remain attached to the gold via a thiol. They also found that curvature of the nanoparticle was 

an important parameter and patches would form on higher curvature areas of nanoparticles, 
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such as the corners of square nanoparticles. These results were backed up by computational 

investigations.  

Strategies using diblock copolymers have also been described. An example was reported in 2008 

by Chen et al where a combination of diblock PS-PAA polymer and hydrophobic and hydrophilic 

ligands could be used to create partially polymer coated gold nanoparticles.140 These 

nanoparticles could then self-assemble further into other structures. This was revisited in 2018 

by a different Chen et al who reported that the system can be considered as a three phase 

wetting problem, predictable using the previously mentioned spreading coefficient, which 

depends on interfacial energies between polymer and solvent, polymer and nanoparticle and 

nanoparticle and solvent.141 The extent of the polymer coating on the nanoparticles could be 

controlled by adjusting the solvent mixture and the hydrophobicity of the gold nanoparticle 

surface using different ratios of hydrophobic and hydrophilic ligands. They then went on to 

selectively functionalise parts of the nanoparticles with DNA and self-assemble the 

nanoparticles into intricate hierarchical structures. Samples were stained with the negative stain 

ammonium molybdate tetrahydrate. 

1.3.2 Characterisation 

One disadvantage of anisotropic polymer nanoparticles is that the structures can be challenging 

to characterise. This is especially true of chemically anisotropic and less true for morphologically 

anisotropic structures. For many inorganic types of nanoparticles (TEM) can provide good details 

of the shape and structure of the nanoparticles, due to the relatively high mass of their atoms. 

This means that the electrons making up the TEM beam cannot pass through the material, so 

good contrast is generated.142 It is also sometimes possible to use EDX Together with the TEM 

to determine the elemental composition of the nanoparticles and different areas of the 

nanoparticles. Different inorganic materials have varied electron densities so can easily be 

distinguished via TEM due to the varying contrast. For instance, nanoparticles made from gold 

and silica would have significantly darker areas for the gold part than the silica part.143 

However, polymer nanoparticles are largely made from carbon, which as a relatively light atom 

does not provide good contrast in TEM. This means that unless the polymer is very dense and 

thick, it is unlikely it will show up at all in TEM, and if it does it is often degraded by the electron 

beam. This issue is made even more difficult if the polymers are in close proximity to more 

electron dense materials such as gold. It is therefore necessary to increase the contrast of the 

polymers which can be done via staining using heavy metal atoms.  
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There are two types of TEM staining for organic materials, negative and positive staining.144, 145 

Negative staining is where the TEM sample is exposed to a material containing heavy metals, 

which spreads across the grid but does not interact with the sample, leaving it pale in 

comparison to the grid around it. In some cases the stain does not spread evenly over the grid, 

but accumulates around the edges of the sample. Negative stains are commonly used by 

biologists for TEM imaging of biological materials such as cells, which are made up of organic 

matter such as lipids and proteins, which themselves provide little contrast. One of the most 

commonly used negative stains is uranyl acetate, where the contrast is provided by the 

extremely heavy uranium atoms. Other negative stains include: phosphotungstic acid (PTA) and 

ammonium molybdate. 

Positive staining is where the staining agent interacts with the sample and causes the sample 

itself to become darker in colour. The interaction can be a chemical reaction, an ionic attraction 

or other forms of affinity for the sample. These types of stains are often extremely toxic due to 

their tendency to react with organic matter and their nature as heavy metals. Positive stains 

have to be selected for each individual sample depending on the chemistry of the sample and 

the stain. Examples of positive stains include osmium tetroxide, which is used in biology to stain 

lipid membranes as it oxidises carbon-carbon double bonds in unsaturated hydrocarbons. 

Ruthenium tetroxide is an even stronger oxidising agent, and can be used to stain phenyl rings 

as it is able to oxidise these in addition to double bonds. Iodine can be also used as a positive 

stain for amines. All three of these materials are volatile, so can be used for vapour staining, 

instead of solution staining. PTA has also been found to act as a positive stain in some instances.  

Despite the apparent simplicity of these stain techniques, they can be extremely unreliable in 

practice. The amount of time samples are exposed to stain, be it negative or positive, hugely 

influences the appearance of the materials on TEM. It has even been found that exposing 

samples to stains for longer can even switch whether the stain acts as a positive or negative 

stain.146  Determination of how long a sample should be exposed to stain has to be done 

experimentally and varies between samples and with preparation techniques, so is extremely 

difficult to replicate as a standard procedure. Preparation of the grids and the solvent with which 

the sample is prepared also influences the appearance of a stain. For example, if grids are 

treated with plasma to make them more hydrophilic, this can affect how PTA spreads over the 

grid. If samples are prepared in buffer, it is often necessary to perform a washing step to remove 

the buffer before samples are exposed to the stain, otherwise strange structures such as stain 

or buffer crystals can be seen. There is also the consideration that materials may appear very 
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different when they are in solution in a solvated state compared to how they will appear when 

dried on a grid in TEM. For example, vesicles can burst. There are however some examples where 

staining has been used extremely effectively to determine the structure of anisotropic polymer 

materials. It must also be considered whether a sample is dried before or after it is stained, as 

this can give different structures.145  

Other methods have also been employed to increase the contrast of polymers in TEM. In some 

instances, other materials with higher contrast have been grown onto the polymer.76 In other 

work, researchers have pre-conjugated heavy metals onto certain areas of polymer to increase 

that area’s appearance in TEM. 147 

Other TEM techniques, such as cryo-TEM and liquid cell TEM148 have been developed which 

should allow the imaging of structures so that their appearance in solution can be visualised, 

instead of in a dried state on the grid. However, these techniques can also be prone to 

controversy.149 

There are also indirect methods of determining whether nanoparticles have an anisotropic 

structure, rather than direct visualisation. NOESY NMR reveals through space proximity of 

atoms, as opposed to standard NMR, which works with through bond effects. When used with 

proper controls, this can reveal which polymers are in close proximity to one another, and which 

are not in each other’s vicinity. However this technique can also be tricky for nanoparticles, 

especially larger nanoparticles, due to peak broadening relating to longer T2 relaxation times.115, 

132  

1.4 Inorganic Anisotropic Nanoparticles 

1.4.1 Nobel Metal Nanoparticles 

Gold and silver nanoparticles derive most of their interesting properties from their oscillating 

bands of electrons that produce extinction bands in the visible and NIR regions, known as 

localised surface plasmon resonance (LSPR) bands. The wavelength of these bands is sensitive 

to changes in the size, shape, coating and aggregation of the nanoparticles and can provide 

useful indications of the state of the nanoparticles without having to observe them 

microscopically.15 Gold and silver nanoparticles are also largely chemically inert, which makes 

them well suited for biomedical applications.150 Standard nanoparticle synthesis via growth from 

seed normally results in symmetric epitaxial growth, however adjusting additives in the 
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synthesis, such as salts and small organic molecules, can result in different shapes of 

nanoparticles. Adjusting the shape of the nanoparticles can tune their LSPR bands towards the 

NIR region which is advantageous for biomedical applications due to increased tissue 

penetration of light at NIR wavelengths compared to visible.151  

Perhaps the most common type of anisotropic gold nanoparticles are gold nanorods. These have 

been extensively investigated for use in photothermal therapy, imaging and controlled drug 

release applications.152 Synthesis of gold nanorods is usually achieved in Cetyl 

trimethylammonium bromide (CTAB) solution using ascorbic acid and NaBH4 as reducing agents 

with optional addition of silver ions to increase the length of the nanorods.153 The exact 

mechanism of shape formation is still not well understood.154 Nanorods with LSPR shifts as high 

as 1400 nm have been described.155 

Preparation of other shapes of gold and silver nanoparticles is also possible, such as cubes,156 

tetrahedrons,157 octahedrons,158 triangular plates159 and hexagonal plates.160 This is 

accomplished by varying concentration of reagents such as CTAB and iodide ions and adjusting 

growth steps. Iodide ions, for example, have been shown to bind to the large flat  (111) faces of 

nanoplates and therefore promote lateral growth.161 

1.4.2 Silica Nanoparticles 

Silica nanoparticles are considered biocompatible and non-toxic and have been explored for 

various biomedical applications. Their porous structure allows for loading of various 

therapeutics.162 Anisotropic nanoparticles are particularly promising, due to their 

inhomogeneous nature they are capable of encapsulating different types of payload within 

different areas of the nanoparticles, which can be released independently.163, 164 Anisotropic 

silica nanoparticles have also been shown to have enhanced interactions with biological 

systems, for example, head-tail silica nanoparticles have been shown to affect immune 

responses, and therefore have potential applications in vaccines.165, 166  

1.5 Biomedical Applications of Anisotropic Nanoparticles 

1.5.1 Enhanced Interactions with Biological Systems 

Anisotropic nanoparticles, with their increased complexity, sometimes allow more precise 

tuning of the interactions of the nanoparticles with biological systems.115 Various studies have 
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investigated how shape or surface anisotropic nanoparticles interact with cells compared to 

homogenous nanoparticles. Computational studies indicate shape and surface charge of 

nanoparticles can vary the translocation rate of the nanoparticles across membranes by 60 

orders of magnitude.167 Computational studies of Janus particles indicate the orientation of the 

particle in relation to the membrane affects whether the particle will penetrate the 

membrane.168 Experimental studies of cellular response to surface chemistry of nanoparticles 

indicate that this is important for aggregation and uptake of nanoparticles.74, 169  

1.5.2 Drug Delivery 

Drug delivery by nanoparticles is an extremely active area of research especially for treating 

cancer. If drugs can be selectively delivered to unhealthy areas, then side effects in healthy areas 

can be avoided.170 In their most basic form, drug nanocarriers are untargeted and rely on 

accumulation in cancerous tissues due to the EPR effect, where nanoparticles collect due to 

leaky vasculature and reduced lymphatic drainage.171 These basic nanocarriers then slowly break 

down and release their payload. Due to the increased circulation time drugs experience when 

encapsulated in the nanoparticles, the nanoparticles have time to accumulate in the tumours 

before releasing their payload. The EPR effect is not effective for all types of tumour, and works 

best in fast growing tumours which are more likely to have porous/leaky blood vessels.172 It has 

been shown that anisotropic cylindrical micelles have a longer circulation time than spherical 

micelles, which can allow them more time to accumulate in tumours.173 

Methods to improve drug delivery by nanocarriers include adding targeting molecules to 

facilitate preferential interactions with cancer cells and programming nanoparticles so they only 

release their payload when in the desired environment.86 One of the most effective and popular 

way of controlling where the payload is released is by using nanoparticles that are pH 

responsive. The pH of blood is usually ~ 7.4, whereas the pH in tumour environments is lower 

due to hypoxia and limited clearance of metabolic acids.174 The pH in endosomes and lysosomes 

within cells is even lower at around 4.5-5.5. This means that, if nanoparticles can be designed to 

only release drugs in low pH environments, more selective delivery to tumours can be achieved. 

Different methods of incorporating pH responsiveness into nanoparticles are available. The drug 

can be covalently attached by a bond labile at low pH, or the drug is encapsulated within a 

structure that breaks down at low pH.175 
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Due to the features described above (section1.5.1), anisotropic nanoparticles have the potential 

to act as more accurate drug carriers as their interactions with biological environments can be 

more accurately tuned. 

1.5.3 Nanoswimmers 

Anisotropic nanoparticles, in particular Janus nanoparticles, provide the break in symmetry 

necessary to make nanomotors or nanoswimmers, particles which are able to propel themselves 

through solution. Recently there has been intense recent interest in such materials, particularly 

following the 2016 Nobel prize awarded for work on molecular motors, generating enhanced 

interest in the field of nanomotors.176, 177 If these nanoparticles are able to successfully propel 

themselves through aqueous solution in a non-toxic manner, their potential for use in 

biomedical applications would be significant. Motion on the nanoscale works on different 

principals to motion on a normal scale due to the low Reynolds number environment.178 Most 

nanoswimmers rely on a self-diffusiophoresis mechanism, where a reaction is catalysed on one 

side of the particle, generating a concentration gradient of the reaction products over the 

surface of the nanoparticle, causing it to move forwards towards the side where the reaction is 

taking place, providing there are more reactants than products.179 This is in contrast to larger 

particles which can be powered by bubble propulsion, due to formation of gaseous products, 

and move in the opposite direction.180  

 

Figure 1:6. Self diffusiophoresis of a Janus nanoparticle. 
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Examples of organic, inorganic and hybrid anisotropic nanoswimmers exist, such as 

gold/platinum Janus nanoparticles which catalyse the decomposition of hydrogen peroxide on 

the platinum patch.181 Organic/inorganic platinum capped silica nanoparticles also were 

powered by the decomposition of hydrogen peroxide. 182 These nanoparticles were also able to 

encapsulate and release drugs.  

Perhaps the most interesting for biomedical applications are soft biocompatible nanoparticles 

which mimic biological constructs. The Van Hest and Wilson groups have developed various 

block copolymer stomatocytes (section 1.2.1.2.1) which can encapsulate enzymes in their 

cavities to self-propel. The release of reaction products through the stomatocyte opening 

creates a concentration gradient over the paticle. They have designed various variations 

including biodegradable stomatocytes183, heat regulated stomatocytes,184 host guest interaction 

controlled stomotocytes185 and peptide coated stomatocytes for cell penetration.186 

1.5.4 Sensing 

Inorganic and hybrid anisotropic nanoparticles are useful for biosensing due to their enhanced 

LSPR properties. Breaking symmetry in metal nanoparticles can have interesting effects on their 

LSPR properties.187 Increasing sharpness of vertices and aspect ratio usually results in a red shift 

of the LSPR peak of nanoparticles, making them more suited for biomedical applications as the 

LSPR frequency moves towards the NIR region, where tissue penetration is improved, interfering 

absorbance and fluorescence from biosamples is reduced and scattering is minimised.188 LSPR 

based sensing relies on a change in the refractive index of the medium surrounding the particles 

causing a shift in the LSPR absorption wavelength.189 The change in refractive index can result 

from aggregation caused by target molecules, molecular interactions with target molecules or 

other changes in nanoprobe morphology. This type of sensing can however be susceptible to 

unpredictable aggregation and non-specific bonding of biomolecules.  

Examples of anisotropic LSPR based biosensors include silver nanoplates and gold nanostars.190 

191 These types of high aspect ratio nanoparticles often have a red shift in their LSPR peak and 

higher sensitivities to changes in refractive index.  

Chiral molecules are also useful as LSPR sensors and can be measured using circular dichroism 

(CD) instead of absorbance, reducing the potential for interference. Nanohelices, prepared via 

nano glancing angle deposition (NanoGLAD), have been investigated for this application. It was 

found that these nanoparticles exhibited very high sensitivity.192  



Chapter 1 

58 

 

Surface-enhanced Raman Spectroscopy (SERS) can also be used for biosensing and is greatly 

enhanced with anisotropic nanoparticles. SERS uses nanoparticles to enhance Raman scattering 

signals from molecules adsorbed onto a surface. The exact mechanism is still debated in the 

literature, but sensitivity can be so high that it is possible to detect single molecules.193, 194 

Nanoparticles used for SERS include nanopyramids,195 nanostars196 and nanoplates.197 These 

types of anisotropic nanostructure are more effective for signal enhancement due to their 

pointed structure and effects such as the lightning rod effect and tip effect.196 SERS can be used 

to detect various important biomolecules, such as disease biomarkers, metabolites and 

pesticides. It can also detect changes in pH, redox potential, reactive oxygen species and gaseous 

molecules, and certain nanoparticles have been used for sensing inside living cells.198   

Metal-polymer composite nanoparticles have also proved very useful for SERS sensing 

applications. Combining the metal nanoparticles with polymers offers enhanced colloidal 

stability, controlled assembly, altered surface chemistry and stimuli responsiveness.199  

1.5.5 Photothermal Therapy 

A moderate rise in tissue temperature, or hyperthermia, can be used to kill cancer cells, due to 

their elevated susceptibility to temperature increase compared to normal cells. This is due to 

the low supply of oxygen and nutrients to cancer cells due to their undeveloped vasculature. 

When electrons in plasmonic nanoparticles are excited by light, their decay produces heat by 

electron-phonon and phonon-phonon coupling.6, 152, 200 This technique benefits from the 

tuneable red shift in the LSPR peaks of anisotropic nanoparticles as NIR light can be used instead 

of visible. Anisotropic materials such as nanostars, with multiple branches and sharp edges, 

exhibit enhanced photothermal conversion efficiency due to their high absorption to scattering 

ratio.201 

1.6 Objectives 

The initial objective of this thesis was to develop Janus micelles, capable of active drug delivery. 

This has never been done before with micelles, however examples exist of vesicles capable of 

self-diffusiophoresis which also have the potential to encapsulate drugs. The micelles would be 

functionalised on one side with an enzyme, allowing them to self-propel via a self-

diffusiophoresis mechanism. They would also be able to encapsulate drugs and release them in 

response to a stimulus. To this end, chapter three describes the synthesis and self-assembly of 

triblock copolymers in an attempt to make pH-responsive Janus micelles. These attempts 
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resulted in patchy, rather than Janus, micelles. These micelles were found to encapsulate and 

release drugs in response to a decrease in pH, however a Janus morphology was not achieved, 

so they were unsuitable for self-diffusiophoresis experiments. The chapter investigated the self-

assembly of biocompatible block copolymers as a method to produce soft anisotropic 

nanoparticles, which can be exploited due to their multifaceted morphology. These chemically 

anisotropic nanoparticles have potential applications in fields such as drug delivery. 

Following on from this, chapter four involved a change in approach to formation of Janus 

nanoparticles able to encapsulate and release drugs, with the introduction of gold nanoparticles. 

Polymers have been shown to phase separate on the surface of gold nanoparticles to form a 

Janus structure. In this chapter, the ability of the triblock copolymers to encapsulate and release 

dugs whilst conjugated to the surface of the nanoparticles was investigated, with a view to 

introducing another polymer for phase separation and generation of a Janus structure if 

successful. The fusion of highly biocompatible soluble block copolymers with stable 

monodisperse plasmonic nanoparticles can lead to materials with applications from drug 

delivery to theranostics.  

In chapter four it was found that there was a slight LSPR shift of the polymer coated gold 

nanoparticles when the pH was reduced below the pKa. Chapter five investigated, whether the 

use of anisotropic gold nanoparticles could enhance this shift so that the nanoparticles could be 

used as sensors as well as for drug release. Nanotriangles and nanohelices have an increased 

LSPR wavelength which can be more sensitive to changes in refractive index, so were 

investigated for this purpose. 

Chapter six returns to the idea of creating a Janus structure using polymer phase separation on 

the surface of a gold nanoparticle. Limited examples of polymer phase separation on the surface 

of gold nanoparticles and such structures have not been investigated for self-diffusiophoresis. 

Having established in chapter four that the polymers could encapsulate and release drugs on 

the surface of a nanoparticle, this chapter looked to investigate whether phase separation and 

enzyme conjugation could be used for self-diffusiophoresis of the nanoparticles, with a view to 

combining this with the system established in Chapter four in future.  
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Chapter 2 Materials and Methods2 

2.1 Materials 

Oligoethylene glycol methyl ether methacrylate (OEGMA) average Mn = 500 g mol -1, 

diisopropylamino ethyl methacrylate (DPA), bis[2-(2′-bromoisobutyryloxy)ethyl]disulfide, copper 

bromide (CuBr) (99.99%), 2,2-Bipyridyl (BiPy), tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 

methanol, ethanol and dichloromethane were ordered from Sigma Aldrich, UK and used without 

further purification. DI H2O was Milli-Q water with a resistivity of 18.2 MΩ·cm. 2-

(Methacryloyloxy)ethyl phosphorylcholine monomer (MPC, 99.9% purity) was donated by 

Biocompatibles U.K. Ltd, or ordered from Sigma Aldrich Singapore. HAuCl4 99.999% (Alfa Aesar), 

sodium citrate (Sigma Aldrich), phosphate buffered saline (PBS) (Gibco Life Technologies), heat 

inactivated fetal bovine serum (FBS) (Gibco), phosphotungstic acid (PTA), doxorubicin HCl 

(International Laboratories 99%), were ordered from Singapore and used without further 

purification. Tert-butyl methacrylate 98% (tBMA), styrene 99%,  CTAC 25 wt% in H2O, potassium 

iodide 99% (KI), ascorbic acid 99% (AA), pentafluorophenol 99%, 2,6-lutidine (purified by 

redistillation), N-Isopropylacrylamide, 97%, N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine, copper 

chloride ≥ 99.995%, butylamine  99.5% were ordered from Sigma Aldrich Singapore and used 

without further purification.  Methacryloyl chloride 95%, contains 200 ppm MEHQ as stabilizer, was 

ordered from Acros Organics, Fisher scientific and Tris(2-dimethylaminoethyl)amine, 99+% was 

ordered from Alfa Aesar (Thermo Fischer). Acetic acid, glacial, ≥99.7 was ordered from 

Fischer Scientific. 2-Methyl-2[(dodecylsulfanylthiocarbonyl) sulfanyl]propanoic acid, min. 

97% was ordered from STREM Chemicals Incorporation, 4 4'-azobis(4-cyanovaleric 

acid), >98% was ordered from Fluka,  CDCl3(chloroform-d), MeOD (methanol-d3), D2O 

(deuterium oxide), DCl (deuterium chloride), DMSO (dimethyl sulfoxide-d6) were ordered from 

Cambridge Isotopes and used without further purification. Solvents were reagent grade. Catalase 

from bovine liver lyophilized powder, 2,000-5,000 units/mg protein, hydrogen peroxide 30 wt% 

 

2 Some parts of this section were reproduced from the ESI of “Biocompatible pH-responsive nanoparticles 
with a core-anchored multilayer shell of triblock copolymers for enhanced cancer therapy” E. Ellis, K. Zhang, 
Q. Lin, E. Ye, A. Poma, G. Battaglia, X. J. Loh and T. Lee, J. Mater. Chem. B, 2017, 5, 4421 
DOI: 10.1039/C7TB00654C – Published by the Royal Society of Chemistry copyright 2017 (Permission not 
required due to Creative Commons License   
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were ordered from Sigma Aldrich UK and used without further purification. Bifunctional HS-PEG-

COOH was ordered from Generon UK.  

NMR measurements were carried out on a Bruker Avance III 600 MHz or 400 Mhz spectrometer, or 

a Jeol 400 Mhz spectrometer. GPC was performed on a GPCMax equipped with an RI detector from 

Malvern Technologies (Greater Malvern, UK) with acidic water (0.25 vol% TFA in water) as solvent 

on a Novamax column (including guard column) from PSS Polymers (Mainz, Germany) or on a 

Waters Acquity  Advanced Polymer Chromatography GPC system using THF or 0.25 vol % TFA in 

water as the solvent. Columns used were Acquity APCTM XT 45 1.7 µm, Acquity APCTM XT 450 2.5 

µm, Acquity APCTM XT 200 2.5 µm. For samples run in THF, PMMA standards were used, for samples 

in TFA aqueous solution, PEG standards were used.  DLS was performed on a Malvern Zetasizer 

Nano ZS. TEM was performed on a FEI Titan Transmission Electron Microscope or a Jeol 100 Kv TEM. 

Grids were of carbon-coated copper mesh. For hydrophilization of grids, a Quorum SC7620 Mini 

Sputter Coater/Glow Discharge System was used and grids were exposed to plasma for 45 seconds. 

For PTA stained samples, solutions were spotted, left 60 seconds, blotted, placed in 0.75 % PTA 

stain solution for two seconds, blotted and dried. For OsO4 and I2 stained samples, spotted grids 

were exposed to vapour for 3 hours in a sealed glass vial. UV-vis was performed on a Shimadzu UV-

2501 PC or an Ocean Optics custom UV-Vis system. Fluorescence was performed on a Shimadzu RF-

5301 PC. 

2.2 Methods 

2.2.1 Chapter 3 

2.2.2 ATRP Polymerisations (general procedure) 

Polymerisations were carried out via ATRP at 25°C unless stated otherwise. The solvent, monomer 

and initiator were degassed via bubbling with argon or nitrogen for  30 minutes to 1 hour then the 

CuBr and ligand were added. The reactions were stopped by exposure to air and dilution. 

