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Abstract 

Free drugs often suffer from low bioavailability, poor cellular uptake, and side effects from off-target 

interactions. Polymer nanoparticles (NPs) can improve bioavailability and reduce off-target 

accumulation via various targeting methods, meaning dosages can be improved to reduce the risk 

of side effects. Uptake of polymer NPs into cells is well established, and can be accomplished with 

high selectivity to target cells by using specific modifications. Boron neutron capture therapy 

(BNCT) and treatment for inflammatory diseases, specifically multiple sclerosis and rheumatoid 

arthritis, suffer heavily from the above issues, meaning polymer NP systems could provide useful 

improvements. 

In chapter 2, a boron containing methacrylate monomer, 4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzyl methacrylate (OxM2), was used alongside 2-(dimethylamino)ethyl 

methacrylate, poly(ethylene glycol) methyl ether methacrylate (PEGMA), and methacrylic acid 

(MAA) to synthesise a library of statistical copolymers via reversible addition-fragmentation chain-

transfer (RAFT) solution polymerisation. The statistical copolymers formed NPs by solvent 

switching, and were then characterised by DLS and TEM. NP size was assessed over three 

repeats showing the replicability of the solvent switching method. Finally, the statistical copolymer 

NPs were assessed for cytotoxicity using MTT assays, and cellular uptake studies were attempted 

to determine the systemôs applicability for use in BNCT. Cellular survival of two of the 

PEGMA/OxM2 statistical copolymers was >80%, indicating low cytotoxicity, but cellular uptake 

could not be confirmed. 

In chapter 3, poly[(glycerol monomethacrylate)51-block-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)benzyl methacrylate)x] (p(G51-b-Oxx)) diblock copolymer NPs were synthesised by aqueous 

emulsion RAFT-mediated polymerisation-induced self-assembly (PISA). After analysis of the 

diblock copolymers by 1H NMR spectroscopy, DLS, SEC, and TEM a small amount of methanol 

was added as a cosolvent to improve the polymerisation, ņ values, and the stability of the NPs 

formed. Despite altering the w/w % and chain length of the OxM2 block, the system remained 

kinetically trapped to spherical NPs. The p(G51-b-Oxx) diblock copolymer NPs were assessed for 

oxidation response with hydrogen peroxide at 37 °C. 1H NMR spectroscopy confirmed OxM2 

breakdown, but DLS and TEM showed no change in size or morphology of the NPs, limiting the 

systemôs usage as an oxidation responsive drug delivery system (DDS) for inflammatory diseases. 

In chapter 4, poly[(glycerol monomethacrylate)51-block-((hydroxypropyl methacrylate)x-stat-(4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl methacrylate)y)] (p(G51-b-(Hx-s-Oxy))) 

statistical diblock copolymer NPs were synthesised via an aqueous dispersion RAFT-mediated 

PISA system. A feed of OxM2 was used with variable chain lengths of (2-hydroxypropyl 

methacrylate) HPMA to alter the statistical ratio. The polymerisation was optimised to include a 

small amount of methanol after the statistical diblock copolymers were found to have high ņ values. 

Pure sphere, worm, and vesicle phases were found for the p(G51-b-(Hx-s-Oxy)) system. Oxidation 

response testing revealed that OxM2 was broken down by hydrogen peroxide to MAA, but no size 

or morphological change was observed. Upon the addition of a base the vesicle and worm samples 

transitioned into spheres. The dual response of the polymer system is classified as an ñAND gateò, 

which could prove to be highly useful for targeting specific inflammatory diseases as a DDS.  
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Figure 4.90 TEM images of p(G51-b-H150) 20% 9/1 H2O/MeOH copolymers t=72 hours 
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1.1 Biomedical polymeric nanoparticles for drug delivery 

The usage of biomedical polymers for drug delivery has improved many of the issues 

faced with using conventional (free) drugs (Figure 1.1).1 To fully explain the 

improvements that polymeric drug delivery system (DDSs) offer, the basic principles 

of pharmacokinetics must first be briefly discussed. Pharmacokinetics can be defined 

as the uptake/absorption, biotransformation/metabolism, distribution, and elimination 

of drugs within the body over a period of time.2,3  

Uptake/absorption is the movement of the drug from the point of administration to the 

bloodstream.3 There are many administration methods, including oral, injection, and 

topical, all of which come with their own advantages and disadvantages. 

Biotransformation/metabolism governs the amount of drug that is broken down into 

less effective or completely ineffective compounds by the liver.3 The comparison 

between the amount of active drug administered and the amount of active drug in the 

blood stream is called the bioavailability. Many oral drugs lose a high proportion of the 

active drug due to the liver metabolising the drug and to poor absorption in the gut, 

thereby reducing the drugôs bioavailability. Distribution of the drug is defined as the 

reversible transfer between the bloodstream and tissues of the body.3 The distribution 

Figure 1.1 A diagram representing free drug distribution (left) and targeted drug delivery (right) 
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of a drug within the body will determine the efficacy and toxicity of the drug. Efficacy 

is the amount of drug that reaches the target site and can have a therapeutic effect, 

whereas toxicity comes from the drug being distributed to non-target site tissues and 

causing damage. Distribution means a drug with a high bioavailability may not have 

high efficacy and low toxicity, because the drug could be distributed all over the body, 

meaning very little would get to the target site. Finally, elimination of the drug is the 

removal of the drug and any drug metabolites from the body via urine, sweat, saliva, 

tears, and others.3 

The advantages of using a free drug system are that dosages can be altered easily 

and can be measured accurately, the drug has a long shelf-life, and manufacturing of 

the drug is often simple and low cost.3 However, the usage of free drugs has many 

disadvantages, which are linked to the pharmacokinetics of the drug. Firstly, as 

discussed previously, many oral drugs suffer from low bioavailability due to clearance 

by the liver and poor absorption in the gut, meaning higher dosages must be used to 

obtain the therapeutic effect.3 Another issue with free drugs is that once in the 

bloodstream, free drugs suffer from rapid clearance because they are often composed 

of small molecules which can easily be filtered.4 Due to the rapid clearance of free 

drug, the window of therapeutic effect is often short, meaning multiple/higher dosages 

are required. Multiple/higher dosages can lead to unwanted side effects, and toxicity 

from the drugs affecting other bodily tissues.  

Drugs can also suffer from low solubility in aqueous environments or can even 

experience breakdown under physiological conditions.4 The low solubility of free drugs 

can cause issues with administration, meaning other potentially toxic components 

must be added to the formulation to solve the issue. The breakdown of drugs under 

physiological conditions reduces the amount of drug able to have a therapeutic effect, 
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meaning higher/more frequent dosages may be required which can lead to toxicity 

issues. Certain drugs, such as doxorubicin (DOX), are highly toxic and can cause 

damage to any tissue exposed by the distribution of the drug, meaning lower dosages 

must be used, thereby limiting the therapeutic effect. Similarly, some free drugs will 

have high distribution with no selectivity for the target site, meaning many other bodily 

tissues will be exposed to potential toxicity and increasing side effects.4  

The usage of polymer nanoparticles (NPs) for DDSs can help to alleviate many of the 

issues faced by free drugs. Often DDS have higher bioavailability due to the nano 

scale range of the NPs used, which allows for reduced clearance and increased half-

lives within the body.3,4 Reduced clearance and longer half-lives mean that more drug 

will be available over a greater period of time, increasing the therapeutic window and 

allowing for reduced dosages. Polymer NPs can contain both hydrophilic and 

hydrophobic environments, meaning that poorly soluble drugs can be encapsulated, 

thus reducing solubility issues. Therefore, polymer NPs allow for increased drug 

and/or use of fewer doses, thereby improving the therapeutic effect and/or reducing 

system toxicity. A further benefit of having drugs encapsulated within a polymer NP is 

that they are protected from the bloodstream, meaning no breakdown of the drug can 

occur due to physiological conditions.4 Reduced drug breakdown means more drug 

will be available for therapeutic effect, and dosages could be lowered since the drug 

will not be lost to clearance or breakdown.  

Distribution of polymer NPs can be far more effective than free drug due to the passive 

targeting by the enhanced permeability and retention (EPR) effect. Certain disease 

tissues, as seen in cancer and inflammation sites, develop a leaky vasculature which 

allows for easier distribution of NPs to the area.5 Increased distribution of drug 

encapsulated NPs at the target site causes less distribution within normal tissue, 
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meaning side effects and non-target site toxic effects are reduced. Polymer NPs can 

also utilise active targeting, whereby cell specific ligands, trigger recognition through 

receptors on the cells at the target site which are attached to the NP surface.6 Active 

targeting requires the outer surface of the NP to be modifiable. Polymer NPs can also 

be modified to become thermoresponsive, pH-responsive, redox responsive, 

ultrasound responsive, and UV responsive, which allows for highly specific disease 

targeting.7ï15 Having a polymer NP that is pH-responsive means that tumour tissue 

can be targeted, since tumour tissue has a lower pH than standard physiological 

conditions.15 Polymer micelles formed from L-histidine and poly(ethylene glycol) 

methyl ether methacrylate) (PEG) showed drug release upon decreasing pH, showing 

there is tumour DDS potential.16 All the responsive behaviours mentioned above can 

be used to target specific diseases, making polymer NPs highly adaptable. 

There are some disadvantages to polymer NP based DDS, which include the 

presence/use of toxic materials, high cost/complex manufacturing, and uptake by the 

reticuloendothelial system.3 Many polymers can be toxic, so care must be taken to use 

biocompatible polymers, an example being PEG.17 Certain polymer NP formulations 

require high-cost materials or contain multiple steps which can limit industrial usage, 

meaning simple and cost-effective polymer NPs should be used. The macrophages 

located in the reticuloendothelial system can rapidly remove from the bloodstream NPs 

that have been coated with immune system markers, reducing the bioavailability of the 

drug.18 To combat the uptake by reticuloendothelial system, stealth polymers (PEG) 

which reduce immune system marker attachment can be used, but PEG coatings can 

sometimes cause issues with cellular uptake.19 As long as the disadvantages of DDS 

are kept in mind when making polymer NPs, then they can be mitigated and allow for 

more advantages than traditional free drug methods. 
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Polymer NPs are currently being used or assessed for DDS, and a couple of these 

real world examples are highlighted below. DOXIL is a pegylated liposome loaded with 

DOX, which is used to target certain cancers.20 Encapsulation of DOX within a 

liposome reduces DOXôs systemic toxicity, increases its half-life, and increases the 

maximum dosage (Figure 1.220). DOXôs systemic toxicity is reduced because DOX is 

within the liposome, and due to EPR it accumulates at tumour sites rather than being 

distributed all over the body. This also means that higher dosages can be used. The 

half-life is increased because the pegylated liposomes have stealth properties and 

thus avoid elimination from the body, expanding the therapeutic window. There are 

some issues with DOXIL, which can accumulate in the hands and feet with prolonged 

usage, causing toxicity, and despite PEG being biocompatible, some people can have 

an immediate allergic response.20 Overall DOXIL shows very clearly the advantages 

of using polymer DDS rather than the conventional free drug (Figure 1.220). 

CALAA-01 is a four component NP DDS for treating cancer, consists of a cyclodextrin 

containing polymer, adamantane PEG, adamantane PEG with human transferrin 

protein, and siRNA, which all self-assemble into ~75 nm NPs.21 The adamantane PEG 

acts to stabilise the NPs with the human transferrin protein, giving the system active 

Figure 1.2 DOX (SM) and DOXIL (NPs) internal half-lives and dosage rate. Image 
reproduced with modification from reference 20. 
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targeting to transferrin receptors found on cancer cells. The siRNA is designed to 

target and reduce expression of RRM2. RRM2 is a subunit of an enzyme responsible 

for DNA replication, so by reducing its expression DNA replication is also reduced 

thereby inhibiting tumour growth. The polymer NPs of the CALAA-01 system not only 

allow for the active targeting of the siRNA to the cancer cells but also prevent rapid 

clearance of the siRNA by the liver, which is seen for free siRNA.21,22 Phase I trials 

have been conducted, but no other trials have yet taken place.22 Despite the system 

not gaining full clinical use, key examples of improved in body half-lives and active 

targeting ability of polymer NP based DDS are shown. 

Based on current research, there are several points that give a polymer NP a higher 

chance of success for use as a DDS. NP size can greatly affect whether or not a NP 

will be a successful DDS. The literature suggests that NPs should be within the 25-

200 nm diameter range, with NPs above 100 nm diameter being at more risk of 

elimination by the RES.8,23 If cellular uptake of the NP is required, then the 25-100 nm 

NP diameter range should be aimed for.8 Charge is another factor that can alter the 

success of a NP system. Positively and negatively charged NPs have been observed 

to have increased absorption of serum proteins, causing removal by the RES.24 

However, different NP systems have shown that some negatively charged NPs absorb 

less than positively charged NPs, with neutral NPs faring the best.20,24 There are 

contradictions on the effect of NP charge on circulation but, for the most part, neutral 

NPs have the best circulation, followed by negatively charged NPs, and then positively 

charged NPs. NP shape can influence the cytotoxicity, with needle-like and plate-like 

NPs showing higher cytotoxicity than sphere or rod NPs, meaning that to avoid 

cytotoxicity spherical NPs should be targeted.20,25 To further avoid cytotoxicity the NP 

system must contain biocompatible components such as PEG, which has been 
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mentioned above, which also improves circulation time. For the best results therefore 

polymer NPs being used as a DDS must be spherical, made from biocompatible 

components, within the 25-200 nm range, and avoid charge if possible, to minimise 

elimination by the RES. Adding active targeting components to NPs is not necessary 

for success, but can dramatically increase its specificity. 

Whilst there are numerous diseases and treatments that would benefit from polymer 

NP based drug delivery, the work conducted here focuses on boron neutron capture 

therapy (BNCT) and inflammatory diseases, specifically multiple sclerosis (MS) and 

rheumatoid arthritis (RA). In the following sections BNCT, MS, and RA will be 

discussed in more detail, and the issues surrounding their current treatments will be 

highlighted.  
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1.2 Boron neutron capture therapy 

BNCT is an anti-cancer radiotherapeutic treatment that shows promise to selectively 

kill cancer cells whilst sparing healthy tissue. BNCT works because all boron contains 

20% of the non-radioactive isotope 10B.26 The 10B isotope can be irradiated by thermal 

neutrons to give the high energy unstable 11B isotope, which will decay. The decay of 

the 11B isotope produces an Ŭ particle (4He), 7lithium, energy, and some gamma rays 

(Figure 1.326).27 The important part of the decay is that the Ŭ particle has a pathlength 

of 5-14 µm, the same as the diameter of a cell.26,27 Therefore, because of the short 

pathlength of the Ŭ particle, only cells which have internalised the 10B will be affected 

by the produced radiation. To be lethal to the cells ~20 µg of 10B per gram of tumour 

is required, which is the equivalent to 109 10B atoms per cell.28 If the lethal amount of 

10B can be supplied to and internalised by tumour cells, then irradiation by neutrons 

will selectively kill the tumour cells and spare healthy tissue, as a result of both the 

short pathlength of the produced Ŭ particles and 10B being the most attractive atom for 

neutron capture.26 The ability to selectively kill cancer cells whilst sparing healthy 

tissue makes BNCT a very promising treatment. 

Figure 1.3 The neutron capture of 10B and resulting decay products. 
Image reproduced from reference 26. 



Chapter 1 Polymer nanoparticles for biomedical applications 

10 
 

Before 2014, BNCT was limited by the need for the generation of neutrons, which 

required highly specialised nuclear reactors.29 Now, companies are developing 

accelerator-based neutron sources that can be built into hospitals and give greater 

control over the neutrons produced, meaning less damage is done by the neutrons.26 

Several of these sources are undergoing clinical trials showing the potential 

advancement and increased access to BNCT in hospitals in the future. Given ongoing 

development of neutron sources and increasing access, BNCT compounds will need 

development in tandem. 

The requirements for successful BNCT treatments are low system toxicity, cellular 

uptake selectivity towards cancer cells, low healthy tissue uptake, and finally the ability 

to be retained at the tumour site for several hours before being cleared from the 

body.29 It is highly important to note that the BNCT treatment must have low systemic 

toxicity and be able to be taken up by cancer cells to work as intended. This is 

important because, unlike other cancer treatments, the BNCT compounds do not kill 

cancer cells by being toxic, but rather they are only able to kill cancer cells once 

irradiated with neutrons, thereby sparing healthy tissue. So BNCT compounds must 

show little systemic toxicity or the advantage of sparing healthy tissue is rendered 

useless, and if the BNCT compound cannot manage to enter cancer cells it will not kill 

them. 

The first generation compound used for BNCT was borax, which was not specially 

designed for the purpose of BNCT but did have low toxicity and boron content (Figure 

1.4).26 Borax showed it could stop the regeneration of cancer tissue in vivo, although 

clinical trials showed no therapeutic efficacy. The lack of efficacy shown by borax was 
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due to it being a small molecule that was eliminated quickly from the system and had 

poor cancer cell uptake. 

Second generation compounds, sodium borocaptate (BSH) and p-

Boronophenylalanine (BPA), showed promise and underwent several rounds of 

clinical trials (Figure 1.5).26 BSH and BPA were used because they both showed 

reasonable uptake within cancer cells and have low systemic toxicity.28 BSH contains 

sulfur atoms that can bind to antibodies, and BPA is similar to the amino acid tyrosine 

which is required by melanoma cells; both of these assist in cancer cell uptake. 

Additionally, the increased access to neutrons by accelerators has improved the 

effectiveness of BNCT clinical trials with these compounds.26 Uptake by different 

cancers can be highly variable for these compounds and the selectivity towards cancer 

cells is poor.27 

Third generation compounds are currently being developed, with many systems 

focusing on polymer NP DDS. The advantages polymer NPs offer over the current 

Figure 1.4 Chemical structure of the first generation BNCT compound 
borax. 

Figure 1.5 Chemical structures of the second generation BNCT compounds BSH (left) and BPA (right). 
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systems are (i) the passive targeting ability from the EPR effect, which allows for 

greater selectivity towards cancer cells, thereby sparing more healthy tissue, (ii) less 

elimination meaning longer periods at the target site leading to greater BNCT success, 

and (iii) polymer NPs between 25-100 nm can be taken up by cells and can even be 

modified to produced active targeting to this end. All of these advantages make 

polymer NPs an ideal way to combat the issues faced by the second-generation 

compounds. Current examples of the third generation BNCT compounds will be 

discussed in the following section. 

1.2.1 Polymeric systems for BNCT 

Within the literature, different methods of incorporating boron into polymers for BNCT 

can be seen and focus mainly on the following two areas: encapsulation of boron 

containing compounds, and conjugation of boron containing compounds (mainly 

carboranes). Encapsulation of boron containing compounds mainly focuses on using 

dendrimers, viruses, and liposomes, and will not be discussed here.26 Conjugation of 

boron compounds focuses on polymeric systems, dendrimers, and dendrimer-like 

polymers.26 What follows will be a brief overview of the polymeric systems that have 

conjugated boron compounds.  

Several papers have looked at the inclusion of carboranes into polymers for BNCT, all 

of which follow the same general principle of reacting a carborane onto a monomer or 

a polymer chain (Figure 1.630).26,31ï34 Work by Gratton et al. focuses on making 1-

para-carborane propyl acrylate, which can be polymerised with PEGMA to form either 

a statistical copolymer or a diblock copolymer.31 The work by Gratton et al. is limited 

to looking only at the copolymerôs irradiation with neutrons, which is successful, and 

does not consider self-assembly of the copolymers or the biological effects.31 Chen et 
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al. produce a novel style of surfactant by attaching a carborane to a PEG chain, 

creating a hydrophobic head and hydrophilic tail which can self-assemble into 

vesicles.32 The vesicles show low cytotoxicity and high cellular uptake, showing they 

have good properties for potential use in BNCT. 

Ruan et al. used triblock copolymers with the carborane containing monomer m-

carborane-isocyanatoethyl methacrylate (mCbA), which they polymerised with Ů-

caprolactone (CL) and oligo(ethylene glycol) methyl ether methacrylate (OEGMA) to 

form p(CL-b-mCbA-b-OEGMA).33 The triblock copolymer self-assembled by solvent 

removal to form 35 nm micelles in water. The p(CL-b-mCbA-b-OEGMA) micelles show 

low cytotoxicity in HepG2 and HL7702 cell lines (500 ɛg/mL, 24 hours, >90% cell 

viability). Cellular uptake is also shown via fluorescence microscopy, which 

determined that the micelles were found in the cytoplasm of the HepG2 cells. No 

neutron testing was conducted for this work, but the p(CL-b-mCbA-b-OEGMA) 

micelles nevertheless show potential for BNCT. 

Amphiphilic diblock copolymers of poly(ethylene glycol) monomethyl ether (mPEG) 

and the carborane containing monomer 5-Methyl-5-[2-(1,2-dicarba-closo- 

dodecaborane)]methyleneoxycarbonyl-1,3-dioxan-2- one (MCPB) were synthesised 

by Xiong et al.34 NPs of p(mPEG-b-MCPB) were formed by solvent displacement with 

size varying from 50-150 nm based on the ratio of the two monomers. The p(mPEG-

Figure 1.6 The structure of a carborane. Reproduced from reference 30. 
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b-MCPB) NPs showed no cytotoxicity against L929 cells after 48 hours with 10 mM 

concentration of boron atoms, although it should be noted that the MTT results do 

show above 100% survival rates, which could indicate the cells are stressed. Cellular 

uptake was conducted for the p(mPEG-b-MCPB) NPs in HeLa cells and showed that 

all sizes of NPs were internalised by cells but that the 50 nm NPs showed more 

internalisation than the 150 nm NPs. When assessed in mice the p(mPEG-b-MCPB) 

NPs were able to accumulate in a tumour and inhibit its growth under neutron 

bombardment, at the end of the test the mice treated with 50 nm NPs of p(mPEG-b-

MCPB) had the smallest tumours.  

Recent work by Huang et al. considers using a boron containing polymer in an unusual 

way. Rather than a carborane, the authors used a boronate ester as the boron 

containing moiety. OxM2 and a PEGMA macro-CTA (mCTA) were polymerised and 

formed diblock copolymer NPs by RAFT-mediated PISA.35 The p(PEGMA-b-OxM2) 

diblock copolymer NPs formed different morphologies depending on the DP of OxM2 

used, but NP spheres of 60 nm were obtained and used for further testing. The 

p(PEGMA-b-OxM2) diblock copolymer spherical NPs showed >90% cell survival when 

assessed for 24 hours at a concentration of 100 ɛg/mL in RAW 264.7 and HUVECs 

cells, suggesting low cytotoxicity. The NPs could be modified to include a targeting 

moiety due to the presence of RAFT end groups to assist with cellular uptake. No 

cellular uptake was observed for this sample in either cell line when measuring for 

fluorescence intensity inside the cells. Although there is still some work to be done for 

this system before it is properly suitable for BNCT applications, it does offer a novel 

approach for the conjugation of boron into an amphiphilic copolymer for potential 

BNCT usage.  



Chapter 1 Polymer nanoparticles for biomedical applications 

15 
 

1.3 Reactive oxygen species and inflammation 

Reactive oxygen species (ROS) is a term that describes the following molecules: 

ozone, superoxide, hydroxyl radicals, hydrogen peroxide, and hypochlorite.36 ROS are 

produced in the body because of exogenous sources such as smoke, air pollutants 

and radiation, and also because of endogenous sources which include the 

mitochondria, as metabolic by-products, the immune system, and other biological 

systems.36,37 Under physiological conditions the function of ROS is as signalling 

molecules that assist in senescence (aging), apoptosis, cell adhesion, differentiation, 

and cell growth.38 In these conditions the levels of ROS are kept in balance by using 

antioxidants which stop harmful concentrations of ROS building up. 

When the balance of ROS is not maintained, cells can be damaged and cell death can 

even occur; this is called oxidative stress. It has been reported that a concentration of 

50 µM hydrogen peroxide is cytotoxic to cells, and elsewhere that as little as 10 µM 

can cause damage to cells.39,40 The body utilises the harmful effects of ROS through 

the immune system in the process of inflammation, whereby phagocytes produce ROS 

with the aim of causing cellular damage to a pathogen or an invading foreign body. 

The enzyme nicotinamide adenine dinucleotide phosphate oxidase (NOX), which is 

found in phagocytes, is responsible for starting the process of making ROS.38 Initially 

molecular oxygen is enzymatically converted to superoxide by NOX by adding an 

electron. The superoxide is then dismutated rapidly to hydrogen peroxide by 

superoxide dismutase (SOD). From this point hydrogen peroxide can be converted 

into two other ROS. When hydrogen peroxide is in the presence of Fe2+ it will convert 

to hydroxyl radicals by the Fenton reaction. Hydrogen peroxide can also be converted 

into hypochlorous acid by myeloperoxidase (MPO), which is produced by 
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neutrophils.38 There also exist many antioxidant enzymes that can convert hydrogen 

peroxide to water and oxygen. This system of ROS production (Scheme 1.1) is crucial 

for the body in the destruction of pathogens.41 

The use of ROS is not limited to the defence against pathogens. In inflammatory 

diseases the body uses inflammation against healthy cells, causing them to become 

damaged and even destroyed by ROS in oxidative stress. There are many diseases 

that include ROS in their pathogenesis, such as cancer,42 asthma,43 Parkinsonôs 

disease,44 diabetes,45 RA,46 and MS.47 The following section will look at RA and MS to 

outline disease progression, current treatments, and the side effects of these 

treatments. 

1.3.1 Rheumatoid arthritis 

RA is a chronic progressive autoimmune disease for which there is no cure and which 

is normally present in populations at about 0.5-1% of individuals.48 RA mainly affects 

the synovial joints, causing pain, swelling, and redness, all of which are characteristics 

of inflammation.38,46 The disease causes gradual disability over time due to loss of 

function in the joints affected, and can even lead to premature death. The cause of RA 

is unknown, although environmental/lifestyle factors, e.g. obesity, cigarette smoking, 

exposure to air pollutants, and also respiratory viral infections such as coronavirus, 

Scheme 1.1 The production of ROS from oxygen and NOX. 



Chapter 1 Polymer nanoparticles for biomedical applications 

17 
 

can play a role in disease development.49 Additionally, genetic factors can also drive 

disease development.49 The most important genetic factor is within the class II major 

histocompatibility locus that is responsible for cell surface receptors, which bind 

peptides from pathogens for identification by other elements of the immune system 

and appear to be involved in >90% of RA cases.50 

In RA, the immune system is triggered, causing an influx of immune cells such as T 

cells, B cells, and macrophages, into the synovial membrane.51 This causes synovitis, 

which is the thickening and inflammation of the synovial membrane.52 Immune cells 

release cytokines into the joint which causes more immune cells to become active and 

amplifies the inflammation. The cytokines also cause the growth of more blood 

vessels, which in turn triggers the rapid growth of synovial cells. This mass of cells is 

called a pannus, and starts to grow over the bone and cartilage causing damage and 

even erosion.52 The fact that the immune system is so heavily involved in the 

pathogenesis of RA means that oxidative stress and ROS are not only present but 

could also cause damage to healthy tissue.53,54 

Treatment of RA is based on the alleviation of symptoms and disease management. 

Drugs that are used in this way are called disease modifying anti-rheumatic drugs 

(DMARDs), as they can slow and disrupt the immune response. Biological DMARDs, 

which target specific molecules that are a part of the immune response, are an 

alternative treatment. There are also glucocorticoids, which are steroid based 

hormones that can be used to treat inflammation. Some examples of these treatments 

will be considered below briefly highlighting their method of use, dosage, effects and 

benefits, and side effects. 
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1.3.1.1 Hydroxychloroquine 

Hydroxychloroquine is a DMARD taken orally at a dose of 5 mg/kg of body weight per 

day (Figure 1.7).55 Hydroxychloroquine was originally designed to be an antimalarial 

treatment but is now used to treat RA after it showed anti-inflammatory properties. 

The drug is thought to work by reducing the interaction between T helper cells and 

macrophages. The lower rate of interaction reduces the inflammation in the joint and 

decreases the amount of pro-inflammatory cytokines that are released, thereby 

increasing joint life and patient wellbeing.56 The side effects of hydroxychloroquine are 

gastrointestinal issues and skin conditions.46 Using high doses of this drug over a long 

time can cause retinal toxicity which can damage the patientôs eyes. This damage can 

continue to occur even after hydroxychloroquine has stopped being taken by the 

patient, meaning retinal monitoring is very important.55 

Figure 1.7 The structure of hydroxychloroquine. 
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1.3.1.2 Leflunomide 

Leflunomide is a DMARD taken orally at a daily dose of 10 mg for the first three days, 

then 20 mg every day thereafter (Figure 1.8).46 

Leflunomide is an anti-inflammatory as it inhibits dihydroorotate dehydrogenase, an 

enzyme which is particularly important in the production of RNA and DNA in 

lymphocytes.57 The inhibition of this enzyme interrupts the ability of the lymphocytes 

to multiply, thereby slowing the immune response and disease progression.57 The side 

effects of this drug include diarrhoea, increased blood pressure, nausea, headache, 

and itching.46,58 

1.3.1.3 Biological DMARDs 

In some cases, DMARDs are not effective for patients, and in these instances 

biological DMARDs can be used. Biological DMARDs target specific molecules and 

molecular pathways that are responsible for the inflammatory reactions that cause 

RA.46 Tumour necrosis factor alpha (TNF-Ŭ) inhibitors, such as etanercept and 

adalimumab (Figure 1.959) are both biological DMARDs that are injected 

subcutaneously and reduce inflammation within joints.60 They do this as TNF inhibitors 

reduce TNF involvement in activation pathways for inflammatory cells. One of the main 

side effects of this type of treatment is the increased risk of patients developing 

Figure 1.8 The structure of leflunomide. 
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tuberculosis and other serious infections due to the suppression of their immune 

system.61 

1.3.1.4 Dexamethasone 

Dexamethasone is one of the strongest glucocorticoids used to treat pain and 

inflammation in RA (Figure 1.10). The method of action in diseased joints and healthy 

joints is still not understood.62 However, usage of dexamethasone does lead to 

reduced inflammation within the joints and thereby slows disease progression. 

The use of dexamethasone is seen as a balancing act between the somewhat 

immediate pain relief and the side-effects, which makes its use somewhat 

controversial.62 Over long periods of use dexamethasone can lead to the thinning of 

cartilage due to catabolism, along with hypertension, muscle wasting, and 

hyperglycaemia.63  

Figure 1.9 The structure of adalimumab (left) and etanercept (right). Images 
reproduced from Drug Bank reference 59. 