Purification was carried out by passing the polymers through a silica column, dialysis and/or 

precipitation. The polymers were then freeze dried or vacuum dried. If GPC showed remaining 

uncleaved disulphide, reduction was carried out in DI H2O at a polymer concentration of 1 mg mL-1 

with 1 molar eqv. TCEP for 30 mins under N2, then dialysed against EtOH and H2O and freeze dried. 
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2.2.3 ATRP POEGMA-PDPA-PMPC TB1 

Oligoethylene glycol methyl ether methacrylate (OEGMA) (1.38 mL, 3 mmol), 2-aminoethyl-2-

bromoisobutyrate (11.4 mg, 0.0545 mmol) were added to 1.5 mL methanol in a round bottom flask. 

After degassing (45 mins N2) CuBr (15 mg) and BiPy (35 mg) were added. The reaction mixture 

turned a deep red/brown colour. Once conversion was complete (100 % from 1H NMR integrals, 

reaction left overnight ), degassed diisopropylamino ethyl methacrylate (DPA) (0.96 mL, 4.05 mmol) 

and ethanol (1 mL) were injected into the mixture (at time = 19 hours). The reaction was left to 

proceed overnight again. Degassed methacryloxyphosphoryl choline (0.965 g, 3.27 mmol) in 

ethanol (1 mL) were injected (at time = 42 hours 5 mins). The reaction was stopped by exposure to 

air and addition of ethanol (at t = 114 hours). The reaction mixture turned green. The product was 

passed through a silica column and dialysed against DCM x2, MeOH x2 and DI H2O x2 (pore size 

1000 kDa, for minimum 3 hours against each solvent), freeze dried and stored in a freezer.  

Molar ratios: [I]:[POEGMA]:[PDPA]:[PMPC]:[CuBr]:[BiPy] = 1:55:74:60:1.9:4.1 

1H NMR Shifts MeOD: 0.95 backbone, 1.08 PDPA CH3 (N) , 1.87-1.96 backbone, 2.73 PDPA CH2 (N), 

3.08 CH (N), 3.31 MeOH, 3.37 PMPC CH3 (N), 3.55 POEGMA CH3, 3.65 CH2 POEGMA, 3.74-3.90-4.07-

4.13 CH2 (O),  4.33 CH2 (O) PMPC, 4.57 H2O, 4.85 MeOH 

2.2.4 ATRP POEGMA-PDPA-PMPC TB2 

The reaction was carried out as in section 2.2.3 with 0.48 mL of DPA in 0.5 mL EtOH used. As above, 

each block was left to react overnight before addition of the next block or ceasing of reaction. 

Conversion was 100 % for the POEGMA block and was calculated from the final NMR for the PDPA 

and PMPC blocks due to overlap in the crude NMR. 

Molar ratios: [I]:[POEGMA]:[PDPA]:[PMPC]:[CuBr]:[BiPy] = 1:55:37:60:1.9:4.1 

2.2.5 ATRP POEGMA-PDPA-PMPC TB3 

The reaction was carried out as in section 2.2.3 with 5.3 mg ( 0.027mmol) 2-aminoethyl-2-

bromoisobutyrate, 1.39 mL (3 mmol) OEGMA, 0.48 mL PDPA and 0.855 g MPC. Each block was 

allowed to react overnight. Conversion was 100 % for the POEGMA block and was calculated from 

the final NMR for the PDPA and PMPC blocks due to overlap in the crude NMR. 

 Molar ratios: [I]:[POEGMA]:[PDPA]:[PMPC]:[CuBr]:[BiPy] = 1:111:75:107:1.9:4.1 
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2.2.6 ATRP POEGMA-PDPA-PMPC TB4 

The reaction was carried out as in section 2.2.3  with 10.6 mg (0.0545 mmol) Ethyl α-

bromoisobutyrate, OEGMA (1.38 mL, 3 mmol), DPA (DPA) (0.96 mL, 2 4.05 mmol), MPC (0.965 g, 

3.27 mmol). Each block was allowed to react overnight. Conversion was 100 % for the POEGMA 

block and was calculated from the final NMR for the PDPA and PMPC blocks due to overlap in the 

crude NMR. 

Molar ratios: [I]:[POEGMA]:[PDPA]:[PMPC]:[CuBr]:[BiPy] = 1:55:74:60:1.9:4.1 

2.2.7 ATRP POEGMA-PDPA-PMPC TB5  

The reaction was carried out as in section 2.2.3 with bis[2-(2′-bromoisobutyryloxy)ethyl]disulfide 

(8.3 µL, 0.027 mmol) used as the initiator. Each block was left to react overnight. Conversion was 

100 % for the POEGMA block and was calculated from the final NMR for the PDPA and PMPC blocks 

due to overlap in the crude NMR. 

Molar ratios: [I]:[POEGMA]:[PDPA]:[PMPC]:[CuBr]:[BiPy] = 1:55:74:60:1.9:4.1 

2.2.8 ATRP POEGMA-PDPA-PMPC TB202 

The reaction was carried out as in 2.2.3. Each block was left to react overnight. Dialysis was 

performed against citrate buffer, pH 5 only. Conversion was 100 % for the POEGMA block and was 

calculated from the final NMR for the PDPA and PMPC blocks due to overlap in the crude NMR. 

Molar ratios: [I]:[POEGMA]:[PDPA]:[PMPC]:[CuBr]:[BiPy] = 1:55:74:60:1.9:4.1 

2.2.9 ATRP POEGMA-PDPA DB202 

The reaction was carried out as in 2.2.3, with 0.48 mL PDPA and no PMPC. Dialysis was performed 

against citrate buffer only. Conversion was 100 % for the POEGMA block and was calculated from 

the final NMR for the PDPA block due to overlap in the crude NMR. 

Molar ratios: [I]:[POEGMA]:[PDPA]:[CuBr]:[BiPy] = 1:55:37:1.9:4.1 
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2.2.10 ATRP POEGMA-PDPA DIBLOCK for Two Diblock Janus Micelles 

The reaction was carried out as in 2.2.3, With 1.5 g POEGMA, 8.8 µL bis[2-(2′-

bromoisobutyryloxy)ethyl]disulphide, 0.95 mL DPA. Conversion was 100 % for the POEGMA block 

and was calculated from the final NMR for the PDPA block due to overlap in the crude NMR. 

Molar ratios: [I]:[POEGMA]:[PDPA]:[CuBr]:[BiPy] = 1:55:70:1.9:4.1 

2.2.11 ATRP PMPC-PDPA DIBLOCK for Two Diblock Janus Micelles 

The reaction was carried out as in 2.2.3, with no POEGMA, 0.83 mL PDPA, 9.75 µL bis[2-(2′-

bromoisobutyryloxy)ethyl]disulphide and 1.231 g PMPC. Conversion was 100 % for the PDPA block 

and was calculated from the final NMR for the PMPC block due to overlap in the crude NMR. 

Molar ratios: [I]:[PDPA]:[PMPC]:[CuBr]:[BiPy] = 1:55:70:1.9:4.1 

2.2.12 Self-assembly 

2.2.12.1 Direct dissolution 

The polymer was dissolved in water by direct addition of water to solid polymer at 1 mg mL-1 in a 

glass vial and left to stir for three days before DLS analysis.  

2.2.12.2 Dialysis (Solvent Switch) 

The polymer was dissolved in methanol at 1 mg mL-1 then transferred to a dialysis tube, where it 

was dialysed against DI water for 3 days with two changes of solution. 

2.2.12.3 Addition in Minimal MeOH 

The polymer was dissolved in a minimal amount of MeOH then added to rapidly stirring PBS buffer 

(pH 7.2) solution so the polymer concentration equalled 1 mg mL-1. The solution was heated to 40 °C 

for 2 hours to evaporate residual MeOH and left stirring overnight. 

2.2.12.4 pH Switch 

The polymer was dissolved in buffer at pH 2 so that all three blocks would be fully soluble. The 

solution was then heated to 40 °C and 0.5 M NaOH was added to the solution at a rate of 30 µL min-

1 using a syringe pump until pH 7.2 was reached.1 

Polymer solutions were prepared at 1 mg mL-1 unless indicated otherwise. 
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2.2.13 Cell Viability Studies of Patchy Micelles 

MC3T3-E1 Subclone 4 (ATCC® CRL-2593TM) and NIH/3T3 (ATCC® CRL-1658TM) were cultivated 

based on ATCC protocols. Cells in culture flasks were seeded onto 96-well microplates at a density 

of 10,000 cells per well. Micelles at various concentrations were prepared in PBS. 100µl of micelles 

in PBS were then added to 100 µl of cell media containing cells. The positive control was PBS without 

micelle. Sodium dodecyl sulfate was added as a negative control. After 24 hrs, cell viability was 

assessed using resazurin assays (CellTiter-Blue® Promega). 

2.2.14 Drug encapsulation and release 

Polymers were dissolved in PBS pH 3 at a concentration of 4 mg mL-1 and DOX was dissolved 

separately in PBS pH 3 at a concentration of 2 mg mL-1. Equal amounts (by volume) of the two 

solutions were mixed. The pH of the solutions was slowly increased to 7.2 using NaOH and left 

overnight. Solutions were put in dialysis against PBS pH 7 to remove excess DOX. The dialysis 

solution was changed until no more DOX could be seen to come out using UV-Vis. Drug release (3 

repeats) was performed in 5 mL float-a-lyzer with 16 mL surrounding PBS solution. Release was 

triggered by decreasing pH to 3 using HCl. Drug release was monitored using UV-Vis to measure the 

absorbance at 485 nm and compared to a calibration curve to measure the amount of DOX 

released. 

2.2.15 Dye-conjugation 

The disulphide initiator present on triblock 5 was reacted with Cy3-malemeid dye. 100 mg of 

polymer was dissolved in 2 mL degassed EtOH together with 0.39 mg PPh3 then a spatula tip 

(minimal quantity possible) of Cy3-malemide was added. The reaction was stirred for 48 hours at 

room temperature then dialysed against EtOH x 2 and DI H2O x 2. The resulting polymer was bright 

pink in colour. TEM confirmed the polymer could still form micelles when mixed with 5% dye 

containing polymer. 

2.2.16 Gold nanoparticle conjugation 

5 nm gold nanoparticles were prepared by dissolving 1 mM citrate and 25 mM HAuCl4 in 40 mL MQ 

H2O. 1 mL of 0.1 M NaBH4 in 50:50 H2O/EtOH was quickly added under vigorous stirring. The mixture 

was left to age for 24 hours.  
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5 nm gold nanoparticles were mixed with a 1 mg mL -1 micelle solution prepared from thiolated 

polymer at  a 1:1 ratio.  

2.2.17 TEM 

TEM samples in Chapter 3 were prepared by spotting 5 µL of the samples onto glow discharged 

hydrophilic grids, leaving the drop for 60 seconds then blotting with filter paper. The grid was then 

dipped into a 20 µL drop of PTA stain solution, held there for 2 seconds, blotted with filter paper 

and dried. PTA solution (0.75 % w/v) was prepared by dissolving 37.5 mg of PTA in 5mL DI H2O at 

90 °C. The solution was then adjusted to pH 7 using NaOH and passed through a 200 nm filter.  

2.2.18 Chapter 4 

2.2.18.1 ATRP 

TB5 was used, Synthesis described in section 2.2.7.  

2.2.18.2 Gold nanoparticle (Au NP) synthesis  

Gold nanoparticles were prepared following literature procedure.2 Briefly 150 mL sodium citrate 

solution (2.2 mM) was heated under reflux to 100 °C. HAuCl4 solution (1 mL, 25 mM) was injected 

and the solution rapidly changed from yellow to purple then to red. After 30 mins, sodium citrate 

(1 mL, 60 mM) and HAuCl4 (1 mL, 25 mM) were sequentially injected. This was repeated after a 

further 30 mins. Nanoparticles were characterised by DLS and TEM. Dh = 24.7 nm; size TEM = 15.5 

± 2.5 nm; concentration of Au NPs = ~2.62 x 1012 NPs mL-1. 

2.2.18.3 Polymer coating of gold nanoparticles 

 Polymer solution (3 mL, 1 mg mL-1 ) was prepared in DI H2O at pH 2. 3 mL of Au NP solution was 

added gradually over 15 minutes. After 30 minutes stirring, 1.5 mL of 3M NaCl was added. After 

stirring overnight, the solution was centrifuged (10 krpm, 30 min) and redispersed in dilute HCl (10 

mM, pH 2). 

2.2.18.4 Colloidal stability of polymer-coated Au NPs in PBS and FBS 

 Polymer-coated nanoparticles and citrate-coated nanoparticles were redispersed in DI H2O. DLS 

and UV-vis measurements were then taken at pH 2 and pH 7. Samples at pH 7 were added to PBS 

and FBS (1:1 by volume), then DLS and UV-vis were measured at time intervals. 
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2.2.18.5 Preparation and characterisation of DOX-loaded nanoparticles  

To encapsulate the drug within the hydrophobic PDPA block of the polymer coating, 25 wt % 

DOX•HCl with respect to the amount of polymer was incorporated into the initial pH 2.3 aqueous 

solution of the polymer before addition of any nanoparticles. Once the polymer coating was 

complete, the pH of the solution was increased to pH 7.2 to trap the DOX within the hydrophobic 

part of the polymer. Excess DOX and polymer were then removed by a centrifugation-redispersion 

cycle. The amount of DOX encapsulated was calculated by measuring the remaining DOX in the 

supernatant of the encapsulation solution after removal of the DOX-loaded nanoparticles. Because 

of the high concentration of DOX in the supernatant, the solution had to be significantly diluted 

before fluorescence could be quantified. It is noted that this step could introduce uncertainty in 

fluorescence measurement and hence in the amount of encapsulated DOX. Fluorescence 

measurements show that the concentration of DOX in the supernatant after centrifugation 

decreased by 40.6 μg mL-1, implying that this amount has been encapsulated by the nanocarriers. 

The encapsulation efficiency (defined as ‘(amount of DOX encapsulated / amount of DOX added) x 

100 %’) was calculated as 0.0406 mg mL-1 / 0.11 mg mL-1 x 100 % = 37 %. 

2.2.18.6  Doxorubicin release studies 

 3 vials of 3 mL of DOX-loaded nanoparticles were prepared. DOX-loaded nanoparticles were 

incubated at 37 °C in the dark at pH 7.2. DOX release was monitored by collecting 300 μL of solution, 

centrifuging out the nanoparticles, measuring the fluorescence of the supernatant and quantifying 

the concentration by comparison with the calibration curves. After 24 hours, the pH of the 

nanoparticle solutions was decreased to ~4.0 by addition of dilute HCl to each solution. The 

solutions were monitored periodically for DOX concentration. DOX fluorescence at t = 0 was 

attributed to unencapsulated DOX and subtracted from the time points as background. In order to 

verify that DOX is stable to purification by centrifugation at pH 7, a blank has been performed. 

Briefly, a solution of DOX (40.6 µg mL-1 ) was prepared in buffer at pH 4.3, the pH was increased to 

7.2 and the concentration of DOX was determined by fluorescence spectroscopy before and after 

centrifuging (10,000 rpm, 20 min). It was found that the concentration of DOX decreased by 0.44 

µg mL-1 following centrifugation. This is an insignificant amount (within error bars) and would not 

have an effect on the data presented. 
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2.2.18.7  Cell studies  

2.2.18.7.1 Cell viability study Au-NP without DOX  

Cell viability assay was done using resazurin assay (CellTiter-Blue® Promega) to determine if the 

nanoparticle vehicle is cytotoxic. NIH/3T3 fibroblasts (ATCC® CRL-1658TM) were cultivated 

according to ATCC® protocols. Cells were seeded onto 96 well plates at 1 x 105 cells/ml (100 μL per 

well). 24 hours after seeding, we added 100 μL of nanoparticles (concentration = ~1.05 x 1012 NPs 

mL-1) to incubate for 24 h or 48 h. Fluorescence reading was taken using Tecan Infinite M200 plate 

reader. 

2.2.18.7.2 Cell viability after treatment with NP-DOX and DOX 

  MCF-7 (ATCC® HTB-22TM) breast adenocarcinoma cells were cultivated according to ATCC® 

protocols. Efficacy of NP-DOX and DOX was determined using resazurin assay as before. Cells in 

culture flasks were seeded onto 96-well microplates at densities of 1 × 104 cells per well. 24 hrs 

after cell seeding, media containing either NP-DOX (concentration = ~1.05 x 1012 NPs mL-1) or DOX 

(50 µg mL-1 which is equivalent to the estimation of the amount of encapsulated DOX for this 

experiment) was added to the respective wells. The control treatment is media without any 

additive. The experiments were undertaken in replicates of six and the incubation time was 24 hrs. 

Fluorescence was quantified using TECAN Infinite® M200 at excitation/emission wavelengths of 

560nm/590nm.  

2.2.18.7.3 Fluorescent microscopy for doxorubicin uptake 

 MCF-7 (ATCC® HTB-22TM) breast cancer cells were cultivated based on ATCC protocols. Cells in 

culture flasks were seeded onto 24-well microplates at a density of 50,000 cells per well. NP-DOX 

(concentration = ~1.05 x 1012 NPs mL-1) or DOX (61 µg mL-1 which is equivalent to the estimation 

of the amount of encapsulated DOX for this experiment) was added to the respective wells. After 

1- hour incubation, samples were fixed with 4% glutaraldehyde then washed with PBS. Cells were 

then permeabilised in 0.1% Triton X-100 before staining in DAPI solution. This was followed by 

mounting in ProLong Gold antifade reagent (Thermo Fisher Scientific) and visualization using a Leica 

DMi8 inverted microscope with DAPI and rhodamine fluorescent filters. 
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2.2.19 Chapter 5 

2.2.19.1 Nanotriangle preparation 

Nanotriangle synthesis was carried out following a literature procedure.3 In a 20 mL vial, 1.6 mL of 

0.1 M CTAC solution, 8 mL of DI water, 75 µL 0.01 M KI, 80 µL 25.4 mM HAuCl4 were added 

sequentially. 80 µL of 0.064 M ascorbic acid was then injected with moderate shaking. 10 µL of 0.1 

M NaOH was then added with 1-2 seconds of quick shaking. It is noted this synthesis produced 

variable results due to the subjective nature of the shaking. It was also found to be very important 

to ensure vials were completely free of dust.  

2.2.19.2 Nanotriangle coating 

Initially (Section 5.2.1) nanotriangles were coated by mixing 5 mL of as-prepared nanotriangle 

solution with 5 mL 1 mg mL-1 tb106 solution in citrate buffer pH 4. The samples were then 

centrifuged to remove excess polymer. This method caused degradation of nanotriangles.  

Next (Section 5.2.2), nanotriangles were coated by injecting 100 µL of 10 mg mL-1 polymer solution 

in either DI H2O pH 4 or citrate buffer pH 4.  into rapidly stirring as prepared nanotriangle solution. 

This was left to stir gently overnight. The samples were then dialyses against DI H2O pH 4 or citrate 

buffer pH 4 respectively using 300 kDa dialysis tubing.   

For the rest of the experiments (Sections 5.2.3, 5.2.4, 5.2.5), nanotriangles were coated by injecting 

20 µL of 10 mg mL-1 polymer solution (in DI H2O pH 4)  into rapidly stirring as prepared 2 mL of 

nanotriangle solution and leaving to gently stir overnight. The samples were then dialysed against 

DI H2O pH 4 in 300 kDa dialysis bags for 48 hours with at least three water changes.  

2.2.19.3 pH response tests 

As prepared polymer coated nanotriangle samples were placed in cuvettes and DLS and UV-Vis 

measured at different pH. pH was altered using minimum amount of HCl and NaOH.  

2.2.19.4 Nanohelices 

Gold and silver nanohelices were prepared by Dr Hyeon-Ho Jeong using a Nano GLAD shadow 

growth deposition system at the Max Plank Institute for Intelligent Systems in Stuttgart, Germany.4, 

5 Polymer coating was carried out in citrate buffer at pH 4 using POEGMA-PDPA-PMPC block 

copolymer (triblock 106) at a concentration of 1 mg mL-1.  
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2.2.19.5 ATRP TB106 

Triblock 106 was prepared as in section 2.2.7 with all quantities halved( 4.16 µL bis[2-(2′-

bromoisobutyryloxy)ethyl]disulphide, 0.69 mL OEGMA, 0.48 mL DPA, 0.483 mg MPC, 7.5 mg CuBr, 

17 mg BiPy). All blocks were left to react overnight. Conversion was 100 % for the POEGMA block 

and was calculated from the final NMR for the PDPA and PMPC blocks due to overlap in the crude 

NMR. 

2.2.20 Chapter 6 

2.2.20.1 Nanoparticle preparation 

Gold nanoparticles were prepared following a literature procedure.2 150 mL of 2.2 mM sodium 

citrate solution was boiled in a 250 ml 3 neck RBF. 1 mL of HAuCl4 (25 mM) was added. The reaction 

was then cooled to 90 °C and 1 mL of sodium citrate (60 mM) and 1 mL of HAuCl4 was injected. This 

was repeated twice for 20 nm nanoparticles and five times for 35 nm nanoparticles then solution 

was left to cool. 

2.2.20.2 Polymer preparation 

2.2.20.2.1 PtBMA 

PtBMA was synthesised following a literature procedure.6, 7 tBMA was purified by passing through 

alumina. 2 mL tBMA (12.3 mmol) and 0.044 µL (0.293 mmol) of Bis[2-(2′-

bromoisobutyryloxy)ethyl]disulphide were added to a 5 mL RBF and degassed with argon for ~1 

hour. CuBr (17.65 mg) and PMDETA (25.68 µL) were then added. The reaction was stopped by 

dilution in THF and then passed through a silica column, THF was partially evaporated, then 

precipitated in MeOH/H2O 70:30 and dried in a vacuum oven. 

Molar ratio  [I]:[tBMA]:[CuBr]:[PMDETA] = 1:42:2.38:2.38 

1H NMR CDCl3:  CH3 (3) 1.398, CH3 (1, backbone) 1.826, CH2 (1, backbone) 2.04.  

Nanoparticles were initially coated by dissolving 1 mg PtBMA and 2 mg PEG-SH in THF and adding 

2 mL of as prepared nanoparticle solution dropwise under rapid stirring. For the rest of the 

experiments, nanoparticles were coated by concentrating the gold nanoparticle solution 5-fold via 

centrifuge and injecting 100 µL of concentrated solution into 2 mL of rapidly stirring 2 mg mL-1 

polymer solution in THF. Polymer ratios were varied from 10 % PtBMA to 40 % PtBMA. Excess 
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polymer was removed by centrifuge and redisperse cycles and the nanoparticles redispersed in THF 

or water.   

TEM was carried out with no staining using untreated carbon coated copper grids. 5 µL of sample 

was spotted onto the grid, allowed to stand for 60 seconds and blotted with filter paper and allowed 

to dry.  

  

2.2.20.2.2 PDPA 

1 mL (4.22 mmol) DPA, 1 mL EtOH and 46 µL (0.151 mmol) Bis[2-(2′-

bromoisobutyryloxy)ethyl]disulphide were added to a 5 mL RBF and degassed for ~ 1 hour. Then 43 

mg CuBr and 47 mg BiPy were added. The reaction was stopped by dilution in THF and then passed 

through a silica column before being dialysed against water.  

1H NMR shifts CDCl3: CH3 (backbone) 0.956, CH2 (backbone) 1.851, CH3 (x3) 1.493, CH2 (N) 3.430, CH 

(N) 3.738, CH2 (O) 4.552, NH+ 11.001 

Molar ratio [I]:[DPA]:[CuBr]:[BiPy] = 1:14:1.98:1.98 Conversion > 98% from crude NMR 

For nanoparticle coating, 10 mg PDPA was dissolved in 10 mL THF and 0.5 mL of nanoparticles was 

added dropwise under rapid stirring. The sample was left to coat overnight then purified by 

centrifuging and redispersing in THF then citrate buffer at pH 4.  

For TEM, samples were prepared on untreated carbon coated copper grids. 5 µL of sample was 

spotted onto the grid, allowed to stand for 60 seconds and blotted with filter paper and allowed to 

dry. For iodine staining, grids were placed in a sealed vial with the base covered in solid I2 and left 

for 3 hours.  

 

2.2.20.2.3 PNIPAM 

PNIPAM was prepared following a literature procedure.8 NIPAM was recrystallised from hexane. A 

stock solution of 47.6 mg CuCl, 132 µL Me6TREN in 2 mL degassed H20, was prepared and degassed. 

1 mL H2O, 1.5 mL DMF, 18.4 µL (0.06 mmol) Bis[2-(2′-bromoisobutyryloxy)ethyl]disulphide and 0.68 

g (6 mmol) NIPAM were degassed in another flask. 0.5 mL of stock solution was added. Following 

completion purification was carried out by passing through alumina and dialysis against water.  
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Molar ratio [I]:[PNIPAM]:[CuCl]:[Me6TREN] 1:100:2:2 Conversion > 98% from crude NMR 

1H NMR shifts DMSO: NH 7.194, CH 3.8, CH2 (backbone) 1.9, CH3 (backbone) 1.404, CH3 (2) 0.996  

For nanoparticle coating, unless stated otherwise, 10 mg PNIPAM was dissolved in 10 mL THF and 

0.5 mL of nanoparticles was added dropwise under rapid stirring. The sample was left to coat 

overnight then purified by centrifuging and redispersing in THF then in DI water.  

2.2.20.2.4 PPFPMA 

Monomer Synthesis was carried out following a literature procedure.9 

Pentafluorophenol (5.4 g) and 3.5 mL 2,6-lutidine were dissolved in DCM (50 mL) and cooled in an 

ice bath.  3 mL of methacryloyl chloride was added and the reaction was stirred for 3 hours at 0°C. 

The ice bath was removed and the reaction was left at room temperature overnight. The reaction 

mixture was filtered to remove 2,6-lutidine·HCl then washed twice with 30 mL H2O, and dried over 

MgSO4. The DCM was then removed via rotary evaporator. The product was purified via vacuum 

distillation then via silica column (hexane/ethyl acetate 4:1 then hexane/toluene 9:1). 

19F NMR CDCl3: -152.66 ppm, -153.03 ppm (2F); -157.17 ppm, -158.14 ppm (1F); -161.81 ppm, -

162.41 ppm (2F) 

1H NMR CDCl3: 7.2 ppm (solvent), 6.44 ppm (1H s), 5.897 ppm (1H s), 2.45 ppm, 2.19 ppm, 2.07 

ppm, 1.93 ppm, 1.727 ppm, 1.55 ppm 

Polymerisation was carried out following a literature procedure.10  

PFPMA 0.5 g (1.98 mmol), ethyl bromoisobutyrate  25.65 µL(0.05 mmol) PMDETA 12.8 mg (0.0743 

mmol) were degassed then CuBr 7.11 mg (0.05 mmol) was added. The reaction was carried out at 

70 °C for 45 minutes. Following completion the mixture was passed through an alumina column.   

Molar ratios [PFPMA][I][CuBr][PMDETA] = 24:1:0.6:0.6 
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2.2.20.2.5 PS  

Styrene was passed through alumina to remove inhibitors. 8.62 g (81.94 mmol) styrene, 149.5 mg 

(0.41 mmol) of CTA (2-Methyl-2-[(dodecylsulfanylthiocarbonyl)sulfanyl]propanoic acid )and 0.0448 

g (0.16mmol) of initiator(4,4-azo bis(4 cyanovaleric acid)) were dissolved in 8.5 mL of dry DMF. The 

solution was degassed via freeze pump thaw. The reaction was heated to 80 °C for 5 hours then 

placed in ice water and precipitated twice into MeOH. (Conversion not measured as reaction rapidly 

solidified). 

Molar ratio [styrene][CTA][I] = 512:2.56:1  

1H NMR shifts CDCl3: Backbone CH2, CH  1-2 ppm, benzyl ring CH 6-7.2 ppm, THF 1.83, 3,71 ppm, 

MeOH 3.47 ppm. 

2.2.20.2.6 Aminolysis 

Aminolysis was carried out following a literature procedure.11 A 20 fold molar excess of N-

butylamine (79 µL, 0.8 mmol) was added to PS polymer (200 mg, ~0.04 mmol) dissolved in DMF 

(20mL). The reaction was monitored via UV-Vis (~80 min) then precipitated into 1.2 M HCl and 

filtered, then dissolved in THF with a small amount of acetic acid and precipitated twice into MeOH 

with a small amount of acetic acid.  

Nanoparticles were coated by preparing 10 mL solutions of varying PS:PEG ratios in THF. 500 µL of 

5 x concentrated gold nanoparticles were then added dropwise to the rapidly stirring polymer 

solution. This was stirred for 15 minutes then allowed to coat overnight. Purification was carried by 

centrifugation and redispersal in THF then DI H2O x 2. 

TEM samples were prepared by spotting 5 µL of each sample onto a glow-discharged carbon coated 

copper grid. Once dry, the samples were placed in a sealed vial or small petridish with a few drops 

of OsO4  solution (4 wt % in H2O) and left to stain for 3 hours.  

2.2.20.2.7 Nanoparticle coating (General procedure for systems including hydrophobic 

polymers) 

Polymers were dissolved in THF at 1 mg/mL then 5% vol of the amount of polymer solution of 5 x 

concentrated nanoparticles in water were added dropwise, stirred for 15 minutes, then left 

overnight. The nanoparticles were then centrifuged out and redispersed in THF, then centrifuged 

again and redispersed in DI water, this was repeated three times for each solvent.   
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2.2.20.2.8 Enzyme conjugation 

Polymer coated gold nanoparticles were redispersed in 0.5 mL of PBS pH 6. 100 µL of a 200 mM 

solutions of EDC and NHS were added and left to react for 30 mins. This was washed twice by 

centrifuging and redispersed in PBS pH 7.2 and bubbled with nitrogen. A spatula tip (minimal 

amount) of enzyme was added and left to react overnight. This was then washed twice in PBS pH 

7.2 and stored at 4 °C.  

TEM samples were prepared by spotting 5 µL of each sample onto a glow-discharged carbon coated 

copper grid. The samples were then dipped in a 20 µL drop of PTA stain solution, held for 2 seconds, 

blotted and dried.  

2.2.20.2.9 Enzyme activity 

200 mM H2O2 solution was freshly prepared and 50 µL was added to each 1 mL sample of 

nanoparticles. The UV-Vis spectra were monitored at 240 nm using quartz cuvettes. The amount of 

H2O2 used was reduced to 10 µL to prolong the decomposition and the experiment was repeated.  

2.2.20.2.10 Self-diffusiophoresis 

10 µL of H2O2 was added to each as prepared 1 mL nanoparticle sample of PEG, PEG/PEG-COOH, 

PEG/PS-COOH in a cuvette and DLS was monitored for 10 measurements.  
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2.3 Methods 

2.3.1 Gel Permeation Chromatography (GPC)  

GPC is commonly used to characterise polymers.12 It functions in a similar manner to other types of 

liquid chromatography, in that materials are separated depending on how quickly they pass through 

a column. In contrast to other types of liquid chromatography, GPC separates samples depending 

on their size, rather than their chemical affinity for the column or solvent. A GPC column has a 

stationary phase made from a material chosen not to interact chemically with the sample being 

analysed and contains many porous beads. The smaller the analyte, the more likely it will get 

trapped in a pore, so the more slowly it will travel through the column. Therefore in GPC, the largest 

samples are eluted first, or at lower elution volume.  

If properly calibrated against a set of suitable standards of know molecular weights, GPC can be 

used to determine the molecular weight of the polymers being analysed. The weight average 

molecular weight (Mw) is calculated using the following equation: 

𝑀𝑤 =
∑ 𝑁𝑖𝑀𝑖

2

∑ 𝑁𝑖𝑀𝑖
 

Where Mi is the weight of the chain and Ni is the number of chains of that weight. This means that 

heavier chains contribute more towards the average. There will be an equal weight of molecules 

either side of Mw. 

To detector 

Sample injection 
Solvent flow 

Figure 2:1. GPC column. 
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 The number average molecular weight (Mn) is calculated as follows: 

𝑀𝑛 =
∑ 𝑁𝑖𝑀𝑖

∑ 𝑁𝑖
 

 

Mn is similar too the mean average. There will be an equal number of chains on either side of the 

Mn. Mn is usually smaller than Mw.  

Mw can be divided by Mn to give the dispersity index (Ð). This gives an indication of the molecular 

mass distribution of the polymer. If this number is high, then there are many different chain lengths 

in the sample. If Ð is close to 1, then the sample has a very uniform distribution of chain lengths. A 

polymerisation is generally considered well  controlled if the Ð < 1.2.  

The shape of the peak in the GPC trace can also provide important information. For example, 

bimodal peaks, or peaks with shoulders or tailing can be indicative of various problems in synthesis 

such as unwanted termination or slow initiation.  

GPC measurements usually incur an error of 5-10 %, values for Mn and Mw are reported to an 

appropriate number of significant figures. 13 

2.3.2 Dynamic Light Scattering (DLS)  

DLS uses the Brownian motion of nanoparticles to measure their size.14 Brownian motion is the 

random movement of particles in a liquid due to collision with solvent molecules and is faster for 

smaller particles. The velocity of particles is given by the translation diffusion coefficient, D. This is 

related to the size of the nanoparticles indicated by the hydrodynamic diameter, d(H), via the 

Stokes-Einstein equation: 

𝑑(𝐻) =
𝑘𝑇

3𝜋𝜂𝐷
 

Where k is the Boltzmann constant, T is temperature and η is viscosity. 

Therefore nanoparticle size can be calculated if speed of diffusion (and other variables) are known. 

DLS measures the speed of diffusion of the particles by shining a laser through the sample and 

detecting scattered light at 173 degrees. The intensity of scattered light fluctuates due to 

movement of the particles and will fluctuate more rapidly for smaller particles. 
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The speed of the fluctuation can be measured using a correlator, which compares the similarity of 

a signal with the signal a very short time afterwards. If the fluctuations are more rapid, the signal 

will not be as similar as if the fluctuations were slower. This produces a correlation function, which 

decays more rapidly for smaller particles. The amount of time before the function starts to decay 

indicates the size of the particles and a steeper curve indicates a more monodisperse sample. This 

information can be converted to particle size. 

Particle size can be reported as  the Z-average diameter, obtained by fitting a single exponential to 

the correlation function, or a distribution by intensity, volume or number obtained by fitting 

multiple exponentials. The amount of light scattered by a particle varies by 106 times the size of the 

particle, (Rayleigh’s approximation) so the intensity distribution selectively shows larger particles. 

2.3.3 Ultraviolet-Visible (UV-Vis) Spectroscopy 

UV-Vis measures the amount of UV and visible light a sample absorbs at certain wavelengths.15 This 

can be used to determine the concentration of a sample by comparison with a calibration curve or 

to detect LSPR absorbance of gold nanoparticles. Other uses include determination of the CMC of 

micelle solutions and monitoring of reactions. 

Light is shone through a sample at specified wavelengths and the amount of light that comes out 

of the other side is detected. The Beer Lambert law states that absorbance, A, is directly 

proportional to concentration, c,  of a sample. 

𝐴 = 𝜀𝑙𝑐 

Where ε is the molar absorption coefficient and l is the path length.  

2.3.4 Fluorescence Spectroscopy 

This works in a similar manner to UV-Vis, except the amount of light a sample emits is measured, 

instead of the amount it absorbs. This is usually at a longer wavelength than the absorbed light. It 

is usually used to detect concentration of fluorescent dyes, however can be used for other 

fluorescent materials, such as gold nanoparticle clusters. The detector is placed at 90 degrees 

instead of 180 degrees to detect emitted light. The concentration of the fluorophore is usually 

proportional to fluorescence, however at high concentrations quenching can reduce the 

fluorescence, so this must be taken into account and only the linear part of the calibration curve 

can be used.   
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2.3.5 Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR is a method for collecting an infrared absorption spectra that uses a Fourier transform method 

to process the data from the detector. This allows data to be collected over multiple wavelengths 

at once. FTIR is usually used to investigate powders, but analysis of liquids can also be possible using 

a liquid cell. Unlike UV-Vis spectroscopy, which usually detects photon transitions, IR detects 

bending and stretching modes of bonds. 

2.3.6 Transmission Electron Microscopy (TEM)16-18 

TEM is an essential technique for imaging nanoparticles, often the only way to directly see what 

has been made. It works like normal microscopy except it uses a beam of electrons instead of a 

beam of visible light. Because the wavelength of electrons (3.7 pm at 100 keV) is much smaller than 

that of visible light (400-700 nm), TEM can be used to image much smaller structures. The beam of 

electrons is generated by a filament heated by a high voltage electrical current, it is then 

concentrated and focused by a series of electromagnetic coils which act like lenses in a traditional 

microscope. The beam then passes through the sample and is focussed again to produce an image 

of the sample. The image depends on the electron transparency of the sample. Heavier elements 

will deflect the electrons more than lighter ones.  

Samples are prepared on thin carbon coated copper grids that allow electrons to pass through the 

thin carbon layer. Samples are usually prepared in solution and spotted and dried on the grid, 

meaning the sample image is a dried version of the solution sample and not necessarily indicative 

of the structure that would be seen in solution. Cryo-TEM and liquid-cell TEM allow imaging of 

frozen and solution samples respectively and can give a better idea of the solution structures of 

samples. For organic samples it is often necessary to stain the grid in order to get good contrast, as 

elements such as carbon nitrogen and oxygen do not sufficiently deflect the electron beam. 
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Chapter 3 Phase Separated Anisotropic Micelles from 

Biocompatible Triblock Copolymers3 

This chapter describes the preparation and self-assembly of triblock copolymers to make 

anisotropic micelles. Initially Janus micelles were targeted, with the intent of using them for active 

drug delivery via a self-diffusiophoresis mechanism (Section 1.5.3). Self-diffusiopheresis using self-

assembled polymeric structures has been described in the literature for vesicles, but has not been 

reported for small micelles.1, 2 It was discovered another type of anisotropic structure, patchy 

micelles, was formed. These micelles were of interest in their own right, due to potential for 

enhanced interaction with cells and use in hierarchical assembly3, so their properties were 

accordingly investigated. Preparation of Janus-type structures was attempted again with a mixture 

of two diblocks at the end of this chapter and is also returned to in chapter Chapter 6.  

3.1 Polymer Design 

The structure of the triblock copolymers was designed based on block lengths from a system 

described by Mueller et al, where triblock copolymers are used to form Janus micelles via a multi-

step method (Section 1.2.1.3).4 The triblocks were of ABC type, where blocks A and C are hydrophilic 

and block B’s hydrophilicity is pH dependant. Polymers were carefully selected based on their 

biocompatibility, to make them appropriate for active drug delivery applications. Their solubilities 

and phase separation behaviour were also taken into account, as it would be necessary for both 

the corona forming blocks to be hydrophilic, yet incompatible enough to fully phase separate.  

The first polymer chosen was POEGMA, comprising a poly methacrylate backbone with an 

oligomeric PEG side chain with an average length of 9.4 repeating units. PEG has been intensively 

studied for biomedical applications and is considered highly biocompatible due to its non-toxic, 

 

3 Some parts of this section were adapted from MPhil Transfer report, Elizabeth Ellis, 2016, UCL.   
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non-fouling properties.5 POEGMA retains many of the biocompatible properties of PEG, but also 

has the versatility of methacrylates for block copolymer synthesis. Methacrylates can be 

polymerised by various controlled polymerisation methods, such as RAFT and ATRP.6, 7  POEGMA 

has been used for various biomedical applications and has been shown to be biocompatible.8, 9 10  

PDPA was selected as the central block, it has a methacrylate backbone and contains a sterically 

hindered tertiary amine as a side group. This is protonated just below physiological pH, causing the 

polymer to become hydrophilic, making it an interesting candidate for drug encapsulation and 

release, in particular for cancer therapy, due to the reduced pH in some tumour environments.11 

When hydrophobic, the polymer is stable enough to encapsulate drugs and has been used for 

various pH responsive nanoparticles.  12-15 

PMPC was chosen as the second hydrophilic block, it also has a methacrylate backbone, however 

the side group is a phosphorylcholine, similar to those found in phospholipids present in the human 

body. PMPC polymers are highly biocompatible and have been used in numerous biomedical 

applications.16 The positively charged quaternary amine and the negatively charged phosphate 

groups make the polymer zwitterionic, and therefore highly hydrophilic, and exceptionally good at 

preventing protein fouling.17 The polymer chains have been shown to adopt an extended rod-like 

morphology in water due to the high volume of the highly solvated ionic side groups, which 

surround the hydrophobic backbone.18 The zwitterionic block has also been described as forming 

an inner salt where the cation and anion stabilise each other, leading to specific bulk-like 

arrangements of water molecules around the polymer chains, thought to prevent non-specific 

protein adsorption.19 These properties could lead to interesting self-assembly. 

The ABC triblock polymers would be expected to form micelles in aqueous solution at pH 7 and 

above, with a hydrophobic PDPA core and a phase separated PEG/PMPC hydrophilic corona. The 

predication for phase separation of PMPC and POEGMA was based on previous reports of phase 

separation of similar miktoarm star polymers in the membranes of vesicles.20  
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Figure 3:1. POEGMA-PDPA-PMPC. 

  

3.2 Polymer Synthesis 

The polymerisation method chosen was ATRP using sequential monomer addition, using a similar 

method to previously reported syntheses by Battaglia and coworkers.21 It was important to use a 

controlled polymerisation method to ensure homogenous chain length, so that self-assembly would 

be uniform.22 Sequential addition, as opposed to use of the homopolymer and diblock as macro 

initiators, eliminates the need for extensive work up and purification of each block before addition 

of the next block. This results in reduced failed initiation from dead chains. A disadvantage of this 

method can be a gradient of monomers if the next monomer is added before 100 % conversion of 

the preceding monomer is reached, therefore it is necessary to find a compromise between full 

Figure 3:2. Scheme showing micelle formation from POEGMA (pink) -PDPA (green) -

PMPC (blue) triblock copolymers.  
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conversion , which can mean more chain death, and adding the second monomer too early, which 

can result in an extended area of polymer gradient, which can affect the self-assembly.23  

The triblock copolymer was designed to be an ABC type copolymer, where B is the 

hydrophobic/hydrophilic pH switchable block and A and C are the two permanently hydrophilic 

blocks. This design should allow the B block to form the hydrophobic core of the micelles and the 

two hydrophilic blocks to fan out in the corona of the micelles and phase separate to form a Janus 

structure. For the polymer synthesis, this means that the PDPA will have to be polymerised second 

and the POEGMA and PMPC can be polymerised first or last. Normal practice for ATRP 

polymerisations dictates that the monomer with the highest apparent rate constant (KATRP Kp) 

should be polymerised first, and the one with the slowest polymerised last. This is to ensure that 

the macroinitiator chain ends initiate the reaction with the next monomer more rapidly than the 

new monomer grows onto the chain.24 This ensures more of the macroinitiator chain ends react, 

and keeps the PDI low. In general, methacrylates have more reactive dormant species than 

acrylates, which have more reactive dormant species than styrenes, due to the stabilisation of the 

radicals formed when the carbon-bromine bonds dissociate in methacrylates. The monomers used 

in this example are all methacrylates and the exact reactivities were not known, so the order of the 

polymerisation was determined by other factors as follows. 

The solvents commonly used for the polymerisation of diblocks of POEGMA-PDPA and PMPC-PDPA 

are methanol and ethanol. The POEGMA or PMPC is polymerised first followed by the PDPA, as 

alcohols are good solvents for the DPA monomer but not the PDPA polymer. Therefore, if the PDPA 

is polymerised first, it is a poor macroinitiator for the next block as the chains are not fully soluble. 

However if DPA is polymerised second, the chains remain in solution as they are solubilised by the 

first block. For the triblock synthesis it would therefore be important to maintain solubility of the 

diblock in order to get good initiation of the third block. It was decided to use POEGMA as the first 

block as it is a brush polymer with multiple PEG chains to maximise solubility. The POEGMA 
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polymerisation is also more easily controlled and goes to higher conversion than the PMPC 

polymerisation, so there would be less residual monomer in solution.  

Five triblock copolymers were successfully synthesised and characterised via 1H NMR and 

GPC(Figure 3:4, Figure 3:3). 1H NMR showed that any residual monomer or other impurities were 

successfully removed. Block lengths were calculated via integration of NMR peaks. In each case, the 

first block of the polymers (POEGMA) reached 100% conversion, indicated by complete 

disappearance of peaks between 5.5 and 6.5 ppm in 1H NMR. The DPn for the second and third 

blocks could be calculated from comparison of peak integrals in the final 1H NMR. This was used 

instead of conversion, due to peak overlap in the crude NMR. Appendix section 8.1.1 shows in detail 

how this is done, with crude NMR spectra throughout the synthesis and final purified NMR shown.  

GPC was used to indicate whether the polymerisation was well controlled and whether there was 

any residual diblock or homopolymer present. GPC does not give a good measure of Mw for 

polymers which differ significantly from the standards used (PEG in this case), particularly if the 

polymers are branched, therefore Mw is more useful to compare size of polymers rather than to 

give an accurate measure of Mw. 
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Figure 3:3.a) 1H NMR spectra of TB1 (blue), TB2 (green), TB3 (lilac), TB4 (pink), TB5 (red) in MeOD.  

b) 1H NMR in MeOD of TB5 only, with shift assignment indicated.  

GPC results indicated an acceptable PDI was reached following optimisation of the synthesis. Mw 

increase was not linear in relation to targeted Mw, however this is expected due to large structural 

differences to the standards used.  
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Figure 3:4. a,b) GPC traces of the 5 synthesised triblock copolymers (GPC performed on Malvern 

GPC in 0.25 % TFA solution in water against PEG standards). 

Table 3:1. Details of triblock copolymers. 

Polymer Initiator* Target Block 

Lengths** 

Actual Block 

Lengths*** 

Mn / g 

mol-1 

Mw g mol-1 Mw/Mn 

Tb1 c 55-74-60 55-29-14 83100 126000 1.51 

Tb2 c 55-37-60 55-16-5 88800 125500 1.41 

Tb3 c 111-75-107 11-25-28 107600 188500 1.75 

Tb4 b 55-74-60 55-31-26 96800 179000 1.85 

Tb5 a 55-74-60 55-41-15 118100 186400 1.58 

Tb5-R a 55-74-60 55-41-15 103400 

 

130300 

 

1.26 

 

*Initiator structures in Figure 3:5 
**Order: POEGMA-PDPA-PMPC 
***Calculated from 1H NMR conversion of POEGMA and final 1H NMR integrals of PDPA and PMPC 
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Figure 3:5. Initiator Structures.   

 

 

3.3 Polymer Self-Assembly 

Self-assembly was attempted with all different polymers starting with the first polymer synthesised. 

Four different methods of self-assembly were investigated to see which gave the best micelles. 

These methods were: direct dissolution, dialysis, addition in methanol and pH switch.  

The direct dissolution method was to dissolve the polymer at pH 7 and leave to stir. The dialysis 

method (or solvent switch) involved dissolving the polymer in methanol and dialysing this against 

water until the methanol is replaced. Addition in methanol meant dissolving the polymer in a 

minimum amount of methanol then injecting it into rapidly stirring buffer at pH 7 and leaving it to 

self-assemble. Finally the pH switch method involved dissolving the polymer in buffer at pH 4 and 

slowly increasing the pH of the buffer to pH 7 using a syringe pump.  

The most uniform micelles were produced by the addition in methanol and pH switch methods 

(Figure 3:6 e,f,g,h). The direct dissolution and dialysis methods produced solutions with a mixture 

of structure sizes (Figure 3:6 a,b,c,d). It is unlikely the direct dissolution method would fully 

solubilise all of the hydrophobic sections of the polymer chains, leaving insoluble clumps of 

polymer. The DLS from the dialyisis method shows that the sample is changing as the 

measurements are taken (decreasing correlation function Figure 3:6c), most likely from the sample 
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crashing out of solution. This could mean there are very large insoluble clumps of polymer or that 

the solution has become too dilute to be measured accurately. The final two methods were more 

effective in producing uniform micelles probably due to the polymer being fully solubilised before 

the PDPA block becomes hydrophobic. These methods also both involved rapid stirring when the 

change to a bad solvent for PDPA is made. TEM investigations into the structures produced by these 

methods were carried out. TEM investigations into the micelles produced by direct dissolution and 

dialysis were not carried out, as DLS indicated these methods did not produce well-defined micelles.  
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Figure 3:6. DLS of micelles formed from TB1 by a,b) direct dissolution, c,d) dialysis, e,f) initial 

dissolution in MeOH, g,h) pH switch.  