Figure 1.10 The chemical structure of the glucocorticoid dexamethasone. 
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Overall, RA treatment carries the risk of serious side effects that must be monitored 

alongside disease progression to maintain patient wellbeing. All of the drugs described 

here are prone to the issues discussed about free drugs, meaning many of the side 

effects come from non-target site distribution, inflated dosing from the narrow 

therapeutic windows, high drug elimination, and low bioavailabilities of the drugs. 

Using a polymer NP DDS for RA drugs could reduce the risk of side effects and 

increase drug efficacy, because more drug would reach the target site due to reduced 

elimination. Increased in body half-lives would also increase therapeutic windows, 

allowing for reduced dosages. The additional use of a stimuli responsive trigger linked 

to inflammation would further improve the polymer NP DDS specificity to inflammatory 

diseases by only targeting active disease sites. 

1.3.2 MS 

MS is a chronic inflammatory disease that currently has no cure and is most common 

in young adults.64 Women are more likely to develop MS and normally 120 per 100,000 

people have the disease.65 MS affects the central nervous system (CNS) causing 

damage to axons, although symptoms can vary depending on the specific type of the 

disease and its progression. In most cases however MS leads towards progressive 

disability and neurodegeneration.66 MS has been linked with genetic and 

environmental factors that play a part in the initiation of the disease. Like RA, the most 

important genetic factor influencing MS susceptibility is within the class II major 

histocompatibility locus.67 However, genetics seem to play no major role in the type of 

MS or its severity.67 Environmental factors that influence MS are vitamin D deficiency, 

Epstein-Barr virus infection, UV light exposure, and cigarette smoking.67,68 
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There are three main subtypes of MS: relapsing-remitting MS, secondary progressive 

MS, and primary progressive MS. Relapsing-remitting MS accounts for about 85% of 

patients and is characterised by random periods of disease activation, or relapses, 

followed by remission.69 In these relapses patients can experience numbness, visual 

impairments, and fatigue, with these symptoms lasting from a couple of days to a few 

weeks, after which the disease goes into remission.65,70 In some cases after 15-20 

years relapsing-remitting MS progresses into secondary progressive MS which has no 

remission phase, meaning damage and disability continues to worsen over time.70 

primary progressive MS makes up about 15% of patients affected with MS, and 

functions like secondary progressive MS but does not start with relapsing-remitting 

MS.66 

The disease progresses initially by autoreactive T cells crossing the blood brain barrier 

which can then trigger an immune response within the CNS.71 The immune system 

attacks the CNS, including the brain and spinal cord, by demyelinating neurons (Figure 

1.11). Demyelination is the process by which the myelin sheath coating neurons is 

eroded over time. These eroded areas on the nerves have a build-up of inflammatory 

cells which are called plaques.72 Oligodendrocytes are responsible for the production 

of myelin, and these cells can trigger remyelination.73 Oligodendrocytes are destroyed 

by the immune response and oxidative stress, meaning remyelination is only seen in 

20% of patients.72ï74 
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As previously discussed, there is no cure for MS; however, patients can take disease 

modifying drugs, also known as disease modifying therapies (DMTs). These drugs are 

mainly designed to target relapse-remitting MS with the purpose of reducing the 

relapse levels and lowering the inflammation caused to the CNS.66 What follows will 

be a brief review of some of these DMTs, covering dosage, usage, desired effect, and 

side effects. 

1.3.2.1 Interferon ɓ-1a/b 

Interferon (INF) ɓ-1a and 1b (Figure 1.1259) are both disease modifying drugs used in 

many cases for both remitting-relapsing and secondary progressive MS.75 It is classed 

as a first-line medication, which means it is normally one of the first drugs to be used 

to combat MS.76 

Figure 1.12 The structure of INF ɓ-1a. Image reproduced from Drug Bank reference 
59. 

Figure 1.11 A diagram showing the damage that occurs to nerve cells in MS. 
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INF-ɓ is a polypeptide that is produced by fibroblasts. It is an anti-inflammatory which 

gains its properties from reducing the amount of T cells produced, lowering the number 

of T cells crossing the blood brain barrier, and shifting cytokines towards an anti-

inflammatory response.76 INF-ɓ-1a is injected intramuscularly at 30 ɛg once a week, 

or can be injected subcutaneously three times per week at 22/44 ɛg.76 INF-ɓ-1b is 

also injected subcutaneously once every two days at 250 ɛg.76 These drugs have 

helped patients by reducing the number of relapses and therefore the amount of 

damage done to the CNS. These drugs do have some unpleasant side effects, 

including flu-like symptoms (50-75% chance) of chills, fever, and muscle aches.76,77 

1.3.2.2 Teriflunomide 

Teriflunomide is an orally administered drug that alters the immune response in the 

body (immunomodulator) and also has anti-inflammatory properties (Figure 1.13).78 It 

too is a first-line medication for MS. 

Teriflunomide is used to treat the relapsing-remitting form of MS and is an alternative 

to injectable treatments. Teriflunomide binds to dihydroorotate dehydrogenase, which 

is an enzyme that is required when lymphocytes are dividing rapidly.78 Blocking this 

enzyme limits the growth of lymphocytes, which are responsible for attacking the CNS. 

Teriflunomide is taken once per day at 14 mg and has been shown to reduce the 

number of relapses that patients suffer and to slow the rate of the disabling symptoms 

of the disease.76 Side effects for this drug include headaches, hair thinning, diarrhoea, 

Figure 1.13 The structure of teriflunomide. 
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nausea, and increases in alanine aminotransferase concentrations.78,79 Alanine 

aminotransferase is an enzyme found in the liver and high levels in the blood signals 

that the liver is being damaged. Because of this side effect, it is recommended that 

screenings take place regularly so that levels of the enzyme can be monitored 

because it can be a sign of liver disease if these levels raise too much, meaning the 

patient needs to be taken off the medication.76 

1.3.2.3 Fingolimod 

Fingolimod (Figure 1.14) is also another orally administered drug for treatment of 

relapsing-remitting forms of MS, and is classed as second-line medication.66,76 A 

second-line medication is used after first-line medication fails to deal with disease 

symptoms.76 

The drug is a sphingosine 1-phosphate receptor (S1PR) modulator, which means it 

can interfere with S1PR functions. S1PR is a protein involved with the immune system, 

which when bound to can prevent lymphocytes from exiting lymph nodes.80 This, in 

turn, stops the lymphocytes from coming into contact with the CNS and damaging it, 

thereby reducing the inflammatory response. Fingolimod is taken once per day at a 

0.5 mg dose and has been shown to reduce the number of relapses and the rate of 

disabling effects of MS.76,81 The most common side effects a patient can experience 

whilst taking Fingolimod are headaches, upper respiratory tract infections, coughing, 

back pain, and diarrhoea.66,76 

Figure 1.14 The structure of fingolimod. 



Chapter 1 Polymer nanoparticles for biomedical applications 

26 
 

The treatment methods discussed here all suffer from the free drug issues discussed 

earlier (Chapter 1.1), meaning the use of a polymer NP DDS could be useful. The 

benefits would be reduced elimination, reduced non-target site distribution, and 

increased in body half-lives of the drugs. As a result of these benefits the dosages of 

the drugs could be decreased whilst still obtaining the same therapeutic effects, but 

with reduced chance of side effects. MS DMTs work on the basis of reducing the 

number of relapses by stopping inflammation getting out of control. This means dosing 

the patients every day given the unpredictability of inflammatory flare-ups that could 

lead to a relapse. This will mean that most of the time the DMTs will not be combating 

MS as there will be no inflammatory flare-up, meaning the drug will be taken 

unnecessarily and putting the patient at risk of the potential side effects. Using a stimuli 

responsive polymer NP DDS would allow for drug to be released during an 

inflammatory flare up but not under normal conditions. This would allow for the DMTs 

to be effectively stored in the body and released when they are needed, meaning 

patients would not have healthy tissue exposed to the drugs which causes side effects.  

1.3.3 NPs for the treatment of inflammatory diseases 

An example of a polymeric NP being studied as a potential treatment for RA is an 

amphiphilic diblock copolymer made from CL and PEG.82 The poly(Ů-caprolactone-

block-(poly(ethylene glycol) methyl ether methacrylate)) (p(CL-b-PEG)) amphiphilic 

diblock copolymer forms sub 100 nm micelles that can be loaded with dexamethasone, 

a drug used to treat RA. The micelles showed good accumulation in the joints of rats 

and effectively treated the inflammation. The accumulation is a passive targeting 

method called ñextravasation through leaky vasculature and subsequent inflammatory 

cell-mediated sequestrationò (ELVIS), which is similar to the EPR effect. The 

dexamethasone loaded p(CL-b-PEG) micelles were compared with free 
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dexamethasone and were shown to outperform it. This superior performance was 

evident not only in treatment but also in the longer circulation time and reduced 

clearance of the micelles. The increased circulation time and reduced clearance would 

allow for reduced dosages due to increased therapeutic effectiveness. An issue with 

this work is that 50% of the drug is burst-released from the micelles under physiological 

conditions, potentially before accumulation at the joint, so four doses are required, and 

the NPs have no triggered release mechanism which would help increase the release 

of the drug at the target site. 

A pH-responsive NP system was designed by the same group.83 In this work a 

hydrophilic PEG homopolymer was modified with hydrazone linkers onto which the 

hydrophobic dexamethasone was attached, forming an amphiphilic PEG-DEX 

polymer that uses ELVIS to accumulate in the joints. The hydrazone linkers allow for 

a pH responsive release of dexamethasone which is targeted towards the low pH of 

inflamed joints in RA. By using the hydrazone linker and pH responsive targeting, the 

initial burst release of dexamethasone was reduced and the concentration of 

dexamethasone was controlled. The reduced initial release means that more of the 

dexamethasone reaches the target site and there is reduced drug leakage into healthy 

tissue, and consequently only one dose is required for a therapeutic effect. However, 

despite these improvements over the dexamethasone loaded p(CL-b-PEG) NPs there 

are still issues. The synthesis method for the conjugation of dexamethasone to PEG 

is complex and time consuming, and the formation of the PEG-DEX polymer NPs was 

accomplished by thin film hydration, meaning only low concentrations of NPs were 

possible. Both issues will limit the potential use of the PEG-DEX system for industrial 

use. 
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Another pH-responsive system uses hyaluronic acid coated acid-sensitive NPs 

(HAPNPs) loaded with dexamethasone to target and treat RA.84 The HAPNPs were 

formed from hyaluronic acid, egg phosphatidylcholine, polyethyleneimine, and poly 

(cyclohexane-1,4-diyl acetone dimethylene ketal), the latter being the acid sensitive 

component. The use of hyaluronic acid allows for the active targeting to CD44 

receptors that are overexpressed on macrophages in the inflammatory response in 

the joints. HAPNPs are shown to be biocompatible, maintain a stable size of 150 nm 

under physiological conditions, and are preferentially taken up by macrophages 

overexpressing CD44. Coupling the targeting ability with a pH triggered release made 

the dexamethasone loaded HAPNPs more effective when treating rats with RA 

compared with free dexamethasone alone. The increased effectiveness of the 

dexamethasone loaded HAPNPs shows that the targeting and pH triggered release 

allows for increased accumulation and higher drug release at the joint.  

The HAPNPs system follows similar principles to dexamethasone loaded p(CL-b-

PEG) NPs, but uses drug loading instead of conjugation. The use of drug loading 

rather than conjugation of the dexamethasone does mean that the HAPNPs have an 

initial burst release of the dexamethasone, and therefore some of the drug will be 

released before making it to the target site. However, when the HAPNPs are exposed 

to lower pH more dexamethasone was released than under standard conditions, 

meaning that some dexamethasone will still be released at the low pH joint. Given that 

no complex conjugation of the dexamethasone was necessary in the HAPNPs, and 

that despite the initial burst release of dexamethasone there was still some on-site 

triggered release. This makes drug loading of dexamethasone into NPs to be slightly 

more favourable than conjugation to the polymer backbone when used with a stimuli 

responsive system.83,84 The process used to make the HAPNPs involves many steps 
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and lots of purification, which again could limit transition of this work into industrial 

application. 

Polymeric NP systems have also seen use for MS treatments such as the peptide 

functionalised p(CL-b-PEG) NPs designed by Führmann et al.85 The peptides used 

allow for active targeting of fibrin clots and nidogen which are up-regulated in the spinal 

cord in MS and found within blood vessels at lesion sites. When using the peptide 

functionalised p(CL-b-PEG) NPs in a rat model based on MS with up-regulated fibrin, 

the NPs show binding at fibrin clots and lesion sites. Using p(CL-b-PEG) NPs without 

functionalisation and free peptides alone shows less binding than functionalised p(CL-

b-PEG) NPs which show increased potential to accumulate at the target site. The work 

done by Führmann et al. mentions that drug loading studies could be carried out to 

further show the therapeutic application, but no further work could be found.85 Such 

peptide functionalised p(CL-b-PEG) NPs would likely face similar issues to work by 

Wang et al. using RA targeting dexamethasone loaded p(CL-b-PEG) NPs.82 Based on 

the work of Wang et al., there would be an initial burst release of the drug before 

accumulation at the target sites, limiting the amount of drug actually delivered and 

released. One method to combat this would be to conjugate the drug with a stimuli 

responsive linker or to alter the NPs to be stimuli responsive, as in the RA polymeric 

NP systems of PEG-DEX polymer NPs and the HAPNPs.83,84 

Another MS polymeric treatment consists of polybutylcyanoacrylate (p(BC)) NPs 

loaded with the peptide thymulin.86,87 Thymulin is a peptide that decreases with age in 

blood plasma, has anti-inflammatory properties, and has been shown to decrease 

symptoms of MS. Thymulin has a very short half-life in blood, meaning its therapeutic 

application is limited.86 However, encapsulating thymulin inside p(BC) NPs allows for 

prolonged presence over 48 hours in blood, which improves the potential usage. When 
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assessed in a MS like rat model, symptoms reduced faster for thymulin loaded p(BC) 

NPs compared to free thymulin, showing the effectiveness of the NPs. It is hoped that 

the thymulin loaded p(BC) NPs may be used alone or with other therapies to treat MS. 

The p(BC) NPs are made by a nanoprecipitation method which limits their overall 

concentration. Thymulin release is also not targeted specifically to sites of MS, so a 

more effective version would have a stimuli response keyed towards MS sites. 

Now the diseases/treatments that will be the focus of this work have been discussed, 

the method to make the polymers must be considered. To this end the following 

section will discuss the mechanism of reversible addition-fragmentation chain transfer 

(RAFT) polymerisation, give a brief overview of its benefits, and show why it is useful 

for biomedical applications.  
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1.4 Reversible addition-fragmentation chain transfer 

polymerisation 

RAFT polymerisation was first reported in 1998 by Moad, Rizzardo, Thang, and co-

workers of the CSIRO group.88,89 Since then, the technique has seen a massive 

expansion in use and is now considered one of the main types of controlled radical 

polymerisation.90 RAFT is classified as a reversible deactivation radical polymerisation 

which means it allows for the:90 

¶ Synthesis of block copolymers by continued chain growth. 

¶ Production of complex polymer architectures such as stars, combs, and 

brushes. 

¶ Synthesis of polymers with high end group fidelity. 

¶ Targeting of polymer molecular weight based on the ratio of monomer to other 

feed stocks within the polymerisation. 

¶ Synthesis of polymers with narrow molecular weight distribution (ņ). 

Other examples of reversible deactivation radical polymerisation are nitroxide-

mediated polymerisation91 and atom transfer radical polymerisation92 which are both 

based on the persistent radical effect. RAFT polymerisation is a degenerative transfer 

system, which means that during the activation-deactivation cycle there is no 

termination or initiation of radicals so a radical source must be added to any RAFT 

polymerisations.90 

RAFT polymerisation differs from a standard free radical polymerisation by the 

inclusion of a thiocarbonylthio compound, called a RAFT agent or a chain transfer 

agent (CTA, Figure 1.15). Based on the ratio of the CTA to the monomer used in a 
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reaction, an estimate of the chain length of the polymer to be synthesised can be 

determined (Chain length=Monomer/CTA). Like other controlled radical 

polymerisations, the rate of termination in RAFT polymerisation is suppressed in 

comparison to free radical polymerisation because the CTA shortens the active time 

of growing chains due to reversible deactivation.93 

RAFT polymerisation is versatile and has been shown to work in bulk94 and in many 

solvents and heterogeneous media including aqueous,95 non-polar,96 ionic solutions,97 

super critical CO2,98 emulsions,99 micro emulsions,100 and dispersions.89,101 Not only 

is RAFT able to tolerate many solvent types, it is also able to polymerise a wide variety 

of different monomers. However, to maintain good control of the polymerisation the 

CTA needs to be carefully selected (see section on RAFT agent design). 

1.4.1 Mechanism of RAFT polymerisation 

The mechanism of RAFT polymerisation is shown in Scheme 1.2. To start, the initiator 

species undergoes homolytic cleavage to produce initiating radicals that react with 

monomer creating the first propagating chains of polymer (PnĘ). PnĘ can then reversibly 

add to the CTA to form the first intermediate radical species (Scheme 1.2, species 2). 

This intermediate can fragment to either reform the PnĘ radical or a new radical formed 

from the R group (RĘ). If the RĘ radical is released, then it can react with monomer 

creating the polymer radical PmĘ. The PmĘ radical can reversibly add to the CTA, giving 

the second intermediate radical species (Scheme 1.2, species 5), although in the early 

Figure 1.15 Examples of CTAs, RAFT agents, used in reversible addition fragmentation chain transfer (RAFT) 
polymerisation. Left: CPADB. Right: Cyanomethyl methyl(phenyl)carbamodithioate. 
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stages of the polymerisation PmĘ is more likely to react with a different CTA because it 

will have a higher concentration than radical species 2. Reaction with a different CTA 

will release another RĘ radical that can start a new chain which will also follow this 

mechanism. The chains produced will then exist in an equilibrium between active and 

dormant, with most chains being dormant. In a very efficient RAFT polymerisation, 

chain transfer between active and dormant chains is faster than the propagation of the 

polymer species. This means that usually only one monomer molecule will react with 

a polymer species before it undergoes chain transfer, giving all polymer species equal 

chance to grow. 

Termination and non-reversible chain transfer will still happen during the reaction but 

are suppressed because of the low concentration of radicals and the constant 

activation deactivation of polymer chains making two radicals coming together 

unlikely. Termination is also more prevalent once the monomer runs out or if the 

reaction is exposed to air. In all these cases, termination can occur by 

Scheme 1.2 The mechanism of RAFT polymerisation. 
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disproportionation or recombination. It should be noted that the use of a radical initiator 

means that there is a finite number of chains initiated by initiator-derived radicals (IĘ) 

so very little initiator is added. The number of initiated chains by IĘ is proportional to 

the amount of initiator used, and this has several consequences. First, at the end of 

the polymerisation the majority of chains will contain a CTA starting group, which 

means they are living and can go on to further react in another polymerisation. 

Additionally, these living chains can have either an initiator-derived terminus (I) or 

CTA-derived terminus (R). The other polymer chains do not have a CTA starting group 

and are therefore dead chains that cannot be extended. Finally, the number of dead 

chains in a RAFT polymerisation is directly linked to the amount of initiator used. This 

is because the total number of chains produced is based on the number of initiator 

radicals plus the CTA R group radicals produced.  

1.4.2 RAFT agent design 

There are four major types of CTA: dithioesters, trithiocarbonates, dithiocarbamates, 

and xanthates (Figure 1.16). These CTA types will only give good control with certain 

monomers based on the category into which the monomer falls: 1. more activated 

monomers (MAMs) or 2. less activated monomers (LAMs). 

Figure 1.16 7 Trithiocarbonate 8. Xanthates 9. Dithiocarbamates 10. Dithioesters. Circles highlight the Z 
groups of the specific CTA types. 
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Monomers that are described as MAMs have vinyl groups that are conjugated to 

functional groups, such as double bonds, aromatic rings, carbonyl groups, or nitriles. 

These groups mean that MAMs form more stable and lower energy radicals when 

compared to LAMs. This means they are good homolytic leaving groups and they have 

relatively low radical reactivity.102 Examples of MAMs include butadiene, styrene, 

(meth)acrylates and (meth)acrylamides, and acrylonitrile (Figure 1.17).90,103  

LAMs are monomers that have vinyl groups that are conjugated to electron-donating 

groups, such as oxygen atoms, halogens, nitrogen atoms, or sulphur atoms. The 

electron-donating groups cause the radicals to be formed from LAMs to be less stable 

and to have higher energy than MAMs. This makes LAMs poor homolytic leaving 

groups and they also have higher radical reactivity.102 Examples of LAMs are vinyl 

acetate, N-vinylpyrrolidone, N-vinyl caprolactam, and vinyl chloride (Figure 1.17).90,103 

To achieve successful control over the RAFT polymerisation, the C=S bond of the CTA 

must be more reactive to radical addition than the C=C vinyl group of the monomer. 

Figure 1.17 Examples of MAM and LAM monomers. 
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Even so, the C=S bond must not be far more reactive than the C=C bond, otherwise 

the reaction becomes limited and slow. This means a balance must be achieved 

between the reactivities of the two groups, which can be achieved through the altering 

of the CTA Z group. The Z group directly influences the reactivity of the C=S bond to 

radical addition and the stability of the intermediate radical. Examples of suitable RAFT 

agent CTA Z groups for different monomers can be seen in Figure 1.18.90 

For successful RAFT control of MAMs, a Z group is needed that stabilises the 

intermediate CTA radicals (Scheme 1.2, species 2 and 5) and allows for fast addition 

of polymer radicals. This means using groups like thiolates and aromatics as the Z 

group, which will maintain the C=S bond character of the CTA (Figure 1.18). The ideal 

CTA types for MAMs are typically trithiocarbonates or dithioesters.102 When these 

CTAs are used for MAMs the re-addition to the CTA occurs more quickly than that of 

Figure 1.18 R and Z group selection guide for specific MAM and LAM monomers. Image reproduced from 
reference 90. 
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monomer addition, which allows for good RAFT polymerisation control. If these types 

of CTAs are not used, then MAMs will not re-add to the CTA during propagation and 

monomer addition will be uncontrolled, leading to a higher ņ of the polymers.90,102 

For successful RAFT control of LAMs, a Z group is required that destabilises the 

intermediate CTA radicals (Scheme 1.2, species 2 and 5) promoting fragmentation 

and propagation of the polymer chains. To achieve this, Z groups that can donate 

electrons into the C=S bond of the CTA, such as oxygen and nitrogen, are used 

(Figure 1.18). Having electron-donating Z groups causes the intermediate CTA 

radicals (Scheme 1.2, species 2 and 5) to be high energy and unstable. The electron-

donating group can delocalise with the C=S bond of the CTA reducing the double bond 

character and making re-addition less likely. This donation can also lead to canonical 

forms which further stabilise the CTA (Scheme 1.2, species 1, 3, 4, and 6). Reduced 

C=S bond character of the CTA means that propagation of the monomer and 

fragmentation of the intermediate CTA radicals (Scheme 1.2, species 2 and 5) is 

promoted. Xanthates and dithiocarbamates have oxygen and nitrogen atoms close to 

the C=S, making them ideal CTAs for LAMs.102 The use of xanthates in RAFT can also 

be called macromolecular design through the interchange of xanthates.90,102 When 

using xanthates and dithiocarbamates with LAMs, fragmentation of the monomer is 

preferred, overcoming LAMsô poor homolytic leaving ability and meaning that they will 

react. If an inappropriate CTA is used, then the polymerisation will become retarded 

and side reactions will occur, as the intermediate CTA radicals (Scheme 1.2, species 

2 and 5) will be favoured over fragmentation and propagation of the polymer chains. 

The R group is also an important factor that influences the control of the polymerisation 

for three reasons. Firstly, the R group affects the C=S bond strength, but to a lesser 

extent than the Z group. Secondly, the fragmentation of the R group from the first 
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intermediate CTA radical (Scheme 1.2, species 2) in the RAFT mechanism is 

dependent on how good a homolytic leaving group R is compared to Pn. Finally, once 

the R group is a radical it must rapidly react with monomer to reinitiate polymerisation. 

A poor choice of R group can lead to the slow formation of Pm which will lead to 

molecular weight broadening.102 The best R groups tend to be those that are similar 

in structure to the monomer being polymerised or the initiator that is being used in the 

polymerisation.90,102 R group suitability for certain monomers can be seen in Figure 

1.18.90 

Different initiation types can be used in RAFT, such as light, REDOX, and thermal. 

Thermal is the most common and typically uses peroxides or diazo compounds that 

undergo homolytic cleavage to generate two radicals when heated. The initiator 

influences the quantity of dead chains formed, the rate of the polymerisation based on 

the concentrations of radicals formed, and the conditions of the polymerisation, as 

different initiators have different decomposition rates at the same temperature. The 

more initiator that is used, the faster the reaction will occur as there are more radical 

species produced and therefore a higher radical concentration. However, this will lead 

to less control, a larger ņ, and more dead chains.90 Having less initiator will allow for 

a more controlled reaction and a higher degree of living polymer chains as fewer 

radical species will be formed, but this will cause reaction times to increase.90 

1.4.3 RAFT for biomedical applications 

Due to RAFT polymerisationôs ability to produce polymers with controlled length, 

molecular weight, and architecture, it has been adopted for multiple biomedical 

applications. RAFT polymerisation has been extensively used in DDS research as the 

polymers produced can have drugs conjugated to them easily.104 Additionally, due to 
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RAFT polymerisationôs ability to form block/other copolymers that can self-assemble 

into various NPs, drug loading is easily achieved.104 The only issue with RAFT 

polymers for biomedical applications is the relatively unstudied toxicity of the RAFT 

groups used to make the polymers. Some work shows that certain CTA types within 

polymers can be more toxic than others, although at the low amounts often used to 

make RAFT polymers the concentration would be much below any toxic 

threshold.104,105 Additionally, if any concerns around RAFT agent toxicity are raised 

then the RAFT end groups can be easily removed from the polymer via many methods, 

meaning the only concern would be the toxicity of the polymer.104 

For the reasons above RAFT polymerisation is an ideal way to make polymers with a 

high level of control, quickly and reliably, for use in biomedical applications. 

Throughout the work conducted here, RAFT polymerisation was used to synthesise 

the polymers. Two methods were used to make NPs from the polymers; solvent 

switching and polymerisation-induced self-assembly (PISA). Both of these methods 

will be highlighted briefly below. 

1.4.4 Nanoparticle formation of RAFT polymers 

Solvent switching is a nanoparticle formation mechanism that initially dissolves an 

amphiphilic copolymer in a good solvent.106 A good solvent is a solvent that can 

solubilise both parts of the copolymer. The dissolved polymer is then added slowly to 

water which causes the hydrophobic parts of the polymer to form NP cores to avoid 

unfavourable interactions with water molecules. The hydrophilic parts of the polymer 

locate themselves on the outside of the NP to form favourable interactions with water 

and provide stability to the dispersion through steric or charge stabilisation. More 
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details on the specific method of solvent switching that was used in this report can be 

found in section 2.3.4. 

PISA is a technique that allows for the production of NPs at relatively high 

concentrations (20-50% w/w) during the polymerisation.107 Typically, to produce NPs 

from a block copolymer the copolymer must be dissolved in a good solvent for both 

blocks, and then a second solvent is added which is bad for one block causing self-

assembly into NPs (see chapter 2). In PISA, a soluble polymer (A) is chain extended, 

in a specific solvent, by a second monomer/s (B) that becomes insoluble as the chain 

grows, driving the self-assembly (Figure 1.19108). The stabilising A block is commonly 

synthesised by a solution polymerisation and is often called a macro-CTA (mCTA), 

whilst the synthesis of the B block depends on the solubility of the monomer/s within 

the polymerisation mixture. If monomer/s B is soluble in the polymerisation mixture, 

then the reaction is a dispersion polymerisation, but if monomer/s B is insoluble then 

the reaction is an emulsion polymerisation. The final NP morphology is dependent on 

the volume fractions of the two blocks, which is described by the packing parameter 

(Figure 1.19108).109 To be able to reliably obtain single morphology copolymer NPs 

from PISA, ñmorphology diagramsò of specific morphologies should be made to allow 

for targeting.110  

Figure 1.19 A diagram showing the PISA process and packing parameter guide. Reproduced from 

reference 107. 
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1.5 Conclusions 

Polymer NP DDS have been shown to offer significant advantages over free drug 

treatments. These advantages are passive targeting by the EPR effect to certain 

diseases, increase in body half-lives, reduced elimination, protection from 

physiological conditions, improved drug solubility, and the ability to be modified for 

active/stimuli-responsive targeting. These advantages over free drug allow for larger 

therapeutic windows, increased drug efficacy, increased bioavailability, reduced 

toxicity, increased patient wellbeing, and the ability to reduce dosages. 

BNCT was discussed and issues with the current treatment methods were highlighted, 

namely the poor selectivity toward cancer cells and cellular uptake. These issues can 

be easily solved through the use of a polymer NP DDS, whilst also providing the 

advantages listed above. Utilising polymer NP DDS for BNCT would allow for 

improvements to this very promising anti-cancer treatment. 

The inflammatory diseases MS and RA were also discussed, and the current treatment 

methods which expose patients to unpleasant side effects due to untargeted free drug. 

By using stimuli-responsive targeted polymer NPs the side effects could be potentially 

reduced, as the drug will be delivered to the target site rather than being distributed 

everywhere in the body. Additionally, usage of a stimuli-responsive targeted polymer 

NP DDS may allow for reduced dosages, further improving patient wellbeing. 

Finally RAFT polymerisation was discussed, showing the advantages of using this 

polymerisation method to make polymers quickly and reliably with a broad tolerance 

to many conditions. Due to the heavy use of RAFT polymerisation in biomedical 

systems, it was selected to be used to synthesise the polymers studied in the work 

reported here. 
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1.5.1 Thesis aims and overview 

The overall aim of this thesis is to produce polymeric NPs that will have the potential 

to be used for biomedical applications whilst solving the issues from current 

treatments, in particular BNCT and the inflammatory diseases MS and RA. The aim 

will be achieved by synthesising a relevant oxidation responsive boron containing 

monomer which will find application in both systems. Using this monomer and others, 

RAFT polymerisation will be used to make various statistical, block, and other 

copolymers. The copolymers will be used to form NPs either by solvent switching or 

through PISA. The polymer NPs will be assessed for suitability for potential usage in 

BNCT, MS, and RA via DLS, TEM, 1H NMR spectroscopy, and cellular cytotoxicity 

testing. 