The polymer micelles do not provide sufficient contrast to be observed directly via TEM as they are 

made up only of lighter elements such as carbon and nitrogen and therefore do not deflect enough 

electrons, so samples were prepared using staining with PTA. The tungsten is a heavy enough 
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element to provide contrast. This is usually used as a negative stain, accumulating around the edge 

of structures providing a dark outline, leaving the structures looking bright.25 However, in some 

instances, PTA is thought to interact with PMPC as a positive stain due to the interaction of the 

negatively charged phosphate groups with the positively charged tungsten ions.26 

TEM images of the self-assembled structures by addition in methanol showed micelles of around 

50 nm diameter with a bright white centre and a darker grey halo (Figure 3:7). This was slightly 

larger than the expected size of the micelles based on calculations of maximum extended chain 

length of the polymers. Maximum chain length of the polymers was calculated assuming the length 

of an sp3 hybridised carbon-carbon bond in the backbone is 0.154 nm and at an angle of 109° to the 

adjacent carbon-carbon bond. This gives the length of two bonds which would make up one 

monomer backbone unit as 0.254 nm. So for a polymer of total backbone length of 98 monomer 

units, the maximum chain length would be approximately 25 nm in a fully chain extended 

conformation. You would expect chain folding/coiling, especially in the hydrophobic core of the 

micelles, so the actual length would likely be shorter. In the micelles you would expect the chains 

to fold to allow the two hydrophilic chain ends to be present in the corona, this would halve the 

chain length. So assuming the micelle width is roughly equal to two folded chains opposite each 

other, with not all chains in a fully extended conformation, the micelles should be > 25 nm for TB1.  
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Figure 3:7. PTA stained TEM images of micelles formed from TB1 via self-assembly via injection in 

MeOH. a), b) day one, d), e) aged one week. Scale bar a = 200 nm. c) zoomed in version 

of b, with colour mapping cross section measurement.  

TEM images of the micelles prepared via pH switch (Figure 3:8) showed slightly smaller structures 

with some asymmetric dark patches around their outer edge. It was hypothesised that these dark 

patches could be areas of PMPC where the stain was accumulating selectively. Most of the micelles 

had two to three of these patches present. 

The difference between the structures seen with MeOH assembly and pH switch assembly was 

attributed to the residual MeOH being encapsulated inside the self-assembled structures. POEGMA 

is highly soluble in MeOH, so it is likely that nanovesicles could be forming with only PMPC in the 

corona, instead of a mixed PMPC/POEGMA corona. To eliminate this possibility all further self-

assembly was carried out using the pH switch method. 
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Figure 3:8. TEM images of micelles prepared from TB1 via pH switch. a, b) directly after assembly, 

c,d,e) aged one week, d) band pass filter to eliminate grain, e) colour mapped, f, g) 

heated 50 °C overnight. 

To investigate the ‘patchiness’ of the micelles produced via pH switch, the micelle size, number of 

patches and patch size were measured for 157 micelles. It was found that the mean micelle size 

was 24.8 nm (standard deviation = 5.7 nm) and the average patch size was 13.3 nm (standard 

deviation = 3.5 nm). The patch size remained relatively constant as the micelles changed in size 

(Figure 3:10b). The larger micelles generally had more patches instead of larger patches (Figure 

3:10a). This implies there was an optimum patch size, perhaps an optimum number of PMPC chains 

which form a patch. Janus micelles were more likely to be found in smaller micelles. A previous 

report of PEO-PDPA/PMPC-PDPA polymersomes labelled with heavy metals found that most PMPC 

domains were composed of only one chain.27 They found that for PEO-PHPMA/PMPC-PHPMA 

polymersomes prepared by PISA polymerisation also initially only exhibit one chain patches of 

PMPC, but then phase separate more completely after 60 days. The slow phase separation is 

attributed to the large size of the hydrophobic block required for the vesicle membrane, in the case 

of the micelles, the hydrophobic block is shorter, so may facilitate more complete phase separation. 
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The average patch diameter is 13.3 nm in this case, so assuming a PMPC headgroup radius of 3.5 

nm this would mean there’s around 14 chains per patch.  

 

Figure 3:9. Line profile of a representative micelle with inset indicating colour coding. Inset scale 

bar 50 nm.  

 

 

Figure 3:10. a) box plot showing distribution of micelle size for each number of patches. b) scatter 

graph showing how mean patch size varies with micelle size, dotted line indicates 

mean, b inset) picture indicating how micelle size (yellow arrow) and patch size (green 

arrow) were measured.  

The next polymer, Triblock 2 (TB2), had a shorter hydrophobic PDPA block. This was to increase the 

packing parameter to ensure that micelles were formed instead of vesicles and facilitate phase 

separation. DLS indicated numerous different sized structures (Figure 3:11 c, d). It is likely that the 

PDPA was too short for regular structures to be formed, resulting in a mix of micelles and larger 

structures. GPC also revealed TB2 to have a bimodal distribution of chain lengths, with a large 

amount of smaller chains. This likely corresponds to residual diblock copolymer or homopolymer, 
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where PMPC or PDPA has not successfully added. This variation in polymer chain types and lengths, 

would also result in a range of structures.  

 

Figure 3:11. a, b) PTA stained TEM images of micelles of TB2 self-assembled via pH switch. c, d) DLS 

correlation function and intensity distribution of micelles respectively.  

TB3 was designed to have block Mws the same as the Muller et al report where Janus micelles were 

formed, instead of the same DPn.4 This meant the polymer was significantly longer (Table 1). DLS 

(Figure 3:11 c, d) indicated mostly micelle sized structures, with a small amount of larger structures. 

TEM (Figure 3:11 a, b) revealed a mixture of micelles and cylindrical micelles were formed. 

Cylindrical micelles usually occur when the packing parameter is between favouring micelles and 

favouring vesicles. This would indicate that either the hydrophobic part is too long, or the 

hydrophilic part too short to form purely micelles. GPC also revealed that there was a significant 

amount of residual diblock copolymer (or homopolymer) (Figure 3:4). This could also be responsible 

for the mixture of structures, as the packing parameter would differ for the diblock and triblock. 

Other literature reports have described chains of patchy or Janus micelles forming, so it can not be 

ruled out that this is what occurs in this case.28 Another possibility is the formation of cylindrical 

micelles on the TEM grid due to drying effects. As the sample dries on the grid, the concentration 

of the sample is increased different amounts in different areas, causing aggregation and formation 

of different structures.   
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Figure 3:12. a, b, c) PTA stained TEM images of micelles of TB3 self-assembled via pH switch.  d,e) 

DLS correlation function and intensity distribution of micelles respectively. 

TB4 was synthesised using a different initiator to the previous polymers. Initiation needs to be fast 

and efficient so that all of the chains start growing at the same time, and therefore end up the same 

length, therefore if initiation can be improved, the PDI of the polymers decreases. DLS showed that 

the vast majority of structures formed were micelles, with some significantly larger structures 

present. TEM showed that the larger structures were cylindrical micelles and branched cylindrical 

micelles. The micelles appeared to have a similar patchy structure to those seen previously, 

whereas the cylinders appeared to have more uniform staining. This could indicate that the 

cylinders are made of residual diblock instead of triblock, or that the polymers have phase 

separated onto different sides of the cylinders.  
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Figure 3:13. a, b) PTA stained TEM images of micelles of TB4 self-assembled via pH switch. c, d) DLS 

correlation function and intensity distribution of micelles respectively. 

Despite the micelles formed having a patchy rather than Janus structure, further studies were 

conducted on the micelles. In order to investigate the interaction of micelles with cells, it is 

necessary to attach a fluorescent dye so that the micelles can be observed on a confocal 

microscope. For this purpose, another polymer (TB5) was synthesised using a disulphide initiator 

which could be conjugated to a malemide functionalised dye (Scheme 3:1). This polymer was 

prepared targeting the same block lengths as TB1, which gave the best micelle formation.  
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Scheme 3:1. Preparation of dye conjugated polymer. 

GPC was measured before and after conjugation with the dye. The Mn decreased from 118100 gmol-

1 to 103400  gmol-1, and the Mw decreased from 186400 gmol-1 to 130300 gmol-1 .The PDI decreased 

from 1.58 to 1.26, after dye conjugation, which is likely due to a combination of further purification 

following conjugation and full reduction of the disulphide bond in the initiator (Table 3:1). The 

reduction in molecular weight is indicative that reduction has taken place and the bright pink colour 

of the polymer which is retained following lengthy dialysis is inidicative that the dye is conjugated.  

 

 

Figure 3:14. a) TB5 GPC, b) zoom in of peak.  
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Self-assembly produced extremely regular micelles, as seen in DLS and TEM (Figure 3:15). This is 

likely due to the improved PDI and lack of residual homo/diblock polymer.  

 

Figure 3:15. a, b) PTA stained TEM images of micelles of TB5 self-assembled via pH switch. c, d) DLS 

correlation function and intensity distribution of micelles respectively. 

The same patchy structure was observed. TEM was also performed on a sample after dye 

conjugation and the same structures were observed.  

3.4 Gold nanoparticle conjugation for hierarchical self-assembly 

With a view to studying hierarchical assembly of the micelles in combination with other 

nanostructures, 5 nm gold nanoparticles were prepared. In theory, these small gold nanoaprticles 

would attach the to the ends of the POEGMA chains where the thiol groups are present (Scheme 

3:2). It was hoped this experiment would also confirm that the dark patches are PMPC and the 

lighter areas are POEGMA patches, depending on the location of the gold nanoparticles.  
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Scheme 3:2. Conjugation of gold nanoparticles to micelles. 

 

Figure 3:16. a, b) DLS intensity distribution of 5 nm gold nanoparticles and gold nanoparticles 

conjugated micelles respectively. c) PTA stained TEM image of micelles of TB5 self-

assembled via pH switch, with zoom in (d) showing attached gold nanoparticles.  

DLS of the gold nanoparticles (Figure 3:16a) showed they had a hydrodynamic diameter of 9 nm 

with some evidence of larger aggregates. DLS after mixing (Figure 3:16b) showed structures of 

varying sizes, implying mixing had caused some aggregation. TEM was PTA stained as before, 

however the micelles appeared slightly differently as dark blocks of stain. This has been attributed 

to the gold nanoparticle solution causing the stain to interact differently with the micelles, maybe 

due to the presence of citrate affecting ionic interactions between the tungsten and the polymers. 

It is unlikely that the dark structures are anything other than micelles as they are of the same 

approximate size. Small gold nanoparticles could be observed attached to some of the micelles, 

however their concentration appeared quite low in comparison to the micelles. This is promising 
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evidence that the gold is interacting with the thiol groups on the micelles as there are no solitary 

nanoparticles visible. Further investigation would need to be carried out with higher concentrations 

of gold nanoparticles and gold nanoparticles of slightly larger size to determine whether 

hierarchical self-assembly would be feasible, however this is promising as an initial investigation.  

3.5 Cell studies4 

Cell viability studies were carried out to investigate the biocompatibility of the patchy micelles. Cell 

lines used were MC3T3 and NIH/3T3. PBS was used as a positive control and the micelles were 

found to be biocompatible and suitable for drug delivery use in concentrations up to 200 ug/mL 

The resazurin assay shows that these micelles are non-cytotoxic to two mouse cell lines MC3T3-E1 

and the NIH/3T3. Using PBS without micelle as positive control, the normalized cell viabilities are 

all above 90% (Figure 3:17 ). For MC3T3-E1, cell viabilities are 96.2% and 93.7% for micelle 

concentrations of 200mg/ml and 100mg/ml respectively. For the NIH/3T3, these micellar 

concentrations result in 111% and 94.8% viabilities. Hence, these biocompatible micelles can be 

safely used for drug delivery up to 200mg/ml. 

Table 3:2. Cell viability results. 

MC3T3-E1 

Concentration / ug/mL 200 100 

Cell viability 0.962063 0.936573 

NIH/3T3 

Concentration / ug/mL 200 100 

Cell viability 1.109653 0.947867 

 

4 Cell studies were kindly carried out by Dr Kangyi Zhang at the Institute for Materials Research and 
Engineering (A*STAR), Singapore. 
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Figure 3:17. Cell viability results for micelles at concentration of 100 and 200 mg mL-1 after 24 hours 

normalised against PBS control. MC3T3-E1 cells shown in left columns (right slanted 

shading) and NIH/3T3 cells shown in right columns (left-slanted shading). For MC3T3-

E1 preosteoblast , there is no significant difference between the 200 and the 100 

concentration. For the fibroblast NIH/3T3, there is significant difference between the 

200 and 100 concentrations (p < 0.05).  
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3.6 Drug Release Study 

 

Scheme 3:3. Micelle formation from triblock and diblock for drug release studies.  

Drug encapsulation and release experiments were carried out to test the viability of the micelles 

for transporting drugs into cells. Doxorubicin, a hydrophobic anti-cancer drug, was used. Release of 

doxorubicin is easily monitored due via UV-Vis due to its intense orange colour. Doxorubicin was 

encapsulated by mixing with the polymer at pH 4 then forming the micelles via pH switch as before, 

excess doxorubicin that is not encapsulated was removed via dialysis. Doxorubicin’s solubility is also 

pH dependant. If used in its hydrochloride form it is sparingly soluble in PBS, but becomes more 

hydrophobic above pH 7. Patchy and homogenous micelles were prepared using a triblock and a 

diblock copolymer to compare their release profiles. The polymers used were TB202 (an analogue 

of TB5) and DB202, designed to be a POEGMA only version. It is noted the diblock appears to be 

slightly longer in GPC, even though the block lengths indicate it should be shorter, this could be due 

to conformation or column interaction changes caused by the addition of a PMPC block, or fewer 

chains could have been initiated, meaning the chains are longer than anticipated.  The patchy 

micelles were found to incorporate significantly less drug than homogenous micelles. This is 

attributed to their structure, which would involve folding or stretching of the hydrophobic PDPA 

block, which may limit its ability to encapsulate drug.   
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Table 3:3. Characterisation details of polymers for drug release study (see appendix 8.1.2 and 8.1.3 

for GPC trace and NMR). 

 Target Block 

Lengths** 

Actual Block 

Lengths*** 

Mn / g mol-1 Mw / g mol-1 PDI 

TB202 55-74-60 55-69-36 53200  70800 1.33 

DB202 55-37 55-35 65100 81900 1.26 

**Order: POEGMA-PDPA-PMPC 
***Calculated from 1H NMR conversion of POEGMA and final 1H NMR integrals of PDPA and PMPC 

 

Figure 3:18. Cumulative drug release plots of patchy and homogenous micelles. In each case t = 0 

is when the pH was reduced to pH 4 to trigger release. No release was detectable 

before triggering. a) drug release in mg, b) drug release plotted as a percentage of the 

total amount encapsulated for each sample, c) drug release plotted as a percentage of 

the total amount release for each sample.  

Drug release was monitored for five days. Before the release experiment, the micelles were dialysed 

at pH 7 for 3 days to remove any excess drug until no drug was detectable leaving the dialysis 
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membrane. The pH of the samples was then reduced to pH 4 and the doxorubicin levels outside the 

dialysis membrane were monitored. When comparing the data in terms of mg release (Figure 3:18a) 

it appears that the homogenous micelles release the drug more rapidly, however re-examining the 

data plotted as a percentage of the total amount encapsulated that is released (Figure 3:18b), the 

patchy micelles release more of the drug than the homogenous micelles and release it more rapidly. 

The patchy micelles remain faster at releasing the drug when the data is compared in terms of the 

total amount which is released (Figure 3:18c). Therefore, although the patchy micelles encapsulate 

less drug, they are able to release it more rapidly, which may be beneficial for certain applications.  

3.7 Two Diblock Strategy for Janus Micelle Preparation5 

Meanwhile, preparation of Janus micelles was attempted using two diblocks instead of a singular 

triblock. Some literature indicates formation of Janus micelles is possible with combinations of two 

diblock copolymers.29, 30  It was hypothesised that the reason a patchy structure, rather than a Janus 

structure, formed in the triblock micelles could be due to strain on the central PDPA block. In order 

for patches to be formed on opposing sides of the micelles, the PDPA would have to stretch across 

the centre of the micelle. It is entropically unfavourable for polymer chains to be stretched straight. 

This strain could be avoided by using two diblocks so that the PDPA chains have more freedom.  

With this is mind, it was decided to synthesise two diblocks, one POEGMA-PDPA, the other PMPC-

PDPA, and carry out self-assembly using a mixture of these polymers. In theory, mixed micelles 

would be formed, and phase separation would be more complete as the PDPA chains would have 

more manoeuvrability within the micelles (Scheme 3:4).  

 

5 Some labwork in this section was carried out with the help of James Garcia, a summer student, under 
supervision. 
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Scheme 3:4. A) POEGMA PDPA micelle formation, b) PMPC-PDPA micelle formation, c) polymer 

mixture Janus micelle formation. 

 

Figure 3:19. GPC traces of a) PMPC-PDPA and b) POEGMA-PDPA, carried out in aqueous 0.25 % TFA 

on Malvern GPC against PEG standards.  

GPC indicated the two diblock copolymers were of similar length, with POEGMA-PDPA having a 

lower PDI of 1.21, whilst that of PMPC-PDPA was 1.59. The POEGMA-PDPA  included some residual 

homopolymer according to GPC. This is not ideal, however should not affect the self-assembly as 

POEGMA would be fully soluble in water so should just remain in solution.  
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Table 3:4. GPC data for two diblocks (See appendix Figure 8:12 Figure 8:13). 

 Target Block 

Lengths** 

Actual Block 

Lengths*** 

Mn / g mol-1 Mw / g mol-1 PDI 

PDPA-PMPC 55-70 55-34 28800 46000 1.59 

POEGMA-PDPA 55-70 55-55 33900 40900 1.21 

**Order: PDPA-PMPC, POEGMA-PDPA 
***Calculated from 1H NMR conversion of POEGMA and final 1H NMR integrals of PDPA and PMPC 

 

 

Figure 3:20. DLS intensity distributions of a) PMPC-PDPA, b) POEGMA-PDPA, c) mixture of PMPC-

PDPA and POEGMA-PDPA.  

Self-assembly of the polymers was carried out via pH switch, individually and as a 50:50 mixture. 

DLS indicated that POEGMA-PDPA formed micelles of 40 nm, whilst PMPC-PDPA formed micelles 

of 72 nm. The polymer mixture formed micelles of 61 nm with some larger structures present. This 
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indicates that the POEGMA-PDPA micelles had higher curvature than the PDPA-PMPC micelles, 

likely due to the large volume of the POEGMA block.  

TEM with PTA staining was carried out on all three samples to investigate whether a Janus or patchy 

structure was formed.  

 

 

Figure 3:21. PTA stained TEM images of a, d, g) POEGMA-PDPA and PMPC-PDPA, b, e, h) POEGMA-

PDPA, c, f, i) PMPC-PDPA. All scale bars 200 nm except f and I which are 500 nm. 

TEM images of self-assembled POEGMA-PDPA diblock (Figure 3:21 b, a, h) showed micelles of 

varying sizes surrounded by a uniform light grey stain. Images of PMPC-PDPA (Figure 3:21 c, f, i) did 

not show regular micelles, despite indication by DLS that these should be present. The only 
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structures observed were dark black spots. It is possible that the stain is interacting positively with 

the PMPC, so the usual lighter centre of the micelles one would expect from a negative stain is not 

observed. It is also possible that the staining was unsuccessful, despite repeated attempts. The self-

assembled mixture of the two diblocks (Figure 3:21 a, d, g) produced images where some micelles 

were notably darker or lighter than others. The stain was accumulated mostly evenly with some 

darker patches. The most likely explanation for this was that, instead of forming mixed micelles, the 

two diblocks self-assembled separately to form different types of micelles, where the micelles of 

one polymer were lighter than the micelles of the other polymer.  

3.8 Conclusions and Future Work 

A new type of biocompatible triblock copolymer was designed and synthesised in order to make 

Janus micelles for active drug delivery applications. Following optimisation of synthesis, the 

polymers were successfully self-assembled to make nano-sized micelles which were characterised 

via DLS and TEM. Selective staining revealed these micelles had a patchy structure, instead of a 

Janus structure. This anisotropic structure could mean the micelles have interesting applications in 

drug delivery due to the known propensity for patchy structures to favourably interact with cell 

membranes. Towards realising this application, conjugation of a dye via thiol-malemide chemistry 

was carried out, as this is important for monitoring via confocal microscopy. Thiol chemistry was 

also used to attach 5 nm gold nanoparticles to the micelles to investigate their potential use in 

hierarchical assembly. A drug encapsulation and release study was also carried out, showing that 

patchy micelles encapsulated less doxorubicin than their homogenous counterparts, but were able 

to release it more rapidly upon triggering. Cell studies also confirmed the micelles were 

biocompatible. Therefore, these patchy micelles could provide a novel platform for drug delivery 

due to their drug release profile and potential interaction with cells.  Future work would involve an 

in depth cell study to confirm if there is any difference in how these patchy micelles interact with 

cells compared to homogenous micelles.  

Finally, a study with two diblock copolymers, instead of one triblock was carried out to try and form 

Janus micelles. However the polymers were found to form separate micelles of the two diblocks.  

Different methods for formation of polymeric Janus nanostructures could be investigated, such as 

incorporating crosslinking, or other materials into the self-assembly, however care should be taken 

that any materials remain biocompatible.    
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Chapter 4 Triblock copolymer coated gold 

nanoparticles6  

4.1 Introduction 

Conjugation of polymers to gold nanoparticles can merge the responsive biocompatible properties 

of the polymers with the unique LSPR properties of the nanoparticles. Gold nanoparticles can 

provide a stable monodisperse anchor for the polymers. It was decided that creation of Janus 

nanoparticles, with the benefits of polymeric structures, could be attempted in a different manner. 

It has been reported that polymers can phase separate on the surface of nanoparticles to form 

patches and Janus structures.1-4 If this could be combined with the ability to encapsulate drugs, 

then drug loaded nanoswimmers could be created. This chapter investigates the ability of POEGMA-

PDPA-PMPC triblock copolymers to encapsulate drugs on the surface of a gold nanoparticle and the 

biocompatibility of the resulting nanostructures, with a view to their use as Janus swimmers 

following future phase separation investigations.   

Drug loading and release from polymer coated gold nanoparticles has been reported previously, 

mostly via covalent conjugation of drug molecules or by polymer trapping (Section 451.2.1.4 1.5.2). 

Drug delivery using nanoparticles can help to deliver drugs only to the part of the body where they 

are required, limiting side effects.5-7 Triggered drug release, where the nanoparticles only release 

their payload in response to a change in the external environment indicative of the target area, also 

limits side effects by ensuring drugs are only released in the correct part of the body. Covalent 

conjugation relies on bonds breaking when the target area is reached, whereas polymer release 

relies upon changes in conformation of the polymer.5, 8 9 The technique used herein involves 

trapping the drug in the hydrophobic PDPA layer of the polymer above pH 6. When the polymer 

enters a lower pH environment the PDPA layer is protonated and expands, releasing the drug. The 

PMPC should provide a solubilising, non-fouling outer layer, enhancing the nanoparticles 

biocompatibility.10-12   

 

 

6 Some parts of this section were adapted from “Biocompatible pH-responsive nanoparticles with a core-
anchored multilayer shell of triblock copolymers for enhanced cancer therapy” E. Ellis, K. Zhang, Q. Lin, E. 
Ye, A. Poma, G. Battaglia, X. J. Loh and T. Lee, J. Mater. Chem. B, 2017, 5, 4421 
DOI: 10.1039/C7TB00654C – Published by the Royal Society of Chemistry copyright 2017 (Permission not 
required due to Creative Commons License)   
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4.2 Polymer Nanoparticle Preparation 

 

Scheme 4:1. Preparation of polymers via ATRP with disulfide initiator and conjugation to gold 

nanoparticles. 

Initially, synthesis of a diblock copolymer of PDPA-POEGMA with a thiol group on the PDPA chain 

end was attempted, so that it could be attached to the gold nanoparticles via a grafting-to approach 

(Scheme 4:1). Thiol groups have a strong affinity for gold.13 This would provide a zwitterionic outer 

coating for the nanoparticle and a pH responsive inner shell where drugs could be encapsulated. 

The polymerisation was found to be problematic due to the insolubility of the PDPA block if 

prepared without a macro-initiator. Good control of the polymerisation and successful macro-

initiation from the PDPA was not achieved, so it was decided to use a triblock instead. This would 

provide additional stability to the gold core.  TB5 synthesised previously was used (described in 

section 2.2.7 and 3.2). 

 

Figure 4:1 a) Triblock copolymers, b) polymer coated nanoparticle. 

A grafting-to method was used to attach the thiolated triblock to the gold nanoparticles. The 

polymers were dissolved in acidic conditions to ensure they were fully soluble and nanoparticle 

solution was added dropwise. NaCl was then added to increase grafting density by charge 

shielding.14 After conjugation, excess polymer and citrate was removed via centrifugation. Grafting 
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of the polymers was confirmed using UV-Vis, DLS and TEM (Figure 4:2).UV-Vis showed a small shift 

in the LSPR peak of the gold nanoparticles upon conjugation with the polymers. This is indicative of 

a change in refractive index around the surface of the gold nanoparticles, characteristic of 

conjugation with thiol groups.15 DLS showed a size increase of 46 nm upon conjugation of polymers. 