In chapter 2 the focus is synthesising amphiphilic boron containing statistical 

copolymers by RAFT polymerisation and using solvent switching to make stable NP 

solutions with potential use as BNCT treatment. Initially, a methacrylate boron 

containing monomer is synthesised based on modified literature preparations and then 

used to make a library of statistical copolymers. The statistical copolymers are solvent 

switched, under controlled conditions, into NPs. The statistical copolymer NPôs stability 

and replicability is assessed by DLS and TEM. Finally, cellular cytotoxicity testing is 

conducted on the statistical copolymer NPs to determine suitability for use in BNCT. 

The focus of chapter 3 is on synthesising amphiphilic oxidation responsive block 

copolymer NPs by RAFT-mediated PISA in aqueous emulsion for potential use in the 

inflammatory diseases MS and RA. The same monomer made in chapter 2 is used in 

chapter 3 since it possesses an oxidation response, meaning it can be a useful disease 

site targeting aid. Initially, block copolymer NPs are synthesised by RAFT-mediated 
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PISA in aqueous emulsion, although the system produces poorly controlled copolymer 

NPs despite optimisation attempts. Testing for oxidation responsivity of the copolymer 

NPs reveals that the monomer does respond to oxidant but no change in morphology 

occurs, suggesting a lack of suitability for biomedical applications. The reasons why 

the system does not work as intended are discussed, and potential areas for 

improvement are suggested. 

The final results, presented in chapter 4, take the lessons learned from chapter 3 and 

implement them into a new system for inflammatory disease drug delivery. The system 

is based on synthesising block statistical copolymer NPs by RAFT-mediated PISA 

aqueous dispersion. Block statistical copolymer NPs are synthesised and optimised 

to give various morphologies with much improved copolymers compared to those in 

chapter 3. Oxidation testing of the NPs shows the oxidation responsive monomer 

responds well to the oxidant, but again no morphological transition is seen. However, 

certain samples can be exposed to basic pH after oxidation to trigger a morphological 

order-order transition giving rise to ñand gateò responsive block statistical copolymers. 

Due to the morphological transition observed in the copolymer NPs, potential uses 

could be found for these NPs within inflammatory disease drug delivery. 

The overall conclusions of the thesis are discussed in chapter 5, with comments on 

potential future work for the various systems. Additionally, future areas are suggested 

for new systems that could hold potential to be used as DDS. 
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2.1 Chapter overview 

In this chapter RAFT solution polymerisation is employed to synthesise a library of 

poly[(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl methacrylate)-stat-(2-

(dimethylamino)ethyl methacrylate)] (p(OxM2-s-DMAEMA) or D/Ox), poly[(4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl methacrylate)-stat-(poly(ethylene glycol) 

methyl ether methacrylate)] (p(OxM2-s-PEGMA) or P/Ox), and poly[(4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl methacrylate)-stat-(methacrylic acid)] 

(p(OxM2-s-MAA) or M/Ox) copolymers. These statistical copolymers are used to make 

NPs by solvent switching into water and these NPs are then characterised by DLS and 

TEM. The rate of solvent addition is shown to affect the size and stability of the 

resulting NPs. NP size over three solvent switch repeats is assessed to determine 

replicability of the method. Statistical copolymer NPs in phosphate buffered saline 

(PBS) are assessed for cell toxicity using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) assays, and cellular uptake studies are attempted to 

determine their potential usage for BNCT. 
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2.2 Introduction 

The previously discussed issues surrounding BNCT (Chapter 1.2) can potentially be 

fixed by using polymeric NPs, since NPs offer greater circulation time and can be 

altered to be target specific. The use of carboranes in polymers has been extensively 

studied for potential BNCT applications, with many of the studies focusing on non-

statistical copolymers, meaning that polymer production can be more complex with 

multiple purification steps (Chapter 1.2). Additionally, the synthesis methods employed 

to make carborane based monomers can be complex. The synthesis method for OxM2 

is simpler and would translate well to being used in an amphiphilic statistical copolymer 

system. Moreover this approach of boron inclusion for BNCT is less studied and needs 

work to promote cellular uptake. In the current work OxM2 will be used to make 

amphiphilic statistical copolymer NPs that will be evaluated for their suitability for 

BNCT usage. 

2.2.1 Statistical copolymers 

The reaction of two different monomers together will lead to different outcomes 

depending on the reactivities of the monomers. The term óstatistical copolymerô is 

used to describe the polymer formed when two monomers react together in a 

statistical manner. In the literature, statistical copolymers are sometimes referred to 

as random copolymers; however, in this work we will use óstatistical copolymersô in 

view of the following definitions. Statistical copolymers are defined as being 

polymers that have a monomer distribution which obeys known statistical laws.111 In 

this case, the statistical law that governs the monomer distribution is Markovian 

statistics (zeroth/Bernoullian, first, or second), which means that the current state of 

the growing polymer will have an effect on the next monomer unit added (Figure 
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2.20).112 The notation used should be poly(A-stat-B) for statistical copolymers. 

Random copolymers are defined as polymers in which the probability of finding a 

monomer unit in the polymer chain is not dependent on the surrounding units.111 The 

statistical law that governs random copolymers is Bernoullian, which means that the 

probability of adding either monomer A or B to the polymer chain is the same 

regardless of the last monomer unit added (Figure 2.20).112 Notation for random 

copolymers is poly(A-ran-B). Based on the definitions for statistical and random 

copolymers, it follows that the term random copolymer denotes a specific case of 

statistical copolymers. Because of this, óstatistical copolymerô will be used to describe 

a polymer that has two or monomers reacting together following statistical laws, as it 

is the broader and more accurate term. The exception to this is copolymers that are 

confirmed to be truly random, in which case the term órandom copolymerô will be 

used. 

Diblock copolymer self-assembly has been extensively studied because of their 

many morphologies, and for use in many fields, notably in the area of biomedical 

science.113ï119 The morphologies of diblock copolymers can be predicted because of 

Figure 2.20 Markovian (1.) and Bernoullian (2.) statistical representation of adding 
monomers to a polymer chain. 
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molecular weight, DP, and the monomers utilised. Diblock copolymers will self-

assemble if they are amphiphilic. The self-assembly of amphiphilic diblock 

copolymers is driven by minimising the energetically unfavourable interactions 

between the hydrophobic component of the copolymer and water. The morphology 

of diblock copolymers is based upon the packing parameter (Figure 2.21120). The 

packing parameter is the fraction of the hydrophilic fraction of the polymer compared 

with the hydrophobic fraction of the polymer, whereby the relative ratios determine 

the morphology formed (Figure 2.21120).118,120ï122 By using the water-induced 

micellisation method NPs of diblock copolymers can be formed. The method works 

by dissolving the diblock copolymer in a good solvent for both blocks and slowly 

adding water until phase separation occurs due to the solution being unfavourable 

for the hydrophobic block thereby forming NPs.123 

The self-assembly of statistical copolymers for biomedical applications has been 

studied less than diblock copolymers, because statistical copolymers tend to have 

higher ņ than diblock copolymers and their self-assembly behaviours are relatively 

unknown.124,125 Statistical copolymers make up for these issues by having simple 

synthetic methods compared to diblock copolymers, since they normally require only 

Figure 2.21 The morphologies of amphiphilic block copolymers that can form based 
on the packing parameter. Figure reproduced from ref 119. 
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one synthetic step and there is no need for the purification of a primary block.125 

Many statistical copolymers can be synthesised through free radical polymerisation, 

making them suitable for large scale industrial synthesis and an attractive alternative 

to diblock copolymers.106,124 Amphiphilic statistical copolymers have hydrophilic and 

hydrophobic groups located randomly throughout the entire chain, rather than just 

separated into two covalently linked blocks as in diblock copolymers. In common 

with amphiphilic diblock copolymers, amphiphilic statistical copolymers can self-

assemble into different morphologies. The morphology of amphiphilic statistical 

copolymers is mostly based on the hydrophilicïlipophilic balance (HLB), which 

means the morphologies that are formed can alter when different ratios of 

hydrophobic/hydrophilic units are used in the copolymer.125,126 The morphologies that 

have been reported for amphiphilic statistical copolymers are spheres/micelles106,127ï

133, worms134, rods135,136, bowls137, and vesicles/giant vesicles138ï144. Several stimuli-

responsive amphiphilic statistical copolymer NPs have been reported for 

temperature133,135,140,145, pH146,147, and multi-stimulus148ï150, which would find 

potential usage in biomedical applications. 

Most of the work conducted on amphiphilic statistical copolymers has not been 

undertaken with a specific biomedical use in mind, but there are a few papers that 

take statistical copolymers down a specific biomedical route. Li et al. made 

amphiphilic statistical copolymers NPs for targeting hepatoma.151 By using 5ô-O-

vinyladipyl-ribavirin (VAR) and 6-O-vinylsebacyl-D-galactose (VGA) they 

successfully made p(VAR-stat-VGA) an amphiphilic statistical copolymer. p(VAR-

stat-VGA) self-assembled into spheres by dissolving the copolymer in dimethyl 

sulfoxide (DMSO) and slowly adding water then dialysing against water to remove 

the residual DMSO. The pendant ribavirin and galactose of the VAR and VGA 
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monomers are hydrophilic with the rest of the p(VAR-stat-VGA) copolymer chain 

making up the hydrophobic content which drives the self-assembly. NP formation 

was confirmed by DLS and TEM, with sizes of 217 nm and 208 nm respectively. The 

p(VAR-stat-VGA) were evaluated for cytotoxicity against the tumour cell lines hepG2, 

SPC-A-1, and AGS, with hepG2 cells being the best model for galactose-based 

delivery systems. By conducting MTT assays on these cell lines it was shown that 

p(VAR-stat-VGA) was only cytotoxic to the hepG2 cell line, proving its cancer 

targeting ability and low cytotoxicity towards healthy tissue.  

Another example of statistical copolymers being used for a specific biomedical 

application comes from Lu et al. making the amphiphilic statistical copolymer poly(2-

phenyl-1, 3- dioxan-5-yl methacrylate-stat-2-hydroxyethyl acrylate) (p(PDM-stat-

HEA)).146 p(PDM-stat-HEA) is a pH responsive copolymer designed to target the 

acidic environments of tumours. The monomer PDM is the hydrophobic pH 

responsive component that converts to hydrophilic 2,3-dihydroxypropyl methacrylate 

under acidic conditions. HEA is used as the hydrophilic component of the copolymer 

forming the shell of the NPs. NPs are formed by dissolving the statistical copolymer 

in tetrahydrofuran (THF) and adding deionised water (DI water) dropwise, after which 

the solution was left stirring overnight so that the THF evaporated leaving p(PDM-

stat-HEA) NPs in water. TEM and DLS were used to determine the diameter of the 

NPs with 170 nm and 163 nm respectively. Upon addition of hydrochloric acid the 

NPs swelled to 255 nm after 10 minutes and finally reached a diameter of 800 nm 

after 24 hours. The dye Nile Red was encapsulated into the NPs and released under 

acidic conditions due to this swelling behaviour. The NPs were assessed for 

cytotoxicity and cellular uptake using the cell line Hep3B. The NPs showed that they 

have low cytotoxicity (85% cell viability, 24 hours, 250 ɛg/mL) and that the NPs could 
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be taken up by the cells with release of the Nile Red dye into the cell over time. The 

p(PDM-stat-HEA) NPs show good promise for being suitable for cancer targeting 

and drug delivery. 

Ji et al. describe the synthesis of poly(N-isopropylacrylamide-stat-acrylic acid) 

(p(NIPAM-stat-AA)) amphiphilic statistical copolymer and the subsequent reaction 

with aminated 2-nitroimidazole (NH2ïNI) onto some of the AA groups to form 

p(NIPAM-stat-AA-stat-NI) amphiphilic statistical copolymer.150 The NIPAM and AA 

are both hydrophilic components of the amphiphilic statistical copolymer, with the 

former also allowing for thermo-responsive behaviour. The NI groups are 

hydrophobic and are also hypoxia-responsive, converting to the hydrophilic 2-

aminoimidazole under hypoxic conditions. NPs can be made from the p(NIPAM-stat-

AA-stat-NI) amphiphilic statistical copolymer by a similar method to that of the work 

of Li et al. but with dimethylformamide (DMF) used to dissolve the copolymer.150,151 

NPs were confirmed by TEM and DLS, with NP size ranging from 60-100 nm 

depending on the amount of NI in the copolymers. Testing against the cell line 293T 

the p(NIPAM-stat-AA-stat-NI) NPs were shown to keep 80% cell viability at NP 

concentrations up to 100 mg/mL. The NPs response to both hypoxic conditions and 

elevated temperature is measured and shows increased particle size. Furthermore, 

the NPs can be loaded with DOX and showed increased release under hypoxic and 

elevated temperatures. The properties of the p(NIPAM-stat-AA-stat-NI) NPs show 

good potential for use in cancer treatment. 

The three papers discussed above all highlight the ability of amphiphilic statistical 

copolymers to provide effective and simple alternatives to diblock copolymers for 

biomedical application. The papers also give examples of desirable features for a 

BNCT polymer NP treatment, in that they show amphiphilic statistical copolymers 
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can have facile synthesis, acceptable size NPs for biomedical applications, low 

cytotoxicity, good cellular uptake, and cancer selectivity.146,150,151 If these features 

could be combined into an amphiphilic statistical copolymer NP that also contained 

boron, then those NPs may have the potential to be an effective treatment for BNCT. 

2.2.2 Aims 

This chapter aims to show the synthesis of OxM2, a boron containing hydrophobic 

methacrylate monomer, and its subsequent use for making a library of different ratio 

amphiphilic statistical copolymers with the hydrophilic monomers: PEGMA, MAA, and 

DMAEMA. The amphiphilic statistical copolymers are investigated to determine their 

self-assembly into NPs in water and PBS by DLS and TEM. Additionally, three 

replicates of these nanoparticle formulations are made and studied to determine 

whether the procedure produces replicable results. The amphiphilic statistical 

copolymer NP library is then assessed for cytotoxicity using MTT assays on the FaDu 

cell line, and finally selected fluorescently labelled amphiphilic statistical copolymer 

NPs are investigated for cellular uptake to determine potential usage in BNCT. 
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2.3 Results and Discussion 

2.3.1 OxM2 synthesis 

Initially, the phenylboronic ester methacrylate monomer OxM2 was synthesised 

(Scheme 2.3). OxM2 was selected because it is a boron-containing monomer, which 

is a prerequisite for BNCT.26 At the start of this work, the only examples of the 

synthesis for phenylboronic ester (meth)acrylate that could be found were for the 

acrylate analogue (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl acrylate 

(OxM1)).152ï158 Since then, examples of OxM2 synthetic procedures have been 

reported in the literature.35,159ï161 Due to the lack of synthetic methods for OxM2 at the 

time, synthesis of OxM2 was based on the synthetic procedure for the acrylate 

equivalent reported by Song et al.152 Modifications to this procedure were made 

including using a Dean-Stark apparatus for the boronic ester synthesis from 4-

(hydroxymethyl) phenylboronic acid and pinacol. Additionally, acryloyl chloride was 

replaced with methacryloyl chloride to give the methacrylate (OxM2) analogue of the 

monomer. 