This is expected as the triblock copolymers are much larger than citrate molecules. A rough 

estimation of the maximum chain length of the polymers can be calculated using trigonometry to 

take into account bond lengths and angles (Table 4:1) The estimated maximum chain length of the 

polymer would be 27.9 nm, so a maximum increase of 55.8 nm would be possible. The polymers 

would be unlikely to be in a fully chain extended conformation, as some bending and coiling would 

be expected. DLS also does not measure the exact size of the nanoparticle, it measures the 

hydrodynamic diameter, which is the size of a hard sphere which diffuses in the same manner as 

the nanoparticles. Further evidence of polymer conjugation was provided by TEM with negative 

PTA staining, which showed a small white halo around the gold nanoparticles at pH 4 and pH 7, 

however the halo was more pronounced at pH 7. This was attributed the dense contracted nature 

of the polymer at pH 7, which would permit less stain to permeate it. The width of the halo was 4.0 

± 0.9 nm (Figure 4:3), which is significantly smaller than the maximum extended chain length. This 

is likely because the TEM images are taken when the polymer is in a dehydrated state, so it would 

be much smaller than when solvated with water molecules.   

Table 4:1. Calculated maximum chain length of polymers. 

Block DPn ( 1H NMR) Theoretical maximum length / nm 

POEGMA 55 13.8 

PDPA 41 10.3 

PMPC 15 3.8 

Overall 111 27.9 

Table 4:2. Polymer shell thickness. 

 Theoretical 

maximum 

Actual hydrated 

(DLS) 

Actual dried 

(TEM) 

Change with pH 

(DLS) 

Shell thickness / nm  27.9 23.0 4.0 ± 0.9 3.4 
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Figure 4:2. a) Uv-Vis spectrum of citrate coated gold nanoparticles (grey dotted) and polymer 

coated gold nanoparticles (red), b) DLS of citrate coated Gold nanoparticles (grey) and 

polymer coated Gold nanoparticles (red) (DLS curves are obtained from average of five 

runs as calculated by zetasizer), c) TEM image of citrate coated Gold nanoparticles 

(scale bar 20 nm), d) TEM image of polymer coated Gold nanoparticles (pH 4) (scale 

bar 20 nm) (PTA stained), e) TEM image of polymer coated Gold nanoparticles (pH 7) 

(scale bar 10 nm) (PTA stained). (TEM images taken by Dr Enyi Ye IMRE). 

 

Figure 4:3. Contrast enhanced TEM image of polymer coated gold nanoparticles, inset: colourised 

zoom in of a), b) grey scale diagram across nanoparticle. 

DLS was also measured before and after the removal of the excess polymer at pH 7 (Figure 

4:4).When the data is processed to show the distribution by volume, it is possible to see some 

smaller peaks corresponding to residual polymer before polymer removal is carried out. These 
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peaks disappear when the polymer is removed. Using volume instead of intensity favours the 

smaller peaks because the volume distribution is based upon the actually mass or volume of the 

particles rather than their scattering intensity. The scattering intensity scales proportional to r6, so 

the intensity distribution significantly favours larger particles.  

 

Figure 4:4. DLS of polymer coated nanoparticles before (grey dots) and after (solid red) removal by 

centrifuge of excess polymer.  

4.3 pH Response 

The response of the polymer coated nanoparticles to pH change was then investigated. The pKa of 

the polymer is at approximately pH 6, below this pH tertiary amines on the PDPA groups are 

protonated and the polymer chain would be fully extended.  UV-Vis and DLS showed that the 

nanoparticles were stable when the pH was increased, which meant that the PMPC outer shell was 

able to maintain solubility of the nanoparticles when the inner PDPA layer became hydrophobic. A 

slight shift in the UV-Vis peak could be attributed to a change in the refractive index of the polymer 

when the PDPA block contracts (Figure 4:5a). DLS showed a slight decrease (3.4 nm) in size when 

the pH increased, which would support the idea that the PDPA block contracts when it is 

deprotonated (Figure 4:5b).  
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Figure 4:5. a) UV-Vis spectra of citrate coated nanoparticles and polymer coated nanoparticles at 

pH 2 and pH 7, b) DLS of polymer coated nanoparticles at pH 2.3 and pH 7. 

4.4 Stability in Biomedia 

As these nanoparticles were intended for biomedical applications, it was important to test their 

stability in media with high protein and salt concentration. To do this nanoparticles were mixed 

with PBS and foetal bovine serum (FBS) and their stability was tested by UV-Vis and DLS. FBS 

contains large amounts of proteins such as bovine serum albumin (BSA), which can stick to 

nanoparticles, inhibiting them from performing their intended function and expediating their 

clearance from the body.16 This is known as protein fouling. Zwitterionic materials, such as PMPC 

have been shown to be effective protection against protein fouling due to the highly solvated 

charged layer they provide.17 UV-Vis of citrate coated nanoparticles and polymer coated 

nanoparticles was measured before and after addition of FBS and PBS. It was found that citrate 

nanoparticles aggregate and crash out completely in PBS as can be seen in Figure 4:6c. UV-Vis of 

citrate Nanoparticles in PBS is shown in blue in Figure 4:6a before the nanoparticles completely 

crash out from solution. FBS itself absorbs light in the UV-Vis region, as shown in red in Figure 4:6e. 

Citrate nanoparticles actually appear fairly stable in FBS (Figure 4:6a) as there is no significant shift 

in the LSPR peak, however protein fouling would be expected and was later investigated by DLS 

(Figure 4:7). The polymer coated nanoparticles were however found to be stable in PBS and FBS 

(Figure 4:6d and e). No significant shift in the LSPR peak is observed.  
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Figure 4:6. a) UV-Vis spectra of citrate coated nanoparticles, citrate coated nanoparticles with 50% 

FBS, and citrate coated nanoparticles with 50% PBS. b) Photograph of polymer 

nanoparticles, polymer nanoparticles in 50% PBS and polymer nanoparticles in 50 % 

FBS (from left to right). c) Cuvettes containing citrate nanoparticles in PBS (left) and 

polymer nanoparticles in PBS (right). d) UV-of polymer coated nanoparticles and 

polymer coated nanoparticles mixed with 50% FBS. e) UV-Vis of polymer coated 

nanoparticles, polymer coated nanoparticles in 50% FBS and 50% FBS in water.   

The extent of protein fouling was then investigated using DLS. The Mw of BSA is 66.5 kDa and its 

size is estimated to be around 8 nm.18 Therefore if protein fouling is present a size increase of the 

nanoparticle in DLS would be expected. DLS was measured by subtracting the typical FBS spectra 

from the measured nanoparticle spectra in presence of FBS. In the case of citrate nanoparticles 

(Figure 4:7a) The size increases from 23.7 nm to 63.2 nm. This would indicate significant protein 

fouling. For the polymer coated nanoparticles the size remained largely unchanged (94.2 to 93.2 

nm) (Figure 4:7b). This is a good indication that protein fouling is significantly lower for the polymer 

nanoparticles, however more investigations would be necessary to determine whether protein 

fouling was completely absent.  
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Figure 4:7. DLS of a) Citrate nanoparticles with and without FBS, b) polymer nanoparticles with and 

without FBS. (FBS DLS has been subtracted from FBS containing samples) 

4.5 Drug Loading and Release 

The drug loading capability of the nanoparticles was then tested using doxorubicin. Doxorubicin is 

an anticancer drug that is generally considered to be hydrophobic, however it is quite soluble in 

aqueous solution at low pH. The primary amine in doxorubicin has a pKa of 7.2-8.2, so is positively 

charge below physiological pH, increasing its stability. Therefore it can work well for pH triggered 

drug release, when the drug is released due to a reduction in pH. Encapsulation and selective 

release of drugs using nanoparticles increases the specificity of drugs and reduces harmful side 

effects. It is particularly effective when the pH at which the drugs are released corresponds to the 

pH of inflamed or cancerous areas.6, 8 

It was found that doxorubicin loaded nanoparticles could be prepared in one step by mixing the 

doxorubicin and polymer together at reduced pH and coating the gold. The pH was then increased 

to trap the drug, and excess polymer and doxorubicin were removed via repeatedly centrifuging 

out the nanoparticles and removing the supernatant. The amount of doxorubicin encapsulated was 

calculated by measuring the amount of excess doxorubicin that was removed in the supernatant.  

Drug release was then investigated to ensure the drug remains encapsulated until it is exposed to 

a low pH environment, such as tumour and inflammation areas. Initially a dialysis method was used, 

where the drug loaded nanoparticles were placed in a dialysis tube in buffer at pH 7 and the amount 

of doxorubicin which reached the external solution was measured. doxorubicin concentrations 

were measured as the samples were taken and compared to calibration curves of the stock solution 

which had been prepared for the same amount of time as the samples measured (Figure 8:15).  This 

was to account for any degradation of the doxorubicin as it is known to be slightly unstable in 
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aqueous solutions. doxorubicin blanks were also run, where unencapsulated doxorubicin of the 

same amount as the amount encapsulated, was placed in a dialysis tube and its release was 

monitored.  

 

Figure 4:8. Drug release profiles of doxorubicin from doxorubicin loaded nanoparticles at pH 4 and 

pH 7 and free doxorubicin at pH 4 and pH 7.   

Results showed that doxorubicin was released far more quickly from the blanks than from the 

nanoparticles at the same pH. More doxorubicin was released from the blanks, implying that the 

amount encapsulated was overestimated or that some doxorubicin remains trapped in the 

nanoparticles. The doxorubicin was released much more quickly and completely from the 

nanoparticles at low pH than at pH 7. This implied the nanoparticles are effective at keeping the 

drug encapsulated until the pH is lowered. During the experiment, it was observed that the dialysis 

tubes developed an orange colour similar to the colour of doxorubicin. This caused concern that 

the doxorubicin was sticking to the dialysis tubes, which would affect the results.  

It was decided to try a centrifuging approach to minimise any errors incurred from dialysis. Three 

repeats were carried out to check the reliability of the results. Samples were collected by removing 

a small portion of solution, centrifuging to remove the nanoparticles, and measuring the 

fluorescence of the supernatant.  It was also decided to investigate if the nanoparticles were 

capable of encapsulating a hydrophilic drug in the inner hydrophilic POEGMA layer, so a separate 

set of samples were prepared with Rhodamine encapsulated instead of doxorubicin. Rhodamine 

6G was chosen as a model hydrophilic drug due to its fluorescent properties 
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Figure 4:9. a) Drug release of doxorubicin and rhodamine at pH 4. b) Triggered drug release of 

doxorubicin and rhodamine. Dashed line indicates pH decrease from 7 to 4. 

Release of both drugs was monitored after the pH was decreased to pH 4, as it had previously been 

established little to no drug was released at pH 7. The amount of doxorubicin released was found 

to increase steadily then begin to plateau, however very large error bars were observed. The 

amount of rhodamine in solution seemed to actually decrease. This was unexpected, however 

accuracy was hard to maintain due to the extremely intense fluorescence of rhodamine, which gave 

rise to a need to heavily dilute solutions to eliminate quenching.    

Another drug release experiment was carried out using the same centrifuging method, but paying 

greater attention to maximising the accuracy of all measurements taken. Initial release of the drugs 

was also monitored at pH 7, then after the pH was decreased, so that the effectiveness of pH 

triggering could be observed. For this experiment samples were centrifuged for an increased 

amount of time to ensure that all nanoparticles were removed from the supernatant. For each 300 

µL sample that was centrifuged, only 250 µL of supernatant was collected, to ensure that the pellet 

was undisturbed. Before samples were collected for centrifuging, the vials were thoroughly shaken 

to ensure proper mixing. Greater care was also taken not to submerge the vial caps in the 37 °C 

water bath in which the experiments were carried out, as this could lead to solution contamination 

via water droplets on vial caps, even if the vials were water tight. It was found that these simple 

measures significantly decreased the error in the experiments.  

The results show that doxorubicin remains encapsulated at pH 7 then a rapid increase in 

doxorubicin released is observed as soon as the pH is decreased to pH 4 (Figure 4:9b). The error 

bars have been reduced to an acceptable range. The rhodamine release was less successful. None 

is released at pH 7, but also none is released after pH triggering. It is likely that the rhodamine 
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encapsulation is less successful than the doxorubicin encapsulation. Perhaps the PDPA block does 

not form an impenetrable hydrophobic layer, or perhaps there is no space around the POEGMA for 

the rhodamine as the side chains take up a lot of volume. It was decided to continue experiments 

with the hydrophobic drug only.  

4.6 Cell Studies 

Cell studies were then carried out to investigate the suitability of the nanocarriers for the delivery 

of cancer drug Dox. (Cell work was performed by Dr Kangyi Zhang and Qianyu Lin at IMRE). Firstly, 

the toxicity of the empty nanoparticles with no doxorubicin was tested against NIH/3T3 fibroblast 

cells (Figure 4:10b) and found to be non-toxic to healthy cells.  Secondly cell viability of MCF-7 

(ATCC® HTB-22TM) breast adenocarcinoma cells was measured when cells were exposed to plain 

doxorubicin, nanoparticles containing doxorubicin and compared to a control of the cells with no 

additives (Figure 4:10a). It was found that the nanoparticles containing doxorubicin were more 

effective at killing the cancer cells than plain doxorubicin at the same concentration. A significant 

decrease in cell viability after 24 hours was observed for the Doxorubicin containing nanoparticles, 

compared to the additive free control and the plain Dox control. Finally fluorescence microscopy 

was carried out, which confirmed uptake of doxorubicin by cells in the case of nanoparticles and 

plain doxorubicin. (Figure 4:11). It is noted that these images are not quantitative. Blue in the 

images indicates cell nuclei and red indicates Doxorubicin. It can be seen that for both the plain Dox 

and Nanoparticles containing Dox at the one hour and two hour time points, Doxorubicin is present 

in the cells. This indicates that cell internalisation of the Dox has occurred.  

Figure 4:10. a) cell viability of MCF cells following 24 hour treatment with doxorubicin-loaded 

nanoparticles (NP-Dox), plain doxorubicin (Dox) and a control, with no additives. Fluorescence 
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readings from reazurin assay were normalised against the control with no treatment (significance 

**p < 0.001; ***p < 0.0001). b) cell viability of NIH/3T3 fibroblast cells of varying density treated 

with nanoparticles without Dox for 24 hours (dashed) and 48 hour (hatched). Fluorescence readings 

from resazurin assay were normalised with respective control data. (Low cell density = 5 x 104 cells 

/ mL. High cell density = 2 x 105 cells / mL. **p < 0.01, *** p < 0.001) 

 

Figure 4:11. Qualitative flourescence images of MCF-7 breast cancer cells showing uptake of 

doxorubicin.  A,B) after 1 hour incubation, C,D) after 2 hours incbation. Red 

fluorescence corresponds to doxorubicin and blue is indicative of cell nucleii 

(magnification 10x, scale bars 250 microns).  

4.7 Conclusions and future work 

In this chapter, spherical gold nanoparticles were successfully coated with triblock copolymers 

(POEGMA55-PDPA59-PMPC51). This was confirmed by DLS, where the nanoparticles were found to 

increase in size when their citrate coating was replaced with a polymer one, and TEM, where PTA 

staining was used to visualise the coating. The polymer coated nanoparticles were shown to be 

stable in high salt and high protein concentration solutions and found to be able to effectively 

encapsulate and release a hydrophobic drug (doxorubicin) upon pH triggering. Cell studies were 

carried out, which revealed that the polymer coated nanoparticles were non-cytotoxic to NIH/3T3 

fibroblast cells. When doxorubicin was encapsulated in the nanoparticles, they were found to be 



Chapter 4 

135 

 

more effective than free doxorubicin at killing MCF-7 breast cancer cells.  Encapsulation and release 

of a hydrophilic molecule (Rhodamine) was found not to be possible for these nanoparticles, 

however future work could explore the encapsulation of a different hydrophilic molecule with more 

suitable fluorescence properties.  

Overall, a new type of multi-layered drug nanocarrier was developed, which combined high 

stability, biocompatibility and responsive properties in one particle, allowing for selective drug 

delivery to areas of lower pH. These nanoparticles have the potential to be further investigated and 

exploited by making use of the gold core for theragnostic applications, such as sensing or 

photothermal therapy. The possibility also remains to further investigate the possibility of dual 

encapsulation for dual release.  
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Chapter 5 Nanotriangles and Nanohelices 

This chapter builds on the work in Chapter 4, by extending the conjugation of triblock copolymers 

to anisotropic gold nanoparticles. Having established a successful conjugation protocol and the 

biocompatibility and stability of the resulting nanoparticles, a more complex anisotropic system 

could be explored. To further investigate the use of POEGMA-PDPA-PMPC triblock copolymer 

coated nanoparticles for biomedical applications, polymer coating of triangular nanoplates and 

nanohelices was attempted. If the polymers could be coated onto anisotropic nanoparticles, not 

only could these particle be used for drug release (as described in Chapter 4), they could also be 

used as pH sensors.  

Increasing the aspect ratio of nanoparticles can lead to increased sensitivity of the nanoparticles 

for sensing applications.1 This has been demonstrated in a few reports describing nanorods and 

nanoprisms which exhibit improved sensitives compared to spherical nanoparticles.2-4 Sensing in 

this manner functions by monitoring changes in the UV-Vis absorbance of the nanoparticles. The 

absorbance is due to the localised surface plasmon resonance (LSPR) of the nanoparticles, the 

oscillation of electrons.5 This is sensitive to changes in the environment at the surface of the 

nanoparticles, in particular the refractive index. If there is a change in refractive index of the 

medium surrounding the nanoparticles, then there will be in a change in the wavelength of the LSPR 

absorbance band.6 This effect is amplified for nanoparticles with high aspect ratios or sharp points 

(Figure 5:1).7  In pH responsive polymers, when the state of the polymer changes from soluble to 

insoluble, it is likely there would be a change of refractive index of that part of the material as  state 

of hydration changes. Therefore if the polymers are conjugated to a nanoparticle exhibiting LSPR, 

you would expect a shift in the absorbance band observed in UV-Vis spectrum. By conjugating pH 

responsive polymers to anisotropic nanoparticles as opposed to spherical nanoparticles, you could 

expect to see an increased shift in the absorbance wavelength. This can be used for biosensing.8, 9 

Potential applications of such sensors include sensing of intercellular pH, which is essential 

knowledge for drug delivery applications. 10-14 The increasing aspect ratio of the nanoparticles also 

causes a red shift in the LSPR peak towards the NIR region, which is desirable for biomedical 

applications due to increased tissue penetration depths of light of this wavelength.15 
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Figure 5:1. Different shaped gold nanoparticles and their plasmonic properties. 

5.1 Gold Nanotriangle Preparation 

Triangular nanoplates were prepared following a literature procedure with slight modification of 

the quantity of potassium iodide.716 The triangular plates are formed using 

hexadecyltrimethylammonium chloride (CTAC) as a surfactant and iodide ions as the ‘shape-

directing agent’. Ascorbic acid and sodium hydroxide were used as reducing agents.  

Triangular nanoplate formation was confirmed via UV-Vis, DLS and TEM (Figure 5:2 and Figure 5:3). 

UV-Vis for the 65 µM KI sample showed a characteristic spectrum featuring a peak at 646 nm with 

a shoulder at lower wavelength of 544 nm. The 75 µM KI samples had a sharper peak at 634 nm 

and a small shoulder at 552 nm. This shape of spectra is consistent with the literature as there are 

two different modes of resonance which produce the two peaks. The main peak corresponds to the 

longitudinal LSPR peak (in plane dipole) and the shoulder corresponds to the transverse LSPR peak 

(out of plane quadrupole).17 For the other sample (65 µM KI), the spectrum is not as characteristic, 

with a lower dipolar peak. DLS data showed two peaks, at 80 nm and 8 nm. This is also characteristic 

for anisotropic nanoparticles as the speed of their Brownian motion will appear to be different 

depending on how the nanoparticle orientation changes with respect to the laser beam.18 When 

anisotropic particles rotate this causes a change in the scattered light, which can appear as another 

peak.19 This can be described as the smaller peak is from the rotational diffusion of the 

nanoparticles, and the larger peak is from the translational diffusion. It should be noted that DLS 

size becomes inaccurate for anisotropic particles, as the fitting of the correlation function 

performed by the software is no longer correct. Therefore it is strictly inaccurate to refer to the DLS 

‘size’ (Dh) shown for shape anisotropic nanoparticles, however it still gives a good overall indication 

 

7 with advice from Katherine Chio, Singapore Bioimaging Consortium (SBIC) 
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of the state of the dispersion, so will continue to be used as a characterisation method in this 

context.20, 21  

 

Scheme 5:1. Preparation of polymer coated nanotriangles.  

 

 

 Scheme 5:2. Effect of pH change on polymer coated nanoparticles.  

 

5.2 Polymer Coating of Nanotriangles and pH Response 

5.2.1 Purification by centrifuge 

For these experiments the polymer used was triblock 202 (POEGMA55-PDPA69-PMPC36, see section 

2.2.8  for synthesis and section 3.6 and 8.1.2 for characterisation details. 

Having confirmed the formation of gold nanotriangles, polymer coating of the sample was 

attempted (Scheme 5:1). A similar method to the coating method employed for spherical 

nanoparticles was used. The nanotriangle solution was mixed in equal amounts with 1 mg ml-1 

excess polymer dissolved in citric acid buffer solution at pH 4 and allowed to coat overnight. The 
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sample was then centrifuged to remove excess polymer. The pH of the solution was then varied to 

investigate its effect on the LSPR peak of the nanotriangles. However, DLS and UV-Vis data indicated 

that the nanotriangles were no longer intact after the polymer coating (Figure 5:2). DLS showed 

that the smaller peak at 8 nm indicative of anisotropic structures had largely disappeared, and the 

larger peak, originally at 80 nm, had moved as high as 520 nm, indicating aggregation. Whilst UV-

Vis showed significant peak broadening, neither DLS nor UV-Vis showed any significant shift at 

different pH (Figure 5:2 c, d, e and f). This is expected as sensing would not be exhibited by the 

degraded nanotriangles. TEM was carried out and confirmed that there were still some 

nanotriangles present, but the sample was largely degraded (Figure 5:3). Staining did however show 

some polymer coating. This implies that the coating was successful to an extent. It was 

hypothesised that the nanotriangles were not stable to centrifuging due to their inherently fragile 
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pointed structure which is not thermodynamically favourable due to FCC lattice structure of gold.16

 

Figure 5:2. a) Uv-Vis spectra of as-synthesised nanotriangles, b) DLS of as-synthesised 

nanotriangles, c) UV-Vis of sample 1 polymer coated nanotriangles at different pH, d) DLS of 

nanotriangle sample 1 polymer coated nanotriangles at different pH, e) UV-Vis of nanotriangle 



Chapter 5 

142 

 

sample 2 polymer coated nanotriangles at different pH, f) DLS of sample 1 polymer coated 

nanotriangles at different pH. 

 

 

Figure 5:3. TEM images of polymer coated nanotriangles at pH 6 with PTA staining. a) zoomed-in 

image of intact nanotriangle, scale bar 10 nm, b) zoomed out image showing some 

intact and some degraged nanotriangles, scale bar 500 nm and c) zoomed in image of 

some degraded and one intact nanotriangle, with some coating visible, scale bar 20 

nm. 

5.2.2 Purification by dialysis 

A new sample of nanotriangles was prepared and, in order to avoid degradation of the 

nanotriangles during centrifuging, excess polymer was removed via dialysis using 300 kD pore size 

dialysis tubing. The dialysis was carried out in citrate buffer for one sample and dilute HCl for 

another sample. DLS and UV-Vis were measured before polymer coating, before removal of excess 

polymer and after removal of excess polymer (Figure 5:4 a,b). Polymer was added in small 

quantities (20 µL) as a concentrated solution (10 mg mL-1) . UV-Vis peaks were not so well defined 

for this nanotriangle sample, despite exactly the same synthetic procedure being followed. DLS 

however still indicated an anisotropic structure. UV-Vis spectra remained largely unchanged 

following addition of the polymer dissolved in dilute HCl or citrate buffer. Following dialysis there 

was a decrease in intensity of absorbance for both samples and a slight broadening of the sample 

dialysed against dilute HCl (Figure 5:4a). DLS indicated similar results, with little to no change in the 

peaks observed after addition of polymer (Figure 5:4b). However, following dialysis, the citrate 

sample appeared to aggregate considerably (Figure 5:4b pink). Another notable difference is the 

slight shift to higher hydrodynamic diameter of the small (~3 nm) peak, upon conjugation with 

polymer. There does not seem to be a similar shift of the main peak, which would normally be 
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expected when a large polymer is attached. There would also usually be a red shift in the LSPR peak 

of around 4 nm when a gold nanoparticle is conjugated to a thiolated ligand. This is also not 

observed, but could be due to the higher initial refractive index of CTAC compared to citrate as a 

ligand for the nanoparticles. This would mean less of a change would be exhibited than upon 

conjugation to a thiol.  

To investigate any effect of pH change on the nanotriangles, the pH of the initial solution (pH 4) was 

increased above the pKa of the polymer (pH ~6). It was hypothesised this would induce a change in 

the structure of the polymer, which would in turn affect the refractive index around the 

nanoparticles, causing a change in the LSPR shift. UV-Vis showed irreversible peak-broadening and 

red shift upon addition of base, implying some aggregation or degradation rather than refractive 

index change (Figure 5:4c). DLS showed shift of both the small peak and large peak upon addition 

of base, which appeared to be mostly reversible, however some larger aggregates remained (Figure 

5:4d).  TEM images confirmed the presence of nanotriangles, however staining didn’t reveal any 

obvious evidence of polymer (Figure 5:5).  

 

Figure 5:4. a) UV-Vis spectra CTAC coated nanoparticles, nanoparticles after addition of polymer in 

dilute HCl or citrate, nanoparticles after dialysis in dilute HCl or citrate, b) DLS spectra 
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of CTAC coated nanoparticles, nanoparticles after addition of polymer in dilute HCl or 

citrate, nanoparticles after dialysis in dilute HCl or citrate, c) UV-vis of purified (via 

dialysis against dilute HCl) polymer coated nanotriangles in acidic and basic conditions, 

d) DLS spectra of purified (via dialysis against dil HCl) polymer coated nanotriangles in 

acidic and basic conditions. 

 

Figure 5:5.  TEM images of polymer coated nanotriangles with PTA staining. Scale bars 10 nm top 

left, 20 nm all others.  

5.2.3 Zeta Potential Investigations 

In order to verify the success of the polymer coating step, more nanotriangles were prepared and 

their zeta potential before and after polymer coating was measured. CTAC is positively charged 

when it is dissociated, whereas the polymer has a mixture of positive charge from the quaternary 

amines present in PMPC and negative charge from the phosphate group on the PMPC at pH 7. This 

should mean that the polymer coated nanotriangles have a lower zeta potential than the CTAC 

coated ones. Zeta potential was measured before and after coating using the dialysis against dilute 
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HCl removal method. The zeta potential of the polymer coated sample was 4.32 mV and that of the 

CTAC coated sample was 17.5 mV at pH 7 ( 

 

Table 5:1).  

 

Table 5:1. Zeta potentials. 

Sample Zeta Potential / mV 

CTAC coated (pH 7.20) +17.5 

Polymer coated (pH 7.4) +4.32 

 

Titrations were also performed of the two samples from pH ~2 to pH ~12 to compare the stability 

of the CTAC coated nanotriangles with the polymer coated ones.  Hydrodynamic diameter and zeta 

potential were measured at 0.5 pH increments. The CTAC sample was found to aggregate 
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dramatically (Figure 5:6a), forming aggregated of up to 1300 nm in diameter, whereas the polymer 

sample was significantly more stable (Figure 5:6b).  

 

Figure 5:6.  DLS pH titration showing size (hydrodynamic diameter and Z average) and zeta potential 

of a) CTAC coated nanotriangles and b) polymer coated nanotriangles.  
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Figure 5:7. UV-Vis of pH titrated sample at pH 3 and pH 8.  

5.2.4 Modified Nanotriangle synthesis 

In order to investigate the reproducibility of the pH response tests, they were repeated with a new 

set of nanotriangles. The synthesis of the nanotriangles was improved via more thorough cleaning 

of vials with aqua regia solution and careful removal of all dust before use.  Similar results were 

produced following the polymer coating, with little change in the UV-vis and a slight change in the 

DLS, especially in the smaller peak. This time, little shift was produced in the UV-Vis upon change 

in pH, however the curve retained the characteristic nanotriangle shape well   (Figure 5:8a,b). In 

DLS, the nanotriangles appeared larger in acid with a more pronounced small peak than in base 

(Figure 5:8d). Sonication was also found to reduce the size of the peaks for the acidic and basic 

samples, more notably for the acidic sample (Figure 5:8e).  Figure 5:9 shows the response of the 

UV-Vis peak absorbance (a) and wavelength (b) to change in pH. It can be seen that the absorbance 

increases at high pH and decreases at low pH and this is reversible until the absorbance irreversibly 

decreases, presumably due to degradation. There is however no clear pattern seen in the 

wavelength change, which would be the interesting parameter for sensing applications. This could 

be an indication that there is some reversible aggregation of the nanotriangles, perhaps prevented 

from getting too close and irreversibly aggregating by the polymer coating.  
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Figure 5:8. a) UV-Vis of CTAC coated and polymer coated nanotriangles, b) UV-Vis of polymer coated 

nanotriangles in acidic and basic conditions (summarised in  Figure 5:9),  c) DLS of 

nanotriangles coated with CTAC and polymer, d) DLS of polymer coated nanotriangles 

in acidic and basic conditions, e) DLS of polymer coated nanotriangles in acidic and 

basic conditions before and after sonication.  

 

Figure 5:9. Summary of a) UV-vis peak absorbance and b) UV-Vis peak wavelength for 

samples exposed to acidic and basic conditions. (Red = acid, blue = base) 

 

There have been some reports of non-uniform polymer coating of anisotropic nanoparticles in the 

literature. It has been hypothesised it is easier to displace the CTAC bilayer at ends and vertices 

where it is more likely to be disrupted.22 The shift in the smaller DLS peak upon polymer 

conjugation, and the less significant shift in the larger peak (Figure 5:8c), could be an indication that 
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the nanoplates were not being coated uniformly, or that one face or side was being coated and not 

others. This could also be indicated by the UV-Vis results at different pH. When the nanotriangles 

are in basic solution, the LSPR shoulder peak is more prominent (Figure 5:8b). The shoulder 

corresponds to the transverse LSPR peak (out of plane quadrupole), so this could be an indication 

there is some directional difference in property change, perhaps face to face stacking of the 

nanotriangles. The lack of change in the wavelength of the peak implies that there is no significant 

change in refractive index at the surface of the nanotriangles. An important consideration here is 

whether the analytical volume would penetrate into the polymer coating. As the pH responsive part 

of the polymer is the separated from the surface by the non-responsive POEGMA block, there is a 

chance that the responsive part is too far from the surface of the nanotriangles. The analytical 

volume is determined by the size of the nanoplates and can also be directionally dependant.23 This 

could also explain the discrepancy in peak change.  

 

5.2.5 Investigation of nanotriangles of different sizes, with increased polymer 

concentration 

In light of this, it was decided to prepare a variety of nanotriangle samples of different sizes to see 

if some samples would be more effective than others at sensing, so that these samples could be 

targeted for future experiments. Twelve different nanotriangle samples were prepared using the 

same protocol as above (Experimental section 2.2.19.1), with different quantities of NaOH and 

ascorbic acid. Samples 1-3 were prepared with standard amounts of reagents, samples 4-6 were 

prepared with double amounts of NaOH, samples 7-9 were prepared with half AA, and 10-12 were 

prepared with half AA and double NaOH.  Also, an increased amount of polymer (40 µL) was added 

for the coating step in all samples, to encourage thorough coating of the nanotriangles. 
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Figure 5:10. a) UV-Vis of as-synthesised nanotriangles (labels correspond to sample number where 

1-3 use standard quantities, 4-6 double NaOH, 7-9 half AA, and 10-12 half AA and 

double NaOH), b) UV-Vis of selected nanotriangles, chosen to have the spectra most 

characteristic of nanotriangles (sample numbers as in a)).  

Of the twelve samples, six were selected to have the most characteristic UV-Vis spectra. These were 

then coated with polymer. Surprisingly some samples were found to have a large UV-Vis shift upon 

conjugation, which was not seen for the previous experiments (Figure 5:12). DLS also revealed more 

peak shift upon conjugation than was seen for previous experiments, implying the polymer 

conjugation was more successful (Figure 5:11). The smaller peak was also retained for all the 

samples, indicating that the nanotriangles kept their shape. This shift in large and small peak could 

indicate that the polymer was coated more uniformly.   
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Figure 5:11. a) DLS of CTAC coated nanotriangle samples, b) DLS of polymer coated nanotriangles, 

c-h) DLS of individual nanotriangle samples before (black) and after (red) polymer 

coating. Labels correspond to sample numbers as described in Figure 5:10 (1-3 use 

standard quantities, 4-6 double NaOH, 7-9 half AA, and 10-12 half AA and double 

NaOH) 
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Figure 5:12. a-f) Normalised UV-Vis spectra of each nanotriangle sample before (black) and after 

(coloured)  polymer coating and when exposed to acid and base. a) sample 4, b) sample 

5, c) sample 7, d) sample 9, e) sample 10, f) sample 12. (See Figure 5:13 for pH change 

summary). 

UV-Vis data showed a relatively large shift upon conjugation with polymer compared to previous 

experiments, however there was still only very small shift change with pH change. In some cases, 

the shape of the spectra altered with polymer coating in addition to the position of the main peak. 

This could be indicative of non-uniform polymer coating or particle degradation. The effect of size 

on UV-Vis properties of the nanoparticles was not very pronounced, perhaps due to only a relatively 
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small size difference being achieved. Figure 5:13b shows that there was some correlation between 

nanoparticle size and wavelength of the main absorbance peak. Figure 5:13a shows that there was 

no correlation between size and the change in the wavelength of the UV-Vis peak, both when 

transferring from CTAC to polymer coating, and between acidic and basic conditions. Figure 5:13c 

shows that the only significant change in peak wavelength for each sample was upon polymer 

coating, and the wavelength remained stable after that.    

 

Figure 5:13. a) Absorbance change of main peak of different nanotriangle samples CTAB to polymer  

(red) acid to base (blue), b) wavelength of main peak of samples before polymer 

coating for varying nanotriangle size, c) change in wavelength following polymer 

conjugation.  

 

It was decided that computational studies needed to be carried out to determine the optimal size 

of the nanotriangles and block length of the polymer before any more experiments were carried 

out, as the results were currently too unpredictable and time inefficient. It is likely that size of the 

nanotriangles plays an important role in determining the analytical volume of the nanoparticle, the 

region surrounding the nanoparticle within which a change in refractive index will affect the LSPR 
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peak of the nanoparticles.23-27 Also a way of determining which parts of the nanotriangles were 

coated with polymer would need to be developed to understand why in some circumstances 

different UV-Vis peaks shifted different amounts. This was not currently possible with the methods 

of TEM staining in use, especially as the nanotriangles always lie flat, so it is impossible to see if 

there is coating on the flat face.  

5.2.6 Nanohelices8 

Polymer conjugation to nanohelices was attempted to investigate if these larger nanostructures 

would exhibit a better response to pH change than the nanotriangles. A similar triblock copolymer 

(TB106) was used. GPC was measured after the experiments were carried out and it is noted that 

there was a significant amount of residual diblock or homopolymer, which could explain some of 

the aggregation results in this section. There was still predominatly  triblock polymer present.  

Table 5:2. TB106 Characterisation.  

 Target Block 

Lengths** 

Actual Block 

Lengths*** 

Mn / g mol-1 Mw / g mol-1 PDI 

TB106 54:74:59 54:45:19 22392 51104 2.28 

**Order: POEGMA-PDPA-PMPC 
***Calculated from 1H NMR conversion of POEGMA and final 1H NMR integrals of PDPA and PMPC 

 

Figure 5:14. GPC trace of TB106 in 0.25 % TFA in water, taken on Waters APC GPC.  

 

8 Experiments in this section were carried out in collaboration with Dr Hyeon-Ho Jeong at the Max Planck 
Institute for Intelligent Systems in Stuttgart, Germany. 
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The larger size of the nanoparticles means the electron cloud should penetrate deeper into the 

polymer layer.28 Nanohelices also have the advantage that the circular dichroism (CD) spectra can 

be measured instead of the UV-Vis spectra due to the chirality of the nanoparticles. This is beneficial 

because CD is less prone to interference from other sources than UV-Vis, because a signal is only 

produced by chiral materials. Nanohelices were prepared using a NanoGLAD deposition system,29 

then mixed with thiolated triblock polymer in aqueous solution to produce water-soluble coated 

nanohelices.  

Hydrodynamic diameter was measured using DLS to investigate the size change of the nanohelix-

polymer conjugates with pH. Dh was measured in citrate buffer at pH 4, 6 and 7 immediately, and 

after 60 minutes (Figure 5:15). It was found that there was a slight size increase over time for the 0 

minute samples, however this trend was not as pronounced for the 60 minute samples. The size 

increase could be attributed to free polymer in solution sticking to the conjugated polymers. This 

could be due to the residual diblock in solution.  CD spectra were also measured for the samples at 

each pH at both times. The wavelength at four points on the spectra was noted and plotted in Figure 

5:16d. No trends were observed. This shows that the pH change is not affecting the LSPR of the 

nanohelices. The same experiments were then attempted with silver nanohelices which have 

slightly different plasmonic properties. 
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Figure 5:15. DLS spectra of polymer-conjugated gold nanohelices at pH 4 (a), pH 6 (b) and pH 7 (c) 

in cirate buffer. D) summary plot of Dh for each sample.  

 

Figure 5:16. CD spectra of polymer-conjugated gold nanohelices at ph4 (a), pH6 (b) and pH 7 (c) in 

cirate buffer. D) summary plot for each sample. 
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Similar results were observed with the silver nanohelices. A size increase of ~ 10 nm was observed 

with pH increase from 4 to 7 for the 0 minute sample, and a similar trend as for gold, with a dip at 

pH 6, was observed for the 60 minute sample, with a lower initial size (Figure 5:17).  

The CD spectra were not as good for the silver samples as for the gold samples, this was attributed 

to degradation by the citrate buffer. CD spectra again did not exhibit any pronounced trend, 

indicating the LSPR was unaffected by the polymer.  

 

Figure 5:17. DLS spectra of polymer-conjugated silver nanohelices at ph4 (a), pH6 (b) and pH 7 (c) 

in cirate buffer. D) summary plot of Dh for each sample. 
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Figure 5:18. CD spectra of polymer-conjugated gold nanohelices at pH 4 (a), pH 6 (b) and pH 7 (c) in 

cirate buffer. D) summary plot for each sample. 

5.3 Conclusions and Future Work 

Coating of triangular nanoplates with triblock copolymers was attempted and optimised to produce 

stable conjugated nanotriangles. Polymer coating was confirmed using zeta potential and DLS size 

measurements and the pH response of the nanotriangles was investigated for pH sensing 

applications. Mixed results were observed, with no clear link between the size of the nanoparticles 

and their pH response. It was hypothesised that the pH sensitive part of the polymer may be too 

far from the gold surface for LSPR shift to be observed. It could also be the case that the refractive 

index change is not significant enough. Computational studies should be carried out to investigate 

the necessary size of the polymers and nanotriangles before further experimental work is 

attempted.   

Nanohelices were successfully coated with polymer and tested at different pH. These experiments 

also did not exhibit reliable response to pH. In conclusion, these polymer coated nanoparticles 

would not be suitable for use as pH sensors without much more extensive studies of their LSPR 

properties and the uniformity of polymer coating.  
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Chapter 6 Gold Nanoparticles with a Janus Polymer 

Coating 

6.1 Introduction 

Phase separation of polymers is a well-known phenomenon in the bulk state and has also been 

demonstrated in solution.1, 2 An emerging area for investigation is the phase separation of polymers 

on the surface of nanoparticles (See Section 1.3).3-5  It was hypothesised that if this separation could 

be replicated with functional polymers, the nanoparticles could be used as Janus nanoswimmers 

(via conjugation of an enzyme),6-8 or for Raman spectroscopy due to formation of dimers and 

trimers.9 

Polymers for these applications would need to contain a thiol group on one end, for conjugation to 

gold, be of uniform chain length, to ensure reliability of assembly and phase separation, and contain 

a different functional group either along the chain or on the opposing end of the chain. The 

polymers used would also have to be sufficiently incompatible to induce phase separation, but 

soluble enough in the same solvent to allow conjugation of the polymers to the nanoparticles.10, 11 

As Janus coated particles in aqueous solution were of interest with a view to potential biomedical 

applications, the main polymer was chosen to be PEG, a well-studied biocompatible water soluble 

polymer.12, 13 PtBMA was chosen as the other polymer due to its hydrophobic nature, and the fact 

the tert-butyl esters could be hydrolysed to give carboxylic acids,14 which could be reacted with 

amines on enzymes using EDC NHS coupling.15 PEG and PtBMA are also both soluble in THF so this 

solvent could be used for the nanoparticle conjugation step. ATRP polymerisation was used to 

prepare the polymer using a disulphide initiator to provide the thiol group.  
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Scheme 6:1. Formation of Janus coated nanoparticles. Pink = PEG, Blue = PtBMA. Silver = platinum 

particles, green = enzymes.  

 

Scheme 6:2. Structure of PEG and PtBMA before and after hydrolysis.  

6.2 PtBMA and PEG Preparation and Coating 

6.2.1 PtBMA Synthesis 

PtBMA of two different lengths, 2 kDa and 6 k Da were synthesised via ATRP using a disulphide 

initiator. NMR and GPC confirmed the polymerisation was complete and well controlled for the 6 

kDa polymer, less so for the 2 kDa polymer. (see appendix Figure 8:17 for NMR spectra). As GPC 

was measured at a later date, both polymers were included in initial experiments. The higher Mw 

than targeted is likely due to uncontrolled polymerisation in the case of PtBMA 2k, as the 

polydispersity is high (1.4) and the GPC trace is broad. For the PtBMA 6k sample, the Mn is 

approximately double the target Mn which is probably due to the use of the disulphide initiator 

giving a double length polymer. 
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Table 6:1. GPC data for PtBMA polymers 

 Target Mn / g mol-1 Mw / g mol-1 Mn / g mol-1 PDI 

PtBMA 1 2000 45100 32200 1.40 

PtBMA 2 6000 13500 11000 1.23 

 

Figure 6:1. GPC traces of a) PtBMA 2k and b) PtBMA 6k in THF. Run on Waters APC GPC.  

6.2.2 Nanoparticle Coating 

Addition of the polymers to the gold nanoparticles via displacement of citrate with polymer thiols 

was initially attempted using a mixed solvent system of 1:1 THF and water. Displacement of citrate 

with thiols is a well-established method.16 The PtBMA and PEG were dissolved in THF and the 

aqueous nanoparticle solution was added. This resulted in cloudy pink solutions. DLS results 

showed a large size increase of the nanoparticles for both polymer systems, much greater than 

would be expected just from the size increase due to polymer coating (Figure 6:2). The cloudiness 

and aggregation was considered to be likely to be due to the 50% water in the solution, in which 

ptBMA is insoluble. It was therefore decided to minimise the amount of water used by 

concentrating the nanoparticle solution five-fold prior to its addition to the polymers in THF. 
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Figure 6:2. DLS of gold nanoparticles coated with a PtBMA:PEG 1:2 mixture in 50:50 water:THF 

PtBMA length a) 2k, b) 6k.  

For the next attempt, 100 µL of concentrated nanoparticle solution was added dropwise to 2 mL of 

polymer solution in THF. This method gave a clear solution with a slight red shift. The nanoparticles 

could then be removed via centrifuged and redispersed in DI water to give a clear bright red 

solution. This method was carried out with four different PtBMA to PEG ratios: 1:9, 2:8, 3:7, 4:6 

(labelled JA1, JA2, JA3, JA4 repectively). DLS and UV-Vis were measured when the nanoparticles 

had been redispersed in THF (Figure 6:3b,d) and when they had been redispersed in water (Figure 

6:3a,c). If the nanoparticles have a Janus coating with one hydrophobic patch, the hydrophobic 

patches of two nanoparticles may attract and result in the formation of dimers in solution. This 

would result in an increase in size in DLS and a peak in UV-Vis corresponding to the LSPR peak for 

the conjoined nanoparticles.17 Therefore, dimerization could be used as an indicator for Janus 

structure. 
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Figure 6:3. DLS and UV-Vis data of PtBMA/PEG coated gold nanoparticles dispersed in water and 

THF. A) DLS in water, b) DLS in THF, c) UV-Vis in water, d), UV-Vis in THF, where JA1 

represents 10 % PtBMA, JA2 20 %, JA3 30%, JA4 40%.  

DLS results appeared to show some aggregation in THF (Figure 6:3b) for all polymer ratios, with 

peaks at ~35 nm and ~200 nm. This was unexpected as both ptBMA and PEG should be soluble in 

THF, meaning no dimerization or other aggregation was expected. It was speculated that the 

nanoparticles were less stable in THF due to reduced charge stabilisation and hydrogen bonding of 

solvent with PEG than in water. The lack of red shift in UV-Vis however indicated no aggregation, 

implying the steric repulsion of the polymer shell was sufficient protection from complete 

aggregation. The results in water indicated aggregation to a lesser degree, with the exception of 

the sample with 70 % PtBMA (Figure 6:3a blue), which had a bimodal peak, indicating some 

inhomogeneity. The DLS results in water had peaks at ~4 nm and ~100 nm for all of the samples. 

The small peak at low diameter is often indicative of anisotropy in a sample, which could be a sign 
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that dimers are present,  however the UV-Vis spectra did not show any evidence of dimerization or 

any other aggregation for any of the samples, water or THF.  DLS is generally only reliable for 

monodisperse samples, so it is not possible to draw reliable conclusions from these results. A slight 

red shift of ~4 nm was present when compared to the UV-Vis of the citrate coated nanoparticles, 

which is indicative of thiol displacement of citrate.18   

TEM images were taken of the polymer coated nanoparticles to investigate if there were any dimers 

present in the sample (Figure 6:4). 

 

Figure 6:4. TEM images of PtBMA/PEG coated gold nanoparticles. a, e, i) 10 % ptBMA, b, f, j)  20 % 

PtBMA, c, g, k) 30 % PtBMA,  d, h, l) 40 % PtBMA. TEM images taken on 200 kV TEM 

with no staining. Scale bars: a, b, c, d) 10 nm, e, f, g) 100 nm, h, I, j, k, l) 200 nm. 
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Table 6:2. TEM statistics of aggregation with varying polymer ratios.  

 10% PtBMA 20% PtBMA 30% PtBMA 40% PtBMA 

Single 78.4 % 64.6 % n/a* n/a 

Dimer 17.6 % 31.7 % n/a n/a 

Trimer 4 % 3.6 % n/a n/a 

*Free nanoparticles could not be accurately counted due to extensive aggregation 

Most images of all polymer coating ratios contained a number of dimers. In order to determine if 

there was a significant difference in the number of dimers for different proportions of polymer, 

nanoparticles were counted. In the 90% PEG sample, 17.6% of the counted nanoparticles were 

dimers, in the 80 % sample, 31.7 % were dimers and in the 70% and 60% samples aggregation was 

too extensive to measure enough free nanoparticles to get a meaningful percentage. It is difficult 

to separate drying effects from aggregation which would also have been present in solution. 

In order for an aggregation peak to occur in the UV-Vis spectra, the nanoparticles need to be close 

enough that the distance between the nanoparticles does not exceed one tenth of the size of the 

nanoparticle to observe plasmonic coupling.19, 20 It was therefore decided to attempt the polymer 

coating with larger nanoparticles as this would mean that even with polymers causing a separation 

of a few nanometers, an aggregation peak would still be visible. Nanoparticles of ~35 nm were 

prepared via the Turkevich method with five growth steps and characterised by DLS.21 It was found 

that concentration via centrifuge caused some aggregation of these larger particles (Figure 6:5a), 

so unconcentrated nanoparticle solution was injected. The polymer coated nanoparticles were then 

redispersed in less water in order to concentrate them once they were more stable due to the steric 

stabilisation of the polymer coating (cent x 2 only 3.5k, less residual polymer). Polymer coating was 

attempted with 1.5:8.5 PtBMA:PEG block ratio and a pure PEG coating as a control, and redispersed 

in water. No evidence of dimersisation was observed in UV-Vis or DLS (Figure 6:5 b-e).  
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Figure 6:5. a) DLS of citrate gold nanoparticles before and after 5 x concentration. b) UV-Vis of 

PtBMA:PEG 1.5:8.5 coated gold nanoparticles as prepared and following concentration 

after coating, c) DLS of gold nanoparticles after coating, d) after concentration after 

coating , e) after three days to check for long-term stability.  