To allow for larger scale copolymer synthesis, OxM2 synthesis was scaled up by a 

factor of three, which reduced the final product purity. To combat this, changes were 

made to the procedure to give a higher purity product. Firstly, the amount of pinacol 

Scheme 2.3 Synthesis of OxM2. i. Toluene, 120 °C,16 h. ii. TEA, DCM RT, N2 iii. 0 °C, 1 h. then RT, 10 h. 
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compared to 4-(hydroxymethyl) phenylboronic acid used in the first step was increased 

to 1.1:1 molar equivalents to promote complete conversion of 4-(hydroxymethyl) 

phenylboronic acid into 4-(hydroxymethyl) phenylboronic acid pinacol ester. Additional 

aqueous washes were used to remove the excess pinacol from the 4-(hydroxymethyl) 

phenylboronic acid pinacol ester in the first step. Prior to the second step, triethylamine 

and methacryloyl chloride were distilled and dried over molecular sieves to remove 

any impurities and water. Crude OxM2 from the second step was then sequentially 

washed with water, saturated sodium bicarbonate, water, and then brine, followed by 

a column in 9/1 petroleum ether 40-60/ethyl acetate. Complete separation on the 

column was not possible and therefore the earliest fractions were discarded due to a 

yellow-coloured impurity. Finally, as OxM2 can self-polymerise at room temperature, 

butylhydroxytoluene (BHT 200 ppm) was added to prevent polymerisation during 

solvent removal. 4-(hydroxymethyl) phenylboronic acid pinacol ester and OxM2 

synthesis were confirmed by elemental analysis, 1H and 13C NMR spectroscopy, time-

of-flight mass spectrometry (TOFMS), high-resolution time-of-flight mass spectrometry 

(HRTOFMS), IR spectroscopy, and melting point analysis (NMRs appendices 2.3-2.6). 

OxM2 was found to be a white solid below room temperature and a colourless oil at 

just above room temperature, which is expected since methacrylates often have lower 

melting points than their acrylate counterparts.152 

2.3.2 Amphiphilic statistical copolymer synthesis 

Prior work in the group has shown that statistical amphiphilic copolymers can form 

stable NPs, and that by varying the composition of the monomers the size of the NPs 

can be tuned.106,132 Given p(OxM2) is hydrophobic, suitable hydrophilic monomers 

were needed to make amphiphilic copolymers which could then be used to make 
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stable NPs by solvent switching. To that end, the following hydrophilic methacrylic 

monomers were selected: MAA, PEGMA, and DMAEMA. MAA and DMAEMA were 

selected because they will impart a negative and positive charge respectively, which 

can help to stabilise the NPs formed, as seen in prior work conducted in the research 

group.106,132 PEGMA was selected as NPs will be neutral and PEG is known for its 

biocompatibility and stealth coating properties, which will be useful for minimising NP 

toxicity and increasing NP uptake.17 Additionally, work by Sawamoto and Terashima 

has shown that stable NPs can be formed from amphiphilic statistical copolymers 

using PEGMA as the stabilising component.144,162,163 

The three copolymer series synthesised were designated D/Ox, P/Ox, and M/Ox for 

the copolymers containing DMAEMA, PEGMA and MAA, respectively. For these 

polymerisations RAFT polymerisation was used to the allow the synthesis of polymers 

with controlled molar mass and low dispersity.90 However, a suitable RAFT CTA was 

needed that would give good control to all four of the monomers used.  

The four monomers used are all classified as MAMs because they are all 

methacrylates with a carbonyl group conjugated to the vinyl group.102 This meant the 

CTA needed to be more activated to achieve good control. Dithiobenzoate CTAs are 

more activated and are known to afford good control to methacrylate monomers, so 

(4-cyanopentanoic acid)-4-dithiobenzoate (CPADB) was selected.90 Another reason 

for selecting CPADB is that the R group exactly mimics the radical species produced 

by the chosen initiator 4,4ô-azobis(4-cyanovaleric acid) (ACVA) which will allow for 

good re-initiation during the polymerisation. CPADB was synthesised following a 

literature procedure, and structure and purity confirmed by elemental analysis, 1H and 

13C NMR spectroscopy, TOFMS, HRTOFMS, IR spectroscopy, and melting point 

analysis (NMRs appendices 2.1-2.2).164 The polymerisations were conducted in 



Chapter 2 Amphiphilic statistical copolymer NPs for BNCT 

56 
 

isopropanol (IPA) because all the monomers and copolymers are miscible/soluble in 

this solvent which will avoid assembly of the copolymers. p(OxM2) is only partially 

soluble in IPA but the other monomers in the statistical copolymers act as a co-solvent 

to keep p(OxM2) soluble. The full polymerisation scheme and copolymerôs structures 

can be seen in Scheme 2.4. 

2.3.2.1 P/Ox polymerisation kinetics 

A kinetic study on the polymerisation of P/Ox 50/50 was conducted to determine the 

overall rate of reaction, the individual monomer rates of reaction, and the 

polymerisation control. Aliquots were taken at regular time intervals during the 

polymerisation and analysed by 1H NMR and SEC analysis to determine monomer 

conversion and molar mass/dispersity, respectively. Monomer conversion was 

determined using the vinylic integrals (6.3-6.1 ppm) of the monomers compared with 

the monomeric and polymeric backbone integrals (2.1-1.3 ppm) (Figure 2.22). As the 

polymerisation proceeds, the vinyl groups of the monomers are converted to alkanes 

so these integrals will decrease with time whereas the backbone integrals will remain 

constant.  
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An induction period is seen in the polymerisation for the first 30 minutes, which is likely 

due to the pre-equilibrium phase of the RAFT mechanism and/or the presence of 

dithioacid impurities in the RAFT agent reducing the initial polymerisation rate (Figure 

2.23).165,166 At between 30 and 300 minutes the reaction behaves as a pseudo first-

order reaction, after which the polymerisation begins to plateau out at 86% conversion 

(Figure 2.23). The reaction reaches 94% conversion at 8 hours of reaction time. 

Figure 2.23 Polymerisation rate kinetics of P/Ox 50/50 statistical copolymer determined by 1H NMR spectra 

analysis. 

Figure 2.22 1H NMR spectrum for P/Ox 50/50 prior to purification for monomer conversion. 

Representative of all other statistical copolymers made in the chapter. 
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The individual monomer rate of reaction can be determined using the same 1H NMR 

spectra. By individually integrating the vinylic integrals of PEGMA (6.14 ppm) and 

OxM2 (6.16 ppm), the conversion for each monomer can be calculated. From these 

data both monomers follow the same outline as the overall kinetics, although OxM2 

has a slightly higher initial rate of polymerisation compared to PEGMA (Figure 2.24). 

The final conversions after 8 hours for OxM2 and PEGMA are 94% and 90% 

respectively, meaning they both reach a similar end point. The differences between 

PEGMA and OxM2 indicate that P/Ox copolymers will probably be slightly more OxM2 

rich initially in the chain and more PEGMA rich towards the end of the chain, i.e. they 

have a compositional gradient. The differing rates of addition for PEGMA and OxM2 

would also suggest these are just statistical copolymers and not random copolymers. 

The kinetic data shown here does compare well to the kinetic data for other 

random/statistical copolymers produced in the literature.163,167ï170 

By using GPC analysis alongside the kinetics it was seen that the molecular weight 

increases linearly with time before levelling out at high conversion (Figure 2.25). The 

ņ value increases with time for the first 240 minutes of the polymerisation, before 

Figure 2.24 Polymerisation rate kinetics of OxM2 and PEGMA in P/Ox 50/50 statistical 
copolymer determined by 1H NMR spectra analysis. 
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dropping off and remaining at ~1.30. The increase in and relatively high final ņ value 

could be due to some crosslinking from OxM2 over the course of the polymerisation. 

The increase then decrease of the ņ value for the P/Ox 50/50 statistical copolymer 

over time is also seen in certain other statistical copolymers and at a similar conversion 

point.144,163 No reason is given for the change, but since the kinetics by 1H NMR 

spectroscopy and SEC show no major concerns the system will move forward 

unchanged. 

2.3.2.2 M/Ox kinetics 

Polymerisation kinetics were performed in the same way for the M/Ox 50/50 statistical 

copolymer as for the P/Ox 50/50 sample. As a result of taking fewer time point samples 

for 1H NMR analysis the induction period is less obvious but is still present between 0-

30 minutes (Figure 2.26). The induction period will be because of the same reasons 

mentioned above. Between 30-240 minutes the polymerisation proceeds as a pseudo 

first-order reaction which is similar to the P/Ox system. After 240 minutes the monomer 

conversion begins to plateau out. The polymerisation kinetics observed for the M/Ox 

Figure 2.25 P/Ox 50/50 statistical copolymer polymerisation kinetics as determined by 
SEC analysis. 
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50/50 statistical copolymer show no irregularities, meaning the copolymers are forming 

well and with high conversion. 

To determine if the M/Ox 50/50 copolymer is statistical, the individual monomersô rates 

of reaction were determined using the same 1H NMR spectra. By using OxM2ôs vinylic 

peak at 6.14 ppm, and MAAôs vinylic peak at 6.14 ppm, the individual monomer 

conversions can be calculated using the same integration method as before (Figure 

2.27). The data from the 1H NMR spectra, shows that OxM2 has a slightly higher 

conversion rate than MAA although both react very similarly, indicating that the 

copolymers are statistical. The kinetics of the individual monomers here closely 

resembles not only what is seen in the literature for statistical copolymer individual 

monomer kinetics, but also the P/Ox 50/50 kinetics.163,167ï170 
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Figure 2.26 Polymerisation rate kinetics of M/Ox 50/50 statistical copolymer 
determined by 1H NMR spectra analysis. 

Figure 2.27 Polymerisation rate kinetics of OxM2 and MAA in M/Ox 50/50 statistical copolymer determined 
by 1H NMR spectra analysis. 
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2.3.2.3 D/Ox kinetics 

Polymerisation kinetics conducted for the D/Ox 50/50 copolymer proceeded in much 

the same way as the other copolymers tested. Until 30 minutes there was an induction 

period, and then between 30-240 minutes the polymerisation behaved as a pseudo 

first-order reaction (Figure 2.28). The induction period will be for the same reasons 

suggested above. After 240 minutes the conversion begins to level out as there is less 

monomer so the rate slows down. The D/Ox 50/50 copolymer reaches high conversion 

after 8 hours and shows no irregularities. 

The individual monomer conversion rates of OxM2 and DMAEMA were determined in 

order to show the copolymer was forming statistically. Vinyl peaks of OxM2 (6.16 ppm) 

and DMAEMA (6.14 ppm) were used to calculate individual monomer conversions, 

which showed that both monomers reacted at the same rate (Figure 2.29). Whilst 

OxM2ôs rate of reaction is slightly higher the difference between the two monomers is 

the smallest seen for all the copolymers tested. Both monomersô reaction rate profile 
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Figure 2.28 Polymerisation rate kinetics of D/Ox 50/50 statistical copolymer 
determined by 1H NMR spectra analysis.  
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follows the combined reaction rate, further showing the simultaneous conversion. The 

copolymer is forming in a statistical manner so the methodology will not be altered. 

All three monomer combinations show good monomer conversion over 8 hours with 

similar conversion profiles. Additionally, the monomer combinations show that OxM2 

has a higher conversion rate but not enough to stop the copolymers from being classed 

as statistical. All three systems were implemented in the creation of a library of 

statistical copolymers for testing. 

2.3.2.4 Synthesis of statistical copolymers for different compositions 

Prior work has shown that altering the ratio of hydrophobic to hydrophilic monomer 

can alter the particle size, but that changing the overall copolymer molecular weight 

has no effect on the particle size.132 Consequently, a series of copolymers was 

synthesised with a constant degree of polymerisation (M/CTA = 100) and monomer 

composition varied from 90/10 to 10/90 with the aim of targeting different particle sizes. 

Different amounts of OxM2 in the copolymers allows for tuning of the amount of boron 

available for BNCT in the NPs. Additionally, using different ratios of monomers creates 

a library of copolymers which can be used to determine any links between the 

Figure 2.29 Polymerisation rate kinetics of OxM2 and DMAEMA in D/Ox 50/50 
statistical copolymer determined by 1H NMR spectra analysis. 
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monomer composition in the copolymers and other aspects, such as polymerisation 

control, NP stability, cell viability, and BNCT effectiveness. Based on the data from 

kinetic runs, polymerisations were run for 8 hours to ensure high monomer conversion, 

which was attained with most samples having a monomer conversion of >90% (Table 

2.1). SEC data for the copolymers show that P/Ox statistical NPs have the most 

controlled polymerisation, as evidenced by the low ņ values (Figure 2.30 (2)). They 

also show slight increase of Mn with more OxM2. The SEC of M/Ox statistical 

copolymers shows variable ņ values and again a slight increase of Mn with more OxM2 

(Figure 2.30 (3)). SEC of D/Ox statistical copolymers was not possible for 40/60-10/90 

due to a solubility issue, but the data for the other D/Ox copolymers showed they have 

the highest ņ values of all the copolymers and variable Mn values (Figure 2.30 (1)). 

  

Figure 2.30 SEC traces for D/Ox statistical copolymers (1), P/Ox statistical copolymers (2), and M/Ox statistical 
copolymers (3). 
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Table 2.1 Monomer conversion data and SEC results for M/Ox, P/Ox, and D/Ox statistical copolymers. 

Statistical 
copolymer  

Monomer 
conversion / %a 

Mn
b / gmol-1 Mw

b / gmol-1 ņ / Mn/Mw
b 

M/Ox 90/10 96 13600 19600 1.45 

M/Ox 80/20 96 8500 11000 1.29 

M/Ox 70/30 95 11800 13700 1.16 

M/Ox 60/40 94 11500 13600 1.18 

M/Ox 50/50 92 14200 17100 1.20 

M/Ox 40/60 94 11000 14600 1.32 

M/Ox 30/70 94 15700 19500 1.24 

M/Ox 20/80 99 12700 16400 1.29 

M/Ox 10/90 94 17600 21500 1.22 

P/Ox 90/10 99 17200 18400 1.07 

P/Ox 80/20 94 17600 19000 1.08 

P/Ox 70/30 99 18500 20000 1.08 

P/Ox 60/40 100 18900 20500 1.09 

P/Ox 50/50 91 20300 22100 1.09 

P/Ox 40/60 94 14100 15200 1.08 

P/Ox 30/70 85 18400 20300 1.10 

P/Ox 20/80 97 18600 20900 1.12 

P/Ox 10/90 96 19800 24000 1.21 

D/Ox 90/10 98 8900 12800 1.45 

D/Ox 80/20 98 8700 12700 1.45 

D/Ox 70/30 91 11000 17900 1.62 

D/Ox 60/40 91 12500 21000 1.69 

D/Ox 50/50 98 7100 11800 1.66 

D/Ox 40/60 96 N/A N/A N/A 

D/Ox 30/70 94 N/A N/A N/A 

D/Ox 20/80 94 N/A N/A N/A 

D/Ox 10/90 94 N/A N/A N/A 
a Monomer conversions were determined by 1H NMR spectroscopy using the vinyl 

proton integrals compared to the polymers backbone. b Mn, Mw, and ņ were 

determined by SEC using THF eluent with 0.025% w/v BHT, with the addition of 4% 

v/v acetic acid for MAA based copolymers, which were also benzylated prior to 

analysis, or 1% v/v triethylamine for DMAEMA based copolymers. 