The polymer coating was attempted again with the smaller nanoparticles with the ratio 1.5:8.5 as 

this was found to show some evidence of aggregation in DLS. The coating was also attempted again 

with the large particles with a larger proportion of PtBMA to see if any aggregation would be 

observed. DLS showed some slight aggregation for the smaller particles again but none was observe 

in UV-Vis. It was hypothesised that the reason aggregation is observed with the smaller particles 
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and not the larger particles is due to the faster centrifuge speeds required to remove the small 

nanoparticles. These faster speeds could lead to some excess polymer also being incorporated into 

the pellet, so it is not removed from solution and can cause aggregation of the nanoparticles.  

 

Figure 6:6. a) UV-Vis and b) DLS of 20 nm nanoparticles coated with PEG, PEG 85 % PtBMA 15 % 

Mw= 2 kDa  and 6 kDa.  

 

Figure 6:7. a) UV-Vis and b) DLS of 40 nm nanoparticles coated with PEG, PEG 60 % PtBMA 40 % 

Mw= 2 kDa  and 6 kDa. 

It was hypothesised that the lack of dimerization observed with the larger particles and lack of UV-

Vis shift is due to the lack of excess polymer present in solution, due to the slower centrifuge speeds 

required to remove the nanoparticles and reduced amount of polymer present in the pellets. Also, 

the polymers are potentially still too long to see any aggregation peak in UV-Vis because the 

distance between nanoparticles is too great. To investigate this further, it was decided to prepare 

nanoparticles with polymer coatings that exhibit switchable solubility. This way, the need for excess 

polymer to cause dimerization could be easily investigated.  
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6.3 PDPA coated Au-NPs 

PDPA is can be hydrophilic or hydrophobic depending on pH. Below pH ~6, the amine group is 

protonated and the polymer becomes hydrophilic. This means excess polymer could easily be 

introduced into solution and switched from hydrophobic to hydrophilic. Therefore whether or not 

excess polymer is necessary for aggregation could be more easily observed. A PDPA homopolymer 

was synthesised and nanoparticles were coated in 100 % PDPA, excess PDPA was removed via 

centrifuge and aggregation was measured with DLS. Amines are also known to interact with iodine 

TEM vapour staining, so this technique was used to confirm coating.  

6.3.1 PDPA synthesis 

PDPA was prepared using ATRP and was characterised using GPC and NMR. (Appendix Figure 8:18). 

GPC indicated the polymerisation was poorly controlled with a high PDI of 1.67. It is possible that 

the disulphide bond at the centre of the polymer contributed to the high PDI.   

Table 6:3. GPC data of PDPA. 

 Target Mn / g mol-

1 

Mw / g mol-1 Mn / g mol-1 PDI 

PDPA 3000 15300 9200 1.67 

 

Figure 6:8. GPC trace of PDPA in 0.25% TFA in water. Taken on Waters APC GPC.  
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6.3.2 Nanoparticle Coating 

TEM samples were stained with iodine to confirm the polymer coating. A faint grey halo was 

observed around the nanoparticles (Figure 6:9b). This was approx. 3.24 nm in width. DLS showed 

that the nanoparticles aggregated when the solution pH was increased above 7. It is unclear why 

this happens when there should be no excess polymer present, so further investigations were 

carried out with PNIPAM, which has been more extensively studied in the literature.22-25 The need 

for excess polymer to induce aggregation is likely to differ for individual polymers, also preparation 

methods which results in no excess polymer for certain polymers, may not have the same result for 

other polymers.  

 

Figure 6:9.  a) DLS of PDPA coated Au-NPs in acidic and basic conditions, b) enlarged image of green 

square in c, c) iodine stained TEM image of PDPA coated Au-Nps taken on 200 kV TEM.  

6.4 PNIPAM Coated Au-NPs 

PNIPAM is an extensively studied polymer due to its lower critical solution temperature (LCST) at 

~32 °C.26, 27  LCST is exhibited when a substance becomes insoluble above a certain temperature (in 

contrast to most substances which become more soluble as temperature is increased). This 

phenomenon is cause by entropic effects. Dissolving a substance in water requires water molecules 

to arrange themselves around the dissolved molecule in a non-random conformation (in the case 

of PNIPAM, due to hydrogen bonding with the amide group), causing a reduction in entropy 

compared to when the molecules are arranged randomly without solute present. This loss in 

entropy is usually offset by an increase in enthalpy due to favourable interactions between solute 

and solvent. However, at higher temperature the entropic term in the equation for Gibbs free 

energy becomes more important (due to the increased energy in solution providing more options 

for mixing) and for some substances this increasingly unfavourable entropy is enough to cause the 

Gibbs free energy to become negative overall and for the solute to drop out of solution. For PNIPAM 
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the enthalpically favourable hydrogen bonding is no longer more favourable than the increase in 

entropy offered to the water molecules when they no longer have to arrange around the hydrogen 

bonds.28 

Δ𝐺 =  Δ𝐻 − 𝑇Δ𝑆 

PNIPAM coating of nanoparticles has been reported previously in the literature, with some 

literature describing aggregation of nanoparticles, and others not.22-25, 29 A study was carried out 

with PNIPAM to see if the literature could be replicated and validate experimental procedures.  

6.4.1 PNIPAM Synthesis 

PNIPAM was synthesised via ATRP, GPC and NMR (Figure 8:19) confirmed the polymerisation was 

complete and well controlled.  

 Target Mn / g mol-

1 

Mw / g mol-1 Mn / g mol-1 PDI 

PNIPAM 3000 4500 3700 1.20 

 

Figure 6:10. GPC trace of PNIPAM in THF, taken on Waters APC GPC. 

6.4.2 Nanoparticle Coating 

Nanoparticles were initially coated using the method where a small amount of nanoparticles are 

injected into polymer solution and the nanoparticles are purified via centrifugation cycles. DLS was 

measured to check for aggregation when the nanoparticles were heated above the PNIPAM LCST. 

No aggregation was observed. The test was repeated with larger nanoparticles and the same results 

were observed. (Figure 6:11) 
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Figure 6:11. a, c , e) DLS of 20 nm gold nanoparticles at 25 and 45 °C with 20, 50 and 100 % PNIPAM 

respectively. B, d, f) DLS of 30 nm gold nanoparticles at 25 and 45 °C with 20, 50 and 

100 % PNIPAM respectively. 

Nanoparticles were then prepared using a method where 20 µL of PNIPAM is injected into the 1 mL 

of gold nanoparticle solution and the solution is not purified. Only a 100 % PNIPAM (no PEG) sample 

was initially prepared. Upon heating aggregation was observed in DLS (Figure 6:12). It was assumed 

that this is because this preparation method leaves some residual PNIPAM in solution. 
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Figure 6:12. DLS of pNIPAM coated au-nps prepared via residual polymer method. 

Samples with 40 % PNIPAM and 60 % PEG were prepared using the same method. Some aggregation 

was also observed in these samples. Assembly under warm and cool conditions was also 

investigated in case this induced any phase separation which could lead to dimerization (Figure 

6:13).  



Chapter 6 

175 

 

 

Figure 6:13. DLS of PNIPAM coated Au-NPs assembled at room temperature (a,b) compared to 

assemled at 40 C(c.d) with (b,d) and without (a,c) excess polymer in solution (5 µL 10 

mg mL-1 added to 1mL nanoparticle solution).   

 

Figure 6:14. DLS of 30 nm gold nps with 30 and 20% pNIPAM coating with excess polymer (red). (5 

µL 10 mg mL-1 added to 1mL nanoparticle solution).   
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Whether the PNIPAM coated nanoparticles aggregated was found to depend on whether there was 

any residual polymer left in solution, which is in agreement with the Scherman et al paper 

mentioned previously.22 It was found that residual PNIPAM resulted in aggregation when the 

temperature was increased above the LCST. The reason initial investigations found no aggregation, 

even though similar reports have described aggregation with similar purification protocols, is very 

likely because the initial coating and washing is performed in THF rather than water. PNIPAM is 

more soluble in THF and would not crash out if the centrifuge becomes warm, therefore remains in 

the supernatant and is successfully removed in far fewer washes. This logic can be applied to the 

nanoparticles prepared with other polymers. The PtBMA would be very efficiently removed by the 

THF, whereas PDPA would be less effectively removed, hence the aggregation observed with PDPA.  

It can be concluded that dimerization is not feasible for PNIPAM unless there is excess polymer in 

solution, however it cannot be ruled out that dimerization could still be possible with more 

hydrophobic polymers. Overall, dimerization, or lack thereof, is not a reliable method to determine 

whether the particles have a Janus coating and more direct methods must be employed.  

In order to actually see the Janus coating on TEM, a polymer that would be more easily stained in 

TEM would be needed, or a polymer that easily to reacts with enzymes so that the enzyme could 

be seen on TEM with negative staining. As the hydrolysis of PtBMA was found to require relatively 

harsh conditions and was not simple to characterise, especially whilst on the nanoparticles, and it 

was unclear if it would still phase seperate. It was decided to synthesise polypentafluorophenyl 

methacrylate. The phenyl ring should provide good phase separation with PEG as it is similar to PS 

and the pentafluorophenyl esters should react easily with the amines on the enzymes.30 

Additionally OsO4 or RuO4 staining could be attempted for TEM.  



Chapter 6 

177 

 

 

Scheme 6:3. Enzyme conjugation to PPFPMA.  

6.5 Pentafluoro phenyl Methacrylate 

The synthesis of poly(pentafluorphenyl methacrylate) was attempted following a literature 

procedure.31 The monomer is prepared from the reaction of methacryloyl chloride with 

pentaflurophenol via nucleophilic substitution of the chlorine with the phenol. 2,6-lutidine is 

included in the reaction mixture to deprotonate the pentafluorophenol, making it more 

nucleophilic.  The reaction products were purified via vacuum distillation and silica column.  

6.5.1 Attempted Monomer Synthesis 

19F NMR indicated that the pentafluorophenol had reacted due to shifts in the three peaks 

corresponding to ortho meta and para substituted fluorines from 163-168 ppm in the reagent to 

152-162 ppm in the product, consistent with literature values. (Figure 8:20). The lower intensity 

para peak also shifted in position relative to the other peaks, indicating substitution. The 1H NMR 

also featured peaks consistent with the product (6.83, 5.89, 2.07 ppm) however was found to 

contain significant impurities even after extensive attempts at purification via vacuum distillation 

and on silica column. (Figure 8:21) The impurities produced peaks at 1.55, 1.93, 2.19 and 2.45 ppm, 

which were not consistent with any residual lutidine or other reagents. It was deduced that this 

impurity was most likely the Diels Alder product of the methacryloyl chloride reacting with itself. 

NMR was run of the methacryloyl chloride and this was found to contain similar impurities (Figure 

8:25).  
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Scheme 6:4. Monomer synthesis of pentafluorophenol methacrylate.  

6.5.2 Attempted polymerisation 

The prepared monomer was polymerised despite impurities, in the hope impurities could be 

removed post polymerisation via precipitation or dialysis. Polymerisation produced a pale pink 

solid, however the yield was extremely low. NMR indicated a small amount of polymer had been 

produced with significant residual monomer. (Figure 8:22 and Figure 8:23) Due to the already small 

amount of monomer formed it was not possible to prepare enough polymer for purification. 

6.6 Bifunctional Polystyrene  

As the pentafluoropenyl methacrylate synthesis was unsuccessful, a new strategy was developed. 

It was decided to synthesise polystyrene with one thiol end group and one carboxylic acid end 

group. This would keep the phase separation properties of the styrene ring and also incorporate 

functionality and potentially increased hydrophilicty into the chain. This could be accomplished 

using RAFT with a CTA and initiator containing a carboxylic acid and by turning the trithiocarbonate 

end group to a thiol using aminolysis.  
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Scheme 6:5. Bifunctional polystyrene preparation and functionalisation.  

6.6.1 Synthesis 

NMR (Figure 8:26) and GPC confirmed that the polymerisation was well controlled. The Mn was 

higher than targeted, however the control was good. The high Mn could have been due to 

discrepancies in quantities of reagents or the fact the GPC was calibrated against PMMA standards 

instead of PS.    

Table 6:4. GPC results of PS. 

 Target Mn / g mol-

1 

Mw / g mol-1 Mn / g mol-1 PDI 

PS 5000 8800 7700 1.14 
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Figure 6:15. GPC trace of PS in THF, taken on Waters APC GPC.  

The terminal trithiocarbonyl thio group was then converted to a thiol via aminolyis32 (Scheme 6:5.). 

The reaction was followed by monitoring the intensity of the characteristic UV-Vis peak at 436 nm 

which gives the trithiocarbonate group its yellow colour (Figure 6:16).  

 

Figure 6:16. UV-Vis spectra showing absorbance of PS before (red) and after (black) conversion of 

the trithiocarbonyl end group into a thiol.  

FTIR was then used to check for the presence of a carboxylic group in the polymer. A characteristic 

sharp peak was seen at 1703 cm-1. (Figure 6:17). 
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Figure 6:17. FTIR of bifunctional polystyrene. 

Table 6:5. FTIR assignments confirming presence of carboxylic acid group at 1703 cm-1 . 

Wavenumber / cm-1 Bond 

1452-1601 Aromatic C-C 

1703 Carboxylic acid C=O 

1732-1943 Aromatic Overtones 

2849-2845 Sp3 C-H 

3002-3060 Aromatic C-H 

 

6.6.2 Nanoparticle Coating 

Coating of the nanoparticles was carried out as described previously, via injection of small amounts 

of aqueous gold nanoparticle solution into PEG/PS polymer mixtures dissolved in THF, a good 

solvent for both polymers. Purification was then carried out via centrifuge. Characterisation via FTIR 

was attempted to confirm coating, however sample concentration was too low to get meaningful 
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data. Nanoparticles were prepared with three different PEG:PS ratios: 9:1, 8:2, 6:4. DLS of each 

sample was measured (Figure 6:18a). DLS showed an increase in size with an increased amount of 

polystyrene. This could correspond to the increased chain length of the PS compared to PEG, 

although the increase is most likely too large for this to be the case (25+ nm) and may correspond 

to an increased amount of aggregation for increased polystyrene amounts. 

 

Figure 6:18. a) DLS of gold nanoparticles with 60, 80 and 90 % PEG coating, b, c, d) TEM images of 

OsO4 stained 80% PEG gold nanoparticles.  

In order to confirm nanoparticle coating and investigate the amount of aggregation, the 

nanoparticles were examined using TEM. Samples were prepared using OsO4 vapour staining. OsO4 

is a strong oxidising agent and is known to react with alkenes.33 It’s ruthenium analogue, RuO4 is an 

even stronger oxidiser and is known to react with phenyl rings. Some evidence of staining of 

polystyrene with OsO4 has been seen in the literature, albeit to a lesser extent than staining of 

polybutadiene.34  It was assumed that OsO4 would not react with PEG. In the absence of available 

RuO4, selective staining of PS using OsO4 was attempted. Some evidence of polymer staining was 

observed in TEM for some nanoparticles, however the staining appeared fairly uniform around the 

nanoparticles. Rapid degradation of stained areas by the electron beam was also observed. The 
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TEM used in this instance was a 200 kV TEM, therefore  it is possible that contrast was not high 

enough to detect differences in staining and the beam was very rapidly destroying samples due to 

its high intensity. For observing stained polymers a lower voltage TEM would be desirable, however 

this was not an option at the time. In terms of aggregation observed, some dimer and trimers and 

larger clumps of nanoparticles were observed (Figure 6:18), however it was decided a more 

systematic statistical study was necessary to determine whether the amount of dimers was 

significant. Also the presence of a control with 100% PEG coating could provide insight into whether 

aggregation was due to the PS or other factors, such as drying effects. 

Five samples were prepared with 60, 70, 80 , 90 and 100 % PEG coating. DLS, UV-Vis and TEM were 

measured. DLS did not exhibit such a pronounced trend for these samples, however a slight Dh 

increase with increased PS concentration was observed (Figure 6:19). These sample had an 

additional centrifuge-redisperse cycle during purification, which could explain this. In order to 

investigate if these nanoparticles aggregated in the presence of excess polymer (as seen with 

previous samples using PNIPAM section Figure 6:13), 10 µL of 10 mg ml-1 PS (pre aminolysis) 

solution in THF was added under rapid stirring to each of the samples. UV-Vis and DLS were then 

measured (Figure 6:19, Figure 6:20). DLS showed a large increase in count rate and chaotic 

distribution of Dh. This was attributed to clumping of the PS due to its insolubility in water. In 

contrast, UV-Vis did not exhibit a large change. There was a slight blue shift in the LSPR peak, which 

can be attributed to the increased turbidity of the solution due to the insolubility of the PS. An 

increase in the absorbance at 600 nm also indicated  that there was some aggregation or decrease 

in concentration. No clear trend was observed with increasing PS/PEG ratio (Figure 6:21). 
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Figure 6:19. DLS of a) nanoparticle samples with varying proportions of polymer coating, b) with 10 

µl of 10 mg ml-1 PS (pre aminolysis) solution in THF added, c-g) comparisons of 

nanoparticles with each proportion of polymer before and after addition of additional 

PS.  

 

Figure 6:20. UV-Vis speactra of nanoparticles with varying poymer coatings before (blue) and after 

(purple) addition of extra PS.  

 

Figure 6:21. Summary of UV-Vis peak wavelength (a) and absorbance at 600 nm (b).  

TEM samples were prepared without staining, to look at aggregation statistics. TEM images showed 

extensive aggregation for the 80 % PEG sample (Figure 6:22). It is unclear why this happened as it 

does not correlate with DLS and UV-Vis results. It could be due to drying effects in preparation of 

the TEM sample. Statistics did not show any clear trends (Table 6:6). 
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Figure 6:22. TEM images of a) 60 % PEG b) 70 % PEG c) 80 % PEG d)100 % PEG 

 

Table 6:6. TEM statistics of PS/PEG samples (80 % omitted because aggregation to extensive to 

count particles).  

 

60% PEG 70 % PEG 100% PEG 

Single % 78 62.4 62.4 

Dimer % 13 22.4 17.8 

Trimer % 6.6 5.6 9.2 

More % 2.1 9.6 10.6 
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6.6.3 Enzyme Conjugation  

In order to test if the nanoparticles could self-propel via self-diffusiophoresis (Section 1.5.3), 

enzyme conjugation was attempted. If successful, and the nanoparticles exhibited enhanced 

diffusion in comparison with a control, this would also provide evidence for Janus coating of the 

nanoparticle, as self-diffusiophoresis only occurs when there is asymmetry in the distribution of the 

catalyst over the nanoparticle.35 The enzyme chosen was catalase. Catalase catalyses the 

decomposition of H2O2 into water and oxygen. Whilst not the most biocompatible process due to 

the necessity of H2O2, this choice of enzyme allows for simple monitoring of substrate concentration 

and is highly efficient, therefore suitable for a proof of concept study. EDC/NHS coupling was used 

to conjugate the carboxylic acid end group on the PS to the enzyme (Scheme 6:6). The 70 % PEG 

sample was chosen for this experiment.  

 

Scheme 6:6. EDC/NHS coupling 

UV-Vis and DLS of the nanoparticles were measured before and after enzyme conjugation (Figure 

6:23). The enzyme reacted sample had an additional peak at higher Dh, which could indicate some 

aggregation. Purification of the enzyme reacted sample resulted in a significant decrease in 

concentration, which makes the DLS measurements less reliable.  
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Figure 6:23. DLS of 70 % PEG coated nanoparticle sample before (red) and after (black) enzyme 

coupling.  

Observation of bubbles upon addition of H2O2 indicated that some active catalase remained in 

solution, however, it remained a possibility that this was not necessarily conjugated to the 

nanoparticles and could be free catalase in solution. This was due to the ever decreasing 

concentration of the sample with purification, which meant it was not possible to centrifuge and 

redisperse the sample the required three times without losing all of the nanoparticles. It was 

concluded it was necessary to repeat the experiment on a much larger scale.  

6.6.4 NOESY NMR   

Previous reports of polymer phase separation on the surface of gold nanoparticles report 

confirmation of the structure via NOESY NMR.36 NOESY reveals connections between atoms via 

through-space effects, rather than through-bond effects. It is therefore used to determine whether 

the two types of polymers are mixed on the nanoparticle surface, or separated. In the 2D spectrum, 

cross-peaks are present between peaks which represent atoms that are close in space, and not 

present when atoms are further apart (> 5 Å). In a sample of polymer coated nanoparticles, it should 

therefore be possible to determine whether the polymers are mixed or separated on the surface of 

the nanoparticles. If mixed, cross peaks should be observed between peaks of the two polymers, if 

phase separated into a Janus structure, some crosspeaks should still be present at the phase 

boundary, but the cross peaks should be much less intense. Ideally there would be controls where 

the polymers are definitely mixed and definitely separated, however this is quite hard to achieve.  

In order to take a 2D NOESY spectrum it must first be established that the relevant peaks are clear 

in the corresponding 1D 1H NMR. A scaled up sample was prepared and redispersed in D2O so that 
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the solution was 10-fold concentrated. This revealed peaks nearly identical to those seen in the 

literature, however upon assignment it became clear that these peaks were actually residual THF 

peaks from the polymer coating step, despite four centrifugation cycles. Therefore the literature 

NOESY36 can be disregarded as they base their claim of lack of polymer cross peaks on what is 

actually THF. Further purification was carried out via three further centrifuge cycles. This removed 

the THF peaks and left only a very weak broad PEG peak (Figure 6:24b). There was no visible PS 

peak. This is unsurprising as the characteristic PS peak is usually already broad and low intensity 

compared to the PEG peak. Also PS is insoluble in D2O so may not appear in the NMR. Redispersion 

into CDCl3 was attempted however was not possible as the sample could not be purified via 

centrifuge due to tube solubility.  

 

Figure 6:24. NMR of PEG/PS coated gold nanoparticles in D2O before (a) and after (b) removal of 

THF.  

In the absence of conclusive NMR data or statistically significant TEM data, it was decided to 

continue with enzyme conjugation experiments in the hope Janus coating could be conclusively 
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proven via self-diffusiophoresis. TEM staining was also attempted again in light of access to a 100 

kV TEM. The lower voltage should increase contrast and slow beam degradation.  

6.6.5 100 kV TEM investigation of phase separation 

Samples were prepared at 70, 80, 90 and 100 % PEG and stained with OsO4. The samples were 

spotted onto hydrophilic grids, to minimise drying effects and make statistics more accurate. 

 

Figure 6:25. TEM images (100kV TEM) of PEG/PS coated au-nps with OsO4 staining. A,e,i) 70 % PEG, 

b, f, j) 80% PEG, c , g, k) 90 % PEG, d, h, l) 100 % PEG. Scale bars: top row 100 nm, 

middle 200 nm, bottom, 500 nm. 

Table 6:7. Aggregation statistics from TEM images.  

% PEG Single particles / % Dimers / % Trimers / % 

100 60.8 26 12.5 

90 52.5 34.3 20.7 

80 52.8 29.8 17.2 

70 55.7 35.1 9.2 
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Table 6:7 showed more single particles for the 100% PEG sample and fewer dimers and trimers. 

Amongst the samples with different amounts of PS used, there were no significant trends in 

amounts of dimers, trimers or single particles.  

TEM images of some samples revealed asymmetric stain accumulation. Figure 6:26 shows some 

examples of such stain accumulation in the 80 % PEG sample. This is encouraging evidence of Janus 

structure. Stain accumulation was also observed in the 100 % PEG sample as a symmetrical halo. 

This stain was generally symmetrical however it is unclear why stain accumulation was more visible 

in this sample, as PEG would be expected to interact less with the stain than OsO4. The asymmetric 

staining was nevertheless encouraging and enzyme conjugation and self-diffusiophoresis 

experiments were continued. 
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Figure 6:26. TEM (100 kV) images of OsO4 stained PEG 80 %, PS 20 % coated au-nps.  

Further TEM was carried out to look in detail at the 80 % PEG sample (Figure 6:26). Many examples 

of particles with asymmetric stain accumulation on around 20 % of their surface in a Janus 

conformation were observed. This likely indicates phase separation of the PS and PEG was 

successful and some Janus structures have been obtained.  

6.6.6 Enzyme Conjugation (Scale-up) 

Enzyme conjugation experiments were carried using the 80 % PEG 20 % PS coated sample, a control 

of only PEG, and a control of 80 % PEG with 20 % COOH functionalised PEG. The PEG control should 

have no enzyme conjugated (so no enzyme activity should be observed) and the PEG-COOH control 
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should have the same amount of enzyme conjugated, however there should be no polymer phase 

separation, so enzyme activity should be observed but self-diffusiophoresis would not be exhibited 

(Scheme 6:7). The samples were prepared using EDC/NHS coupling and purified after each step and 

at the end of the process via three additional centrifuge cycles. Sulfo-NHS was used in this 

experiment in contrast to the previous enzyme conjugation experiment, this was to increase the 

hydrophilicity of the samples and try to prevent sticking to plastic centrifuge tubes and resulting 

decrease in concentration. UV-Vis, DLS and TEM were measured after enzyme conjugation.  

 

Scheme 6:7. Coating and functionalisation of gold nanoparticles with PS (blue) and PEG (pink) for 

enzyme conjugation and self-diffusiophoresis studies. 

UV-Vis data showed a characteristic red shift when citrate was replaced with thiolated polymers of 

between 5 and 6 nm for all samples (Figure 6:27, Table 6:8). Upon conjugation with enzyme only 

small peak shifts in the LSPR peak of 1-2 nm were exhibited. This is expected as the enzyme would 

be separated from the gold surface by the polymer. DLS showed a large decrease in count rate for 

all samples (Figure 6:28. DLS of smaples before (red) and after (black) enzyme conjugation.) due to 

the greatly decreased concentration of the samples following extensive purification via 

centrifuge/redisperse cycles. The data showed size increase for all particles with the appearance of 

some bimodal and monomodal peaks.  
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Table 6:8. UV-Vis LSPR peak data  

Coating 

Peak 
maximum 
wavelength / 
nm 

Absorbance 
at 600 nm 

Citrate 519.4167 0.13662 

PEG 524.6718 0.19857 

PEG/PS 525.3717 0.22705 

PEG/PEG-
COOH 526.0713 0.27019 

PEG ENZ 527.2952 0.32338 

PEG COOH 
ENZ 525.3717 0.27131 

PS COOH 
ENZ 526.7708 0.3069 

 

 

 

Figure 6:27. UV-Vis spectra of nanoparticles before and after enzyme conjugation. 
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Figure 6:28. DLS of smaples before (red) and after (black) enzyme conjugation. 

 

 

Figure 6:29. Graphs showing UV-Vis peak shift (a) and absorbance at 600 nm (b) for different 

coatings of gold nanoparticless. 

TEM was then used to investigate the enzyme conjugated samples (Figure 6:30). In this instance, 

PTA staining was used. This usually acts as a negative stain, accumulating on the grid leaving sample 

areas lighter in colour. Samples of PEG, PEG/PEG-COOH and PEG/PS-COOH coated nanoparticles 

were spotted on grids following their exposure to EDC/NHS and enzyme. Catalase enzymes are ~6 

nm in size and may be visible with staining in TEM.37 In this instance PTA appeared to act as a 
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positive stain, it is possible that the tungsten ions have some interaction with PEG. PEG has 

previously been reported to chelate positively charged ions in a similar way to crown ethers.38  

In the first column are images taken of samples coated in pure PEG with no COOH group for enzyme 

conjugation. The staining appears as a generally uniform dark grey halo, with some bulges such as 

in Figure 6:30d. In some images instances, such as Figure 6:30a, there appears to be an inner white 

halo inside the grey halo. In column two are images from the PEG/PEG-COOH coated sample. These 

images appear largely similar to the first column except in the case of image h where there is a 

distinct break in the coating. It is possible that this could correspond to where an an enzyme is 

conjugated. In the final column are images corresponding to PEG/PS-COOH coated gold 

nanoparticles. In this case there are numerous examples of asymmetry, which could indicate a 

Janus coating.   
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Figure 6:30. TEM images (100 kV TEM) of a, d, g, j) PEG-coated gold nanoparticless, b, e, h, k) 

PEG/PEG-COOH coated gold nanoparticless, c, f, I, l) PEG/PS-COOH coated gold 

nanoparticles, all after exposure to EDC/NHS + enzyme.  

6.6.7 Enzyme Activity 

In the event that the conjugation experiment was successful, the two samples containing polymers 

with COOH end groups should have catalase conjugated, and the plain PEG coated nanoparticles 

should have no enzyme conjugated. The amount of conjugated catalase was measured by 

monitoring its activity, by monitoring how rapidly it can decompose hydrogen peroxide.  
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Figure 6:31. Hydrogen peroxide decomposition measured as absorbance at 240 nm for PEG (blue), 

PEG/PEG-COOH (grey) and PEG/PS-COOH (orange) coated gold nanoparticles.  

All of the samples were found to decompose hydrogen peroxide, including the PEG coated sample 

which shouldn’t have any enzyme conjugated. This indicates that either purification is not effective 

in removing all excess enzyme or that the enzyme somehow sticks to the PEG. The amount of 

enzyme present in the sample was however significantly lower than in the two other samples where 

enzyme conjugation should have been successful. The PEG/PEG-COOH sample had the greatest 

amount of enzyme present. The increased amount of enzyme in this sample, compared to the 

PEG/PS-COOH sample, could be due to the better availability of the COOH end group in the latter 

PEG/PEG-COOH sample, due to improved solubility. The presence of enzyme in the two COOH 

containing samples allows for the attempt of preliminary diffusion experiments, as regardless of 

the slight discrepancy in the amount of enzyme, the PS containing sample should exhibit enhanced 

diffusion due to its Janus structure, and the PEG containing sample should exhibit no enhanced 

diffusion.  

6.6.8 Diffusion Experiments 

Further validation of the Janus nature of the coating could be gained if self-diffusiophoresis is 

observed in the Janus sample and not the controls. This phenomenon is also useful in its own right, 

as it can be used in active drug delivery.39, 40 Self-diffusiophoresis is the self-propulsion of 

nanoparticles due to a reaction happening on one side of the particle, causing a concentration 

gradient of products across the surface of the nanoparticle (See Section 1.5.3).  This can be 

measured by monitoring the movement of the nanoparticles. One way to measure this is using DLS. 
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DLS uses the Brownian motion of particles to get an indication of their size. The smaller a particle 

is, the more rapid the Brownian motion. Therefore, if a particle begins to move more rapidly when 

a substrate for a catalytic reaction taking place on the nanoparticle is added, a decrease in apparent 

size in DLS should be observed.  

For this experiment, PEG, PEG/PEG-COOH and PEG/PS-COOH coated gold nanoparticles which had 

been reacted with enzyme were measured by DLS with and without hydrogen peroxide. H2O2 

decomposition mostly occurred in the initial 50 seconds after addition of H2O2. DLS measurements 

take some time, so in order to slow down the decomposition, concentration of H2O2 was decreased 

so that H2O2 decomposition continued for 30 minutes.  

Ten measurements were taken for each sample both before and after the addition of H2O2. The 

mean relaxation time for all samples was found to increase upon addition of H2O2. The samples also 

became more polydisperse. The decomposition of H2O2 creates bubbles, which can interfere with 

DLS measurements. For these experiments bubble production had already been optimised so that 

there were no visible bubbles sticking to cuvette walls, however it is possible small bubbles in 

solution could still interfere with measurements, especially in such dilute samples.  

Table 6:9 . Relaxation time before and after addition of H2O2.  

 Mean Peak 1 Relaxation Time / 

µs 

Mean Peak 1 Relaxation Time 

with H2O2 / µs 

PEG 151.03 310.45 

PEG/PEG-COOH 511.24 532.48 

PEG/PS-COOH 195.72 475.94 

 

Over time, the concentration of H2O2 decreases as it is used up. This results in slower reactions and 

slower movement of the particles, which would translate to increased apparent size (or relaxation 

time) with time. Figure 6:32 shows the relaxation time of the three different nanoparticle solutions 

during each measurement. Each measurement lasts 2-3 minutes. As many samples were bimodal, 

the relaxation times given are taken from the first peak in each measurement. It can be seen that 

there is an increasing trend for the two samples with conjugated enzyme and a stable trend for the 

PEG sample, where there should be no conjugated enzyme. This means that over time, as the H2O2 

concentration decreases, the two samples with conjugated enzyme are moving more slowly. This 
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is interesting as only the Janus coated sample should exhibit enhanced diffusion due to the flow of 

the products over its asymmetric surface. The PEG/PEG-COOH sample, which is not Janus coated, 

but does have a higher amount of enzyme conjugated (according to enzyme activity 

measurements), appears to have a more pronounced decrease in diffusion with concentration than 

the Janus sample. These results are only preliminary and many more tests would be necessary to 

improve reliability, however they appear to indicate that either a Janus structure is not necessary 

to observe enhanced diffusion for this sample, or that the PEG/PEG-COOH sample somehow has a 

Janus structure. Free enzymes can exhibit enhanced diffusion in their own right, so it is possible 

that they will cause enhanced diffusion of the nanoparticles regardless of their position on the 

nanoparticle surface.41-43 Perhaps the increase in diffusion could simply be due to more enzyme. It 

should also be noted that for these samples the correlation is weak and the samples were very 

dilute due to the extensive purification, mostly exhibiting bimodal distributions in DLS. Therefore, 

future work should focus on increasing the reliability of these experiments by increasing the 

concentration of the nanoparticles.  

 

Figure 6:32. Change in relaxation time over time for PEG (black) (R2 = 0.0003), PEG/PEG-COOH (red) 

(R2 = 0.251) and PEG/PS-COOH (blue) (R2 = 0.566) samples when exposed to hydrogen 

peroxide, measured by DLS.  
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6.7 Conclusions and Future Work 

The preparation of functional Janus-coated gold nanoparticles in aqueous solution was attempted 

using coatings comprised of PEG with various hydrophobic polymers. Polymer synthesis was 

accomplished via RAFT or ATRP and coating was confirmed. The nanoparticles were characterised 

using DLS, UV-Vis and TEM and aggregation behaviour was evaluated to investigate the presence 

of dimers which are useful for various applications and can indicate a Janus structure. It was found 

that for switchably hydrophobic polymers, excess polymer was necessary in solution for 

aggregation to occur. For permanently hydrophobic polymers, the study of excess hydrophobic 

polymer in solution was more difficult. TEM was used to check for dimerization however statistics 

from multiple images did not produce significant results and it was difficult to rule out drying 

effects. It was concluded dimerization was an unreliable way to investigate the Janus structure of 

the polymer coating. 

Polymers were prepared which would be selectively stained in TEM so that the nature of the coating 

could be observed directly. This was successful for some samples and conjugation of nanoparticles 

with catalase enzymes was attempted in order to investigate whether the Janus nanoparticles 

would function as nanoswimmers. Enzyme conjugation was confirmed and the swimming ability of 

the nanoparticles was evaluated. Initial results indicated some enhanced diffusion for nanoparticles 

with conjugated enzyme, regardless of whether they had a Janus structure. Follow up experiments 

on a larger scale with multiple repeats would be necessary to confirm these results.  
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Chapter 7 Conclusion and Future Work 

This thesis described the preparation and investigation of four different types of nanoparticles for 

biomedical applications. The development of the nanoparticles centred around the preparation of 

complex anisotropic nanostructures, incorporating polymers, which have the potential to interact 

in an intricate manner with their surroundings. The innovations in this thesis form an important 

contribution to the development of anisotropic nanostructures, including the creation of new 

structures and the adaptation of structures for biomedical applications.  

Micelles assembled from POEGMA-PDPA-PMPC triblock copolymers were studied with a view to 

their use in active drug delivery. This system is one of very few examples where pH responsive 

patchy nanoparticles are created in a one-step self-assembly procedure in aqueous solution, and 

the only example with pH triggered release to the best of my knowledge. Advances in this field 

often rely on complex self-assembly methods, with multiple switches of solvents to guide the 

polymers into a patchy structure. The micelles described in this thesis, on the other hand, are very 

simple to self-assemble. Water is the only solvent required, rendering this preparation method 

extremely environmentally friendly. This also represents one of few examples of the use of 

zwitterionic polymers in comparable systems. Polymers were prepared via ATRP using sequential 

monomer addition and their self-assembly behaviour was investigated. PH switch was found to be 

the most effective self-assembly method, resulting in low dispersity micelles of 24.8 nm in size.  This 

was found to result in phase separation of the corona-forming polymer blocks to yield patchy 

micelles. Patchy micelles are of great interest due to their potential for enhanced interactions with 

biological systems. A reactive thiol group was introduced into the polymers to allow for dye 

conjugation (important for cell studies) and gold nanoparticle conjugation (for hierarchical 

assembly). Cell studies confirmed the biocompatibility of the micelles and drug encapsulation and 

release experiments indicated the patchy micelles behaved differently to homogenous micelles.  

The triblock copolymers from this study were then used to develop another type of nanoparticles 

where the triblock copolymers are tethered by their POEGMA end to the surface of gold 

nanoparticles. While not technically anisotropic, these nanoparticles have a complex 

compartmentalised structure and were used as a stepping stone for development of anisotropic 

analogues. These nanoparticles were found to be highly biocompatible, both in cell studies and due 

to their low propensity for protein fouling. They were also found to successfully encapsulate and 

release cancer drugs in response to a pH trigger and exhibited increased ability to kill cancer cells 

compared to free cancer drugs. These nanoparticles not only provided a new delivery system, but 
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provide an important stepping  stone towards the developments of anisotropic nanoparticles based 

on a polymer-conjugated gold nanoparticle system.  

The conjugation of triblock copolymers to anisotropic gold nanoparticles was then investigated, in 

order to explore whether the nanoparticles could be used as pH sensors, in addition to drug carriers.  

Initially triangular nanoplates were used. Maintaining the integrity of the nanotriangles during the 

addition of polymers was found to be a challenge, however this was overcome and stable, triblock 

copolymer coated gold nanotriangles were prepared. These nanotriangles exhibited some change 

in their LSPR shift in response to change in pH, however the shift was unpredictable. Investigations 

into different sized nanotriangles didn’t provide answers. Gold nanohelices were also coated with 

triblock copolymers to investigate their pH response, however this was also found not to be 

significant.  Computational studies would be necessary to determine the exact size of nanoparticle 

necessary, and optimum polymer lengths to see a reliable pH response.  

Finally, the possibility of designing nanoparticles with a phase separated polymer coating was 

investigated, with a view to combing drug encapsulation and active motion. Homopolymers of PEG 

combined with PtBMA, PDPA, PNIPAM and PS were investigated for their phase separation and 

aggregation behaviour. Initially dimerization of the nanoparticles was studied as a means to 

indicate Janus coating of the nanoparticles. This was found to be unreliable, with conflicting 

literature on the matter. More sophisticated direct methods were used to determine the polymer 

phase separation, in the form of selectively stained TEM. This gave a strong indication that PS/PEG 

coated gold nanoparticles had a Janus coating so enzyme conjugation to the PS was carried out to 

investigate whether these nanoparticles demonstrated enhanced diffusion. Enzyme conjugation 

was successful and enhanced diffusion tests were carried out, providing initial indications of 

enhanced diffusion in the Janus nanoparticles.  

Future Work 

Each chapter in thesis could be expanded upon in its own way. Perhaps the most interesting aspect 

to follow up would be the apparent self-diffusiophoresis behaviour exhibited by the Janus-coated 

nanoparticles in Chapter 6. If their self-propulsion can be proven beyond doubt to be more effective 

than that exhibited by the homogenously coated nanoparticles, this would provide an interesting 

contribution to discussions on self-diffusiophoresis and the mechanisms involved. Further 

investigations into whether the Janus and homogenous nanoparticles exhibit chemotaxis in 

combination with self-diffusiophoresis would also provide pertinent results. Another interesting 

factor to study, would be whether changing the shape of the gold nanoparticles has an effect on 
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the diffusion behaviour, however different shaped nanoparticles may have not have the same 

Janus-type coating as the spherical nanoparticles, so this may prove more difficult to investigate.  

Combination of the work discussed above with the work in Chapter 4 concerning drug release from 

polymer-coated nanoparticles would also be an interesting avenue for investigation. If drug 

encapsulation and release could be combined with self-diffusiophoresis, and chemotaxis in 

particular, then actively propelled nanoparticles for drug delivery could be developed. Potential 

challenges in investigating this topic may include achieving polymer coating when both the 

polymers are not soluble in similar solvents and the longer length polymers affecting the 

nanoparticles ability to self-propel.  

Future work to expand on the micelles studied in Chapter 3, could involve a more in depth biological 

study of the interaction of the patchy micelles with cells, to establish whether the patchy structure 

is beneficial for endocytosis. Another interesting route to explore would be the use of 

biodegradable polymers for a similar system, so that the micelles are more biocompatible and 

suited for use in the human body. It could also still be possible to design a system for the direct 

aqueous self-assembly of Janus micelles, if the block ratios and lengths of the polymers could be 

finely tuned.  
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Chapter 8 Appendix 

8.1 Patchy Micelles Chapter 

8.1.1 TB1 Synthesis Crude NMR showing conversion 

 

Figure 8:1. 1H NMR in CDCl3 of reaction mixture before addition of catalyst. Solvent = MeOH. 

T=0.  
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Figure 8:2. 1H NMR in CDCl3 of reaction mixture at 100% conversion of POEGMA (note 

disappearance of monomer peaks marked ‘a’ at 5.6 and 6.3 ppm). Solvent = 

MeOH.   T= 17 hours 5 mins. 
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Figure 8:3. 1H NMR in CDCl3 of reaction mixture immediately following addition of second 

monomer, DPA, in ethanol. T = 19 hours.  

 

Figure 8:4. 1H NMR in CDCl3 of reaction mixture 21.5 hours after addition of DPA monomer. T = 

40.5 hours. 
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Figure 8:5. 1H NMR in CDCl3 following addition of MPC monomer in EtOH. A small amount of 

DPA monomer is still visible as small peaks (a3 and a4) to the right of the MPC 

monomer peaks (a5 and a6).Other peak labels are approximate due to 

overlap/overcrowding. T = 42 hours. 
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Figure 8:6. 1H NMR in CDCl3 after reaction was left over weekend. A reduction of the MPC 

monomer peaks with respect to the DPA monomer peaks is observed. T = 114 

hours. 
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Figure 8:7. 1H NMR in MeOD of TB1 following purification, indicating peak assignments and 

peaks used to determine DPn of each block. The peak at 3.65 corresponds to the 

POEGMA shift for d. The peak at 3.07 is for PDPA peak h. The peak at 4.33 

corresponds to j in PMPC. 
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8.1.2 Triblock 202 (used for drug release) 

 

Figure 8:8. 1H NMR spectrum of tb 202 (POEGMA-PDPA-PMPC) in D2O/DCl. Shifts: 0.751 

backbone, 1.202 PDPA CH3 (N) , 1.741 backbone, 2.657 and 2.818 citrate, 3.038 PMPC CH3 (N), 

3.157 CH (N), 3.322 PMPC CH3 (N), 3.405 POEGMA CH3, 3.476 CH2 POEGMA, 3.557-3.618-

3.953-4.033-4,166 CH2 (O), 4.75 H2O 

 

 

Figure 8:9.GPC trace of tb 202 carried out in 0.25 % TFA solution on Waters APC GPC.  
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8.1.3 Diblock used for drug release  

 

Figure 8:10. 1H NMR of POEGMA-PDPA DB202 in D2O/DCl. Shifts: 0.680 backbone, 1.174 PDPA 

CH3 (N) , 1.720 backbone, 2.615 and 2.766 citrate, 3.435 POEGMA CH2, 3.115, 3.273 and 3.506 

CH2, 3.3363 CH3, 3.577 CH2, 3.923-4.141 CH2, 4.75 H2O 

 

 

Figure 8:11. GPC trace POEGMA-PDPA diblock carried out in 0.25 % TFA solution on Waters 

APC GPC. 
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Figure 8:12. 1H NMR in chloroform of diblock POEGMA PDPA for two diblock formation of 

micelles. 0.7 CH3 backbone, 1.07 CH3 (12H PDPA), 1.5-2 CH2 backbone, 2.6, 3.0 CH2 

(2H PDPA), 3.55, CH3 POEGMA, 3.6 CH2 POEGMA, 3.8 CH2 PDPA, 4.1 CH2 POEGMA 
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Figure 8:13. 1H NMR in D2O of diblock PDPA-PMPC for two diblock formation of micelles. 0.9 

CH3 backbone, 1.1 CH3 PDPA, 1.8 CH2 backbone, 2.75 and 3.15 CH2 PDPA, 3.3 CH3 

PMPC, 3.75 CH2 PMPC, 3.9 CH2 PDPA, 4-4.4 CH2 PMPC. 

 

 

Figure 8:14. Additional GPC data for a) tb5 and POEGMA-PDPA diblock, b) POEGMA-PDPA 

diblock before and after reduction fortwo diblocks micelles section. Carried out in 

0.25 % TFA on Malvern GPC.  
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8.2 Triblock Gold Chapter 

8.2.1 Example dox calibration curve 

 

Figure 8:15. Dox calibration curve. 
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8.3 Nanotriangles Chapter 

8.3.1 PDPA-PMPC failed synthesis 

8.3.2 TB106 

 

Figure 8:16. 1H NMR spectrum of TB106 in D2O/DCl. 0.633 CH3, 1.7 CH2, 2.994 CH3 PMPC, 1.156 

CH3 PDPA, 3.275 CH2, 3.358 CH3, 3.429 CH2 OEGMA, 3.571 CH2, 3.915 CH2, 4.129 

CH2, 4.73 H2O. 
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8.4 Janus Gold Chapter 

 

Figure 8:17. 1H NMR spectrum of PtBMA in chloroform. CDCl3:  CH3 (9H) 1.399, CH3 (3H, 

backbone) 1.797, CH2 (2H, backbone) 2.04.  
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Figure 8:18. 1H NMR spectrum of PDPA in chloroform. NMR shifts CDCl3: CH3 (backbone) 0.956, 

CH2 (backbone) 1.851, CH3 (x3) 1.493, CH2 (N) 3.430, CH (N) 3.738, CH2 (O) 4.552, NH+ 11.001 
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Figure 8:19.1H NMR spectrum of PNIPAM in DMSO. Shifts: NH 7.194, CH 3.8, CH2 (backbone) 

1.9, CH3 (backbone) 1.404, CH3 (6H) 0.996  
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8.4.1 PPFPMA 

 

Figure 8:20. 19F NMR spectrum of PFPMA monomer in chloroform. 19F NMR CDCl3: -152.66 

ppm, -153.03 ppm (2F); -157.17 ppm, -158.14 ppm (1F); -161.81 ppm, -162.41 ppm (2F) 
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Figure 8:21. 1H NMR spectra of PFPMA monomer in chloroform. 1H NMR CDCl3: 7.2 ppm 

(solvent), 6.44 ppm (1H s), 5.897 ppm (1H s), 2.45 ppm, 2.19 ppm, 2.07 ppm, 1.93 ppm, 1.727 

ppm, 1.55 ppm 
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Figure 8:22. 19F NMR spectra of PPFPMA polymer in chloroform. [-152.66 ppm, -153.03 ppm 

(2F); -157.17 ppm, -158.14 ppm (1F); -161.81 ppm, -162.41 ppm (2F)] residual 

monomer. [–150.2 ppm, -151.2 ppm, -156.7 ppm, -161.7 ppm] polymer.  
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Figure 8:23. 1H NMR spectrum of PPFPMA polymer in chloroform. 7.2 ppm (solvent), 6.36 ppm 

(1H s), 5.890 ppm (1H s), 2.432 ppm, 2.19 ppm, 2.07 ppm, 1.93 ppm, 1.727 ppm, 

1.55 ppm impurities/polymer.  
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Figure 8:24. 19F NMR spectrum of pentafluorophenol in chloroform. Shifts: -163.329 2F ortho, -

163.470 2F meta, -168.064 1F para.  

ab
u

n
d

an
ce

0
1

.0
2

.0
3

.0
4

.0
5

.0
6

.0
7

.0
8

.0
9

.0
1

0
.0

1
1

.0
1

2
.0

1
3

.0
1

4
.0

1
5

.0

X : parts per Million : Fluorine19

-163.0 -164.0 -165.0 -166.0 -167.0 -168.0

-1
6

3
.3

2
9

-1
6

3
.4

7
0

-1
6

8
.0

6
4

8
1

.5
9

8
7

.3
2

4
5

.7
1



Chapter 8 

229 

 

 

Figure 8:25. 1H NMR spectrum of methacryloyl chloride in chloroform showing extensive 

impurities. 
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Figure 8:26. 1H NMR spectrum of bifunctional polystyrene in chloroform. Backbone CH CH2 1-2 

ppm, styrene ring CH 6-7.2 ppm, THF 3.71, 1.83; MeOH 3.47; 7.246 solvent. 
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