The increase towards higher Mn values with more OxM2 could be due to some 

crosslinking from OxM2, which would explain the small increase of ņ seen in the P/Ox 

90/10 sample and also the ņ increase in the D/Ox samples with increasing OxM2. The 



Chapter 2 Amphiphilic statistical copolymer NPs for BNCT 

65 
 

D/Ox and M/Ox samples show higher ņ values than would be typically expected for 

well controlled radical polymerisations, especially for the D/Ox copolymer samples. A 

potential reason for the high ņ values could be that even though base and acid were 

added to the SEC eluent to stop sticking due to charge effects, it is possible that 

sticking did still occur causing greater widening of retention times. The SEC data seen 

here do, despite the higher ņ values, fall in line with those seen in the literature.106,163 

Prior to use, the copolymers were purified of unreacted monomer by precipitation from 

a 10-fold excess of petroleum ether twice, followed by drying under reduced pressure. 

This gave pink powders for all M/Ox and D/Ox copolymers and pink viscous liquids for 

the P/Ox copolymers with no residual monomer. 1H NMR spectra of the purified 

copolymers were used to determine the actual molar ratios of the individual monomers 

in the copolymers (Table 2.2). To determine the molar ratios of monomers, a peak 

from each monomer that does not overlap was selected and the integrals were 

compared. For OxM2 the benzylic CH2 (7.70-8.00 ppm) integral was used and for 

PEGMA and DMAEMA a pendent CH2 (3.90-4.40 ppm and 2.40-2.70 ppm) MAA uses 

a peak at 3.90-4.40 ppm (Figure 2.31). 

Figure 2.31 1H NMR spectrum for purified P/Ox 50/50 used to determine monomer ratios. 
Representative of all other purified statistical copolymers made in the chapter. 
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Due to most polymerisations not reaching 100% monomer conversion, and errors 

stemming from NMR analysis, there is some variation from the targeted ratios. This is 

especially true of M/Ox copolymers, as there was difficulty separating a reliable 

pendent NMR peak that did not overlap with an OxM2 peak (Table 2.2). Despite the 

ratios being different for some of the copolymers, it is assumed that all the copolymers 

are still statistical based on the individual monomer conversion rates determined by 

1H NMR spectroscopy (Figure 2.24, Figure 2.27, and Figure 2.29). Since the vast 

majority of the statistical copolymers are close to the target ratios they will be used 

without change.  
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Table 2.2 Mole fractions of hydrophilic monomers (MAA, PEGMA, and DMAEMA) and hydrophobic OxM2 
determined by 1H NMR of purified statistical copolymer. 

Statistical copolymer Mole fraction of 
hydrophilic monomera 

Mole fraction of 
OxM2a 

M/Ox 90/10 0.89 0.11 

M/Ox 80/20 0.83 0.17 

M/Ox 70/30 0.70 0.30 

M/Ox 60/40 0.65 0.35 

M/Ox 50/50 0.60 0.40 

M/Ox 40/60 0.47 0.53 

M/Ox 30/70 0.45 0.55 

M/Ox 20/80 0.17 0.83 

M/Ox 10/90 0.23 0.77 

P/Ox 90/10 0.92 0.08 

P/Ox 80/20 0.85 0.15 

P/Ox 70/30 0.72 0.28 

P/Ox 60/40 0.65 0.35 

P/Ox 50/50 0.54 0.46 

P/Ox 40/60 0.48 0.52 

P/Ox 30/70 0.36 0.64 

P/Ox 20/80 0.24 0.76 

P/Ox 10/90 0.13 0.87 

D/Ox 90/10 0.90 0.10 

D/Ox 80/20 0.81 0.19 

D/Ox 70/30 0.72 0.28 

D/Ox 60/40 0.63 0.37 

D/Ox 50/50 0.54 0.46 

D/Ox 40/60 0.43 0.57 

D/Ox 30/70 0.27 0.73 

D/Ox 20/80 0.19 0.81 

D/Ox 10/90 0.11 0.89 
a Mole fractions calculated using 1H NMR spectroscopy of pure statistical 

copolymers. 
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2.3.4 Formation of statistical copolymer NPs 

There are several possible methods of obtaining NPs from amphiphilic copolymers, 

including solvent evaporation, solvent switching, nanoprecipitation, salting-out, and 

dialysis.106,171 In this work, solvent switching was used with solvent evaporation. Each 

statistical copolymer was dissolved in a good solvent for both blocks (THF) at 1% w/v. 

Then these solutions were slowly added to an equal volume of water or PBS, with 

rapid stirring, using a syringe pump to give a controlled rate of addition (Figure 2.32). 

After addition, the solution was left stirring for 16 h. to allow the THF to fully evaporate 

giving a 1% w/w statistical copolymer NP dispersion in water or PBS. 

For the M/Ox statistical copolymers triethanolamine (TEA) was added to the water at 

1.1 equivalents to the MAA carboxylic acid groups. The TEA deprotonates the MAA 

carboxylic acid group, conveying an anionic charge to the copolymer and thus 

improving the water solubility of the MAA copolymers. D/Ox statistical copolymers had 

acetic acid included in the water at 1.1 equivalents to the DMAEMA amine groups. 

Figure 2.32 A diagram showing how solvent switching of amphiphilic statistical copolymers proceeds. 
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This ensures that the pendent amine group of DMAEMA is protonated, thereby giving 

the copolymer a cationic charge and thus improving the water solubility. PEGMA 

needs neither a base nor acid since this already has a high solubility in water. 

2.3.4.1 Solvent switching at an addition rate of 0.5 mL/min 

Initial NP formation was performed with a rate of addition for the copolymer solution of 

0.5 mL/min. P/Ox and M/Ox 90/10-10/90 NPs were made this way and were analysed 

by DLS. The DLS data for P/Ox copolymer NP solutions (Figure 2.33) show that they 

were unstable and have unassembled copolymer in them, which can be seen because 

of the broadness of the plots/polydispersity and the peaks below 100 nm. Based on 

the DLS graphs, it seems that P/Ox samples below 40% PEGMA have less 

unassembled copolymer in them given the narrower nature of the intensity plots, 

although these samples sediment out of solution quickly at 1 % w/w showing they are 

not colloidally stable (Figure 2.33). The sedimentation of the P/Ox samples with 

PEGMA contents below 40% is due to the high content of OxM2 and minimal stabilizer, 

which with fast addition rates makes self-assembly of the copolymers difficult due to 

OxM2ôs water insolubility. 
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Figure 2.33 A graph showing the DLS results for P/Ox statistical copolymer NPs made at 0.5 mL/min. 

The diameters of the P/Ox NPs measured by DLS shows no trends with big jumps in 

sizes across the series, which also points to aggregation and unstable NPs (Table 

2.3). The instability of the NPs is likely because the rate of addition of the copolymer 

solution was too fast. The speed of addition could be causing issues due to improper 

diffusion of the good solvent through the water, leading to copolymers not self-

assembling.172 Another potential issue caused by the rate of addition could be due to 

the short window of addition, with the end mix of THF and water likely to be a one-to-

one mix as very little THF will evaporate in this timeframe. This could mean that the 

solvent mix is still able to dissolve the entire chain of copolymer and not drive self-

assembly.  
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Table 2.3 DLS average diameters and PDI for 0.5 mL/min P/Ox NP solutions. 

P/Ox ratio Diameter / nma PDIa 

90/10 359 0.23 

80/20 486 0.34 

70/30 2603 0.46 

60/40 302 0.32 

50/50 193 0.35 

40/60 82 0.37 

30/70 104 0.39 

20/80 324 0.27 

10/90 202 0.27 
a Diameter and PDI were determined by DLS with the average of 5-6 measurements 

of 150 seconds at 25 °C. 

The NPs made from M/Ox copolymers at 0.5 mL/min show some improvement over 

the P/Ox NPs in terms of peaks below 10 nm on the DLS graphs (Figure 2.34). M/Ox 

copolymer NP solutions below 30/70 still show signs of instability by precipitating from 

solution over time. As with the P/Ox copolymer NPs, the sedimentation of these M/Ox 

copolymer NPs is due to high p(OxM2) content. Multiple peaks are still seen in the 

DLS graphs for M/Ox copolymer NPs between 90/10 and 50/50 which affects the 

recorded diameter of the NPs. The inconsistency in size of the M/Ox NPs at these 

ratios is an indication that the NP formation method is not optimised (Table 2.4). 
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Figure 2.34 A graph showing the DLS results for M/Ox NPs made at 0.5 mL/min addition rate. 

Table 2.4 DLS average diameters and PDI for 0.5 mL/min M/Ox NP solutions. 

M/Ox ratios Diameter / nma PDIa 

9010 216 0.25 

8020 53 0.30 

7030 91 0.34 

6040 76 0.27 

5050 125 0.28 

4060 126 0.26 

3070 141 0.28 

2080 138 0.22 

1090 142 0.21 
a Diameter and PDI were determined by DLS with the average of 5-6 measurements 

of 150 seconds at 25 °C. 

To improve the NPs formed by this nanoprecipitation method, the rate of addition of 

the copolymer solution was reduced to 0.1 mL/min, as it was hypothesised that this 

would allow the THF to properly diffuse in the water, driving faster self-assembly of the 

copolymers.172 Furthermore, the slower rate of addition will increase the amount of 

time over which the copolymer solution is added, allowing more THF to evaporate, 
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and making the final solvent mix less favourable to OxM2 driving self-assembly. The 

effect of this will be reduced amounts of unassembled copolymer and improved 

stability of the copolymer NPs through reduced aggregation. 

2.3.4.2 Solvent switching at an addition rate of 0.1 mL/min 

To improve the statistical copolymer NPs a slower rate of addition was used; 0.1 

mL/min. This was done for all three of the statistical copolymer groups and gave 

narrower peaks by DLS for copolymers with less OxM2 due to less unassembled and 

aggregated copolymer. The stability of the NPs was improved, with only copolymers 

with ratios of 20/80 and 10/90 having sedimentation issues which is believed to be 

caused by OxM2ôs insolubility in water. Copolymers with ratios of 90/10 may well 

contain enough stabiliser polymer that they are in fact just dissolved chains, which 

may explain fluctuations in NP size by DLS. To determine if the size of the NPs could 

be reliably reproduced with the 0.1 mL/min addition rate, three replicates of each 

copolymer ratio were conducted. 

The DLS graphs of the first repeat of P/Ox copolymer NPs with a 0.1 mL/min addition 

rate show remarkable improvement when compared to the 0.5 mL/min addition rate 

DLS graphs (Figure 2.33 and Figure 2.35). As seen in Figure 2.35, there is a significant 

reduction in peak intensity below 100 nm, suggesting that the slower rate of addition 

of copolymer solution has allowed more of the copolymer to assemble into NPs. P/Ox 

NPs of 90/10 and 80/20 have larger diameters than the rest of the ratios, which is likely 

due to these samples containing high amounts of PEGMA, which could lead to full 

solubilisation of the copolymers (Table 2.5). P/Ox NPs 20/80 and 10/90 also show 

larger diameters because these samples contain extreme amounts of OxM2 leading 

to a small amount of sedimentation. The P/Ox 30/70 DLS graph shows two peaks, 
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which likely suggests the sample is unstable and could indicate the start of solubility 

issues of the NPs. 

P/Ox 70/30-40/60 NPs at 0.1 mL/min show improved consistency compared to the 

same samples at 0.5 mL/min. Not only can this be seen in the DLS graphs (Figure 

2.35) but also in the diameters, which range between 150-200 nm (Table 2.5). For all 

the P/Ox 0.1 mL/min samples polydispersities remain high (0.20-0.30) suggesting that 

there is still variation in size of the NPs. 
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Figure 2.35 A graph showing the DLS results for P/Ox statistical copolymer NPs made at 0.1 mL/min. 
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Table 2.5 DLS average diameters and PDI for 0.1 mL/min P/Ox NP solutions. 

P/Ox ratios Diameter / nma PDIa 

9010 221 0.27 

8020 435 0.29 

7030 196 0.24 

6040 182 0.25 

5050 159 0.25 

4060 150 0.28 

3070 51 0.30 

2080 579 0.20 

1090 235 0.25 
a Diameter and PDI were determined by DLS with the average of 5-6 measurements 

of 150 seconds at 25 °C. 

To further characterise the P/Ox 0.1 mL/min NPs TEM analysis was attempted, but 

images could not be acquired due to PEGMAôs low Tg (- 57 °C) which caused film 

forming so no NPs could be identified.173 The DLS data presented here do not 

significantly differ from those of M/Ox which were able to have TEM and confirmed to 

be spherical NPs. It can therefore be assumed that the P/Ox also form spherical NPs. 

The solvent switch was performed three times for each P/Ox copolymer ratio, at an 

addition rate of 0.1 mL/min, to determine if NP size and polydispersity could be 

precisely maintained across multiple preparations. The diameters and polydispersities 

of all three repeats have been plotted onto a graph to show how precise they are 

(Figure 2.36). Overall, the same patterns are seen across repeats two and three, as 

they were in repeat one. Copolymer NP samples with ratios of 70/30 to 30/70 all fall in 

a tight band, suggesting that the NPs formed from these samples using this method 

are not only stable but reproducible. Copolymer samples with ratios of 90/10, 80/20 

and 20/80 all vary by at least 200 nm, showing little to no consistency. This suggests 

that the NPs formed are unstable, for the same reasons outlined earlier. Copolymer 

NP samples of P/Ox 10/90 show close grouping of NP diameters, although these 
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samples still show signs of sedimentation over time. Despite the high and low end 

ratios of P/Ox NPs showing fluctuations, the ratios 70/30-30/70 of P/Ox NPs show 

good size and polydispersity grouping, suggesting that the solvent switch at 0.1 

mL/min rate is a good method to offer stable and reproducible NPs (Figure 2.36). 
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Figure 2.36 A graph showing the triplicate repeat average diameter and PDI values for P/Ox statistical copolymer 
NPs made at 0.1 mL/min. 

NPs formed from M/Ox copolymers showed narrow peaks (Figure 2.37) with minimal 

to no peaks below 10 nm in diameter, indicating that the copolymer NPs have 

assembled well with minimal free copolymer chains. Comparing Figure 2.37 and 

Figure 2.34 shows that a slower rate of addition has improved copolymer NP 

assembly/stability based on the lack of peak splitting. 
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Figure 2.37 A graph showing the DLS results for M/Ox statistical copolymer NPs made at 0.1 mL/min. 

The diameters of the first repeat M/Ox copolymer NPs are in the range of 80-150 nm 

which shows consistency across the range (Table 2.6). An exception to this is M/Ox 

90/10 with a diameter of 236 nm, which could be higher as a result of the high 

proportion of soluble MAA causing aggregation of the NPs. The polydispersities of the 

M/Ox copolymer NPs range from 0.12-0.28, suggesting that the NPs are not of a 

uniform size. Copolymer NP samples of M/Ox 20/80 and 10/90 contain sediment as a 

result of there being insufficient MAA stabiliser present to stabilise the OxM2 in 

solution.  
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Table 2.6 DLS average diameters and PDI for 0.1 mL/min M/Ox NP solutions. 

M/Ox ratios Diameter / nma PDIa 

90/10 236 0.25 

80/20 128 0.24 

70/30 85 0.28 

60/40 108 0.27 

50/50 116 0.24 

40/60 147 0.14 

30/70 131 0.17 

20/80 132 0.26 

10/90 137 0.26 
a Diameter and PDI were determined by DLS with the average of 5-6 measurements 

of 150 seconds at 25 °C. 

To fully confirm the presence of spherical NPs from the M/Ox copolymers, TEM 

analysis was used to visualise the NPs. The TEM images (Figure 2.38) show spherical 

NPs across all the copolymer ratios. The measured diameters from the TEM images 

show differences between DLS diameters, because DLS measures the hydrodynamic 

diameter of the NPs, which is larger, whereas TEM measures the diameter of the dried 

NP, which is smaller. The TEM images also show that the sizes of the NPs are not 

uniform, with many larger and smaller NPs. This agrees with DLS due to the high 

polydispersity given by the DLS measurements.  
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To determine if the precision of NP diameter and polydispersity is maintained over 

multiple solvent switches, each statistical copolymer ratio was solvent switched three 

times. The diameters and polydispersities obtained can be seen in Figure 2.39 and 

show a high degree of precision across most of the statistical copolymer ratios. M/Ox 

NP ratios 80/20-10/90 show precise diameters with many repeats still fitting in the 

original 80-150 nm range. Additionally, the polydispersities of the 80/20-10/90 NP 

repeats all fall in the range of 0.2-0.3, which still suggests the NPs vary in size. The 

M/Ox 20/80 and 10/90 NP repeats have the same issues with sedimentation, further 

demonstrating that high quantities of OxM2 result in poor colloidal stability of the NPs, 

presumably due to poor solubility. NPs formed from M/Ox copolymer ratio 90/10 vary 

a lot in diameter and dispersity. This is likely because, it is mostly the MAA stabiliser 

which will just be a soluble polymer. Other than M/Ox 90/10 and some sedimentation 

issues for M/Ox 20/80-10/90, the solvent switch method gives stable and precise NPs 

for the majority of the M/Ox ratios (Figure 2.39). 

Figure 2.38 TEM images of M/Ox statistical copolymer NPs stained with uranyl formate at 0.1% 
w/w. These are representative of the other M/Ox statistical copolymer NPs. 
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Figure 2.39 A graph showing the triplicate repeat average diameter and PDI values for M/Ox statistical copolymer 

NPs made at 0.1 mL/min. 

D/Ox statistical copolymers were also solvent switched at 0.1 mL/min and then 

analysed by DLS (Figure 2.40). To increase the solubility of DMAEMA, acetic acid was 

added to the DI water at a molar equivalence of 1.1/1 of acid to DMAEMA. The acetic 

acid protonates the amine group on DMAEMA, increasing its water soluble and 

improving its stabilising affect. The entire 90/10-10/90 D/Ox statistical copolymer 

series was solvent switched, and it was found that 40/60-10/90 were not stable in 

solution and would sediment out of solution rapidly. As a result of these issues, D/Ox 

statistical copolymers 40/60-10/90 were discarded as they are not suitable for BNCT. 

D/Ox statistical copolymers 90/10-50/50 did not sediment and formed NPs that could 

be detected by DLS (Figure 2.40). The D/Ox NPs of 90/10-50/50 show minimal sub-

100 nm peaks, suggesting they have assembled well but also include peaks towards 

the 1000 nm range. Due to these high peaks, NP size ranges from 200-500 nm which 

is larger than expected (Table 2.7). A potential reason for the 1000 nm peaks could 

be the aggregation of NPs or the charge of the NPs interfering with the DLS 

measurement. Dispersities of the D/Ox 90/10-50/50 NPs range from 0.2-0.4 

suggesting that NP size varies significantly in some cases. 
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Figure 2.40 A graph showing the DLS results for D/Ox statistical copolymer NPs made at 0.1 mL/min. 

TEM was also attempted for the D/Ox NP solutions to gain images of the NPs to 

confirm the structure. Like the P/Ox NP solutions, the DMAEMA in the statistical 

copolymers has a low Tg (18.5 °C174) leading to film forming, meaning that no images 

could be acquired. 

Table 2.7 DLS average diameters and PDI for 0.1 mL/min D/Ox NP solutions. 

D/Ox Ratios Diameter / nma Polydispersitya 

90/10 205 0.29 

80/20 322 0.40 

70/30 226 0.21 

60/40 226 0.25 

50/50 483 0.28 
a Diameter and PDI were determined by DLS with the average of 5-6 measurements 

of 150 seconds at 25 °C. 
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To determine whether the diameters and dispersities of the solvent switched D/Ox 

statistical copolymers are reproducible, three repeats of the solvent switch were 

conducted. The diameters and dispersities of the three repeats can be seen in Figure 

2.41 and show similar patterns to the first repeat. The D/Ox NPs diameters range from 

150-500 nm and with dispersities of 0.2-0.4, showing that size fluctuation is still 

present. D/Ox 80/20 and 50/50 show little reproducibility for the NP diameters, 

indicating potential aggregation, or in the case of 50/50, solubility issues due to 

considerable amounts of p(OxM2). The other D/Ox samples show precision, but given 

the lack of the full D/Ox series it is difficult to determine whether this is due to good 

methodology or chance. 
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Figure 2.41 A graph showing the triplicate repeat average diameter and PDI values for D/Ox statistical copolymer 
NPs made at 0.1 mL/min. 

Ultimately it seems that the M/Ox statistical copolymer series offers the most 

reproducible NP formation across the series. The P/Ox statistical copolymer series 

offers good solubility without the need for an acid/base and shows precision for most 

samples. The D/Ox statistical copolymer series is the weakest of the three, showing 

evidence of little precision and issues with stability/solubilisation.  
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2.3.5 Cytotoxicity assessment of statistical copolymer NPs 

To further determine the suitability of the statistical copolymer NPs of BNCT, cell 

studies were undertaken to determine the cytotoxicity and the cellular uptake of the 

NPs. To achieve this, MTT assays were conducted to determine cytotoxicity of the 

NPs, and 2D fluorescence microscopy was planned to determine cellular uptake of the 

NPs. To be considered a suitable BNCT treatment the NPs must demonstrate low 

cytotoxicity and high cellular uptake over 24 h. The FaDu cell line, originally derived 

from a patient with squamous cell carcinoma, was used in this work as it is a good 

model for cancer cells which BNCT treats. 

2.3.5.1 PBS solvent switching at an addition rate of 0.1 mL/min 

Before MTT assays could be conducted the statistical copolymer NPs needed to be 

made in PBS to minimise cytotoxicity stemming from the DI water that makes up the 

NP solutions. The same procedure was used to make the NPs in PBS as was used 

when making NPs in DI water, except that DI water was swapped for PBS. The entire 

M/Ox copolymer series was found to be insoluble in PBS and sedimented out of 

solution immediately upon addition, eliminating the entire M/Ox copolymer series as 

potential candidates for BNCT. The sedimentation of M/Ox is likely due to the PBS 

preventing the charge stabilisation of MAA, causing the copolymer chain to be more 

hydrophobic and unable to self-assemble. P/Ox and D/Ox statistical copolymers did 

not immediately sediment out of solution when solvent switched to PBS, allowing for 

their continued study. 

When solvent switching the P/Ox copolymer series into PBS, samples 20/80 and 10/90 

were found to be insoluble and sedimented out of solution. The P/Ox 30/70 sample 

did go into the PBS solution initially, and seemed to give a stable DLS measurement 
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(Figure 2.42). However, after 24 hours it too sedimented out of solution. Because of 

the solubility issues faced with P/Ox samples 30/70-10/90 in PBS these were 

determined to be unsuitable for BNCT and were not assessed for cytotoxicity. P/Ox 

samples 90/10-40/60 formed stable NP solutions in PBS that did not precipitate. When 

looking at the DLS data (Figure 2.42 and Table 2.8) for the P/Ox 90/10-40/60 NPs in 

PBS, some differences can be seen when comparing to the water based P/Ox NPs. 
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Figure 2.42 A graph showing the DLS results for P/Ox statistical copolymer NPs made at 0.1 mL/min in PBS. 

Firstly, the DLS graphs show increased amounts of sub-100 nm material, indicating 

that although the copolymer solutions might be stable, not all the copolymer is 

assembling properly in PBS (Figure 2.42). This can also be confirmed by the increased 

polydispersity values of the P/Ox PBS NPs, which are around 0.4 compared to the 

P/Ox DI water NPs at 0.2-0.3 (Table 2.5 and Table 2.8). Presumably as a result of the 

extra unassembled material in the P/Ox PBS NPs the effective diameters of the 

samples are also lower than those for P/Ox DI water NPs (Table 2.5 and Table 2.8). 
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These differences between DI water based NPs and PBS based NPs are likely 

because water is a better solvent for the P/Ox statistical copolymers than PBS is, 

leading to solubility issues. Further evidence that DI water is a better solvent than PBS 

for P/Ox copolymers is that 30/70-10/90 samples were solubilised in DI water whereas 

they were not in PBS. However, although the P/Ox PBS NPs 90/10-40/60 show some 

signs of solubility issues, they do still contain stable 100-200 nm NPs. This means that 

the 90/10-40/60 P/Ox PBS NPs are still suitable for BNCT and for cytotoxicity testing. 

Table 2.8 DLS average diameters and PDI for 0.1 mL/min P/Ox NP solutions in PBS. 

P/Ox sample Diameter / nma Dispersitya 

90/10 181 0.40 

80/20 81 0.45 

70/30 125 0.44 

60/40 128 0.40 

50/50 110 0.38 

40/60 192 0.24 

30/70 118 0.29 
a Diameter and PDI were determined by DLS with the average of 5-6 measurements 

of 150 seconds at 25 °C. 

Solvent switching for 90/10-50/50 D/Ox statistical copolymers into PBS proved to be 

successful, with no evidence of sedimentation. When looking at the DLS data for D/Ox 

PBS NPs and D/Ox DI water NPs some differences can be observed (Figure 2.43 and 

Table 2.9). There is evidence of more polymeric material present at below 100 nm in 

the PBS NPs than in the DI water NPs, suggesting less polymer has self-assembled 

or is less stable (Figure 2.43). The reason for the increase in the below 100 nm 

material is presumably due to the reduced solubility of D/Ox in PBS. D/Ox 90/10-80/20 

NPs seemed to be particularly affected by this. The diameters of D/Ox NPs made in 

PBS are in the range of 90-150 nm, apart from D/Ox 90/10, which is lower than that of 

the DI water D/Ox NPs diameter range of 150-500 nm (Table 2.9). A potential reason 
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for the smaller NP diameters in PBS could be that PBS will maintain a constant pH, 

meaning that less DMAEMA will be protonated, causing more DMAEMA to be in the 

core of the NPs forming smaller NPs. Reduced protonation seems likely when 

considering the pKa of p(DMAEMA) is 7.5, meaning that only ~50% will be protonated 

in PBS.175 

The polydispersities of the PBS D/Ox NPs range from 0.3-0.4, suggesting that NPs 

vary in size considerably, as also seen in the DI water D/Ox NPs polydispersities 0.2-

0.4 (Table 2.9 and Table 2.7). The high polydispersity values for D/Ox PBS NPs are 

due to the presence of sub 100 nm peaks, which suggests not all the statistical 

copolymer is self-assembling correctly. This could further link to the reduced NP 

diameters recorded for D/Ox PBS samples. As with the P/Ox samples, the D/Ox 

statical copolymers show they are less soluble and stable in PBS than in DI water, but 

are still able to form NPs. This means that the 90/10-50/50 D/Ox NPs in PBS will be 

further evaluated for BNCT suitability via MTT assays and uptake studies. 

Figure 2.43 A graph showing the DLS results for D/Ox statistical copolymer NPs made at 0.1 
mL/min in PBS. 



Chapter 2 Amphiphilic statistical copolymer NPs for BNCT 

87 
 

Table 2.9 DLS average diameters and PDI for 0.1 mL/min D/Ox NP solutions in PBS. 

D/Ox Ratios Diameter / nma Polydispersitya 

9010 394 0.35 

8020 156 0.37 

7030 105 0.33 

6040 94 0.39 

5050 110 0.30 
a Diameter and PDI were determined by DLS with the average of 5-6 measurements 

of 150 seconds at 25 °C. 

2.3.5.2 MTT assays of D/Ox and P/Ox statistical copolymer NPs 

The MTT assay is a technique developed in 1983 which can be used to measure 

cytotoxicity through cellular metabolism.176 The technique works because the yellow 

coloured MTT reagent can be metabolised by cells into a purple formazan dye which 

is insoluble in water. Only viable cells can perform the metabolism of MTT to formazan, 

so this can be viewed as an indicator of cell viability/survival. It follows that if there are 

more viable cells in a sample, then more purple formazan will be produced than a 

sample which has fewer viable cells. By solubilising the formazan and measuring the 

absorbance of the resulting solution a quantifiable result is given. By comparing these 

resulting absorbances of an untreated sample of cells and a sample of cells that have 

been treated, a percentage of cells that survived treatment can be calculated. In this 

work, by using statistical copolymer NP concentrations of 1 mg/mL to 0.01 mg/mL, a 

link between NP concentration and cell viability can be determined. The PBS NPs 

were diluted to 2 mg/mL in cell media to minimise the effect of PBS on the overall 

cytotoxicity and then the 2 mg/mL solutions were serially diluted across the 96 well 

plates. 

MTT assays were performed in a 96-well plate using an N=3 (three well rows) for D/Ox 

PBS statistical copolymer NPs 90/10-50/50. Each MTT assay run this way was 
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repeated three times to further improve reliability. On all MTT assay runs, two controls 

were included as follows; a row with cell media only, and a row with PBS in cell media 

at the same concentration as it would be for 1 mg/ml of a NP solution called vehicle 

control. These controls allow for determining 100% cell survival and the effect that 

PBS has on the cells (light microscopy images appendix 2.7).  

The D/Ox statistical copolymer NPs 90/10-60/40 all show high cytotoxicity in the MTT 

assays (Figure 2.44). Many of the D/Ox NP 90/10-60/40 MTT assay repeats showed 

less than 20% cell survival for 1 mg/mL NP solutions (Figure 2.44). The cytotoxicity 

shown in D/Ox samples 90/10-60/40 is due to the D/Ox NPs, because the vehicle 

control shows similar survival rates (75-95% ) to that of media only (100%). The 

similarity between media only and PBS suggests that the PBS in the D/Ox NP samples 

has a negligible effect on the cell survival, and that the D/Ox copolymer NPs are the 

cytotoxic component of the samples. D/Ox 50/50 NPs showed higher cell survival (60-

80%) than the D/Ox 90/10-60/40 samples, but still lower than the vehicle control. This 

higher cell survival is not due to the copolymer NPs in D/Ox 50/50 being less cytotoxic 

than D/Ox copolymer NPs 90/10-60/40. Rather, it is because the D/Ox 50/50 NPs were 

not stable when diluted into cell media, causing them to sediment out of solution, 

meaning a lower dosage is delivered to the cells than the targeted 1.0 mg/mL. The 

lower dosage of copolymer NPs leads to a higher cellular survival rate than should be 

seen. 
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Figure 2.44 A graph showing the cellular survial % of FaDu cells with 1 mg/mL PBS D/Ox statistical copolymer 
NPs, vehicle control (VC), and media only. 

Further evidence of the D/Ox statistical copolymer NPs being cytotoxic can be seen in 

the IC50 graphs (Figure 2.45), which show all of the concentrations of the D/Ox NP 

solutions that were used in the MTT assays and all three repeats. Notably the graphs 

for D/Ox 90/10-60/40 NPs (Figure 2.45 Graphs 1-4) all show strong links to an inverse 

relationship between NP concentration and cell survival, which is to be expected for a 

cytotoxic substance. Additionally, the IC50 graphs show that even a low concentration 

of the D/Ox NPs can cause significant cell death.  

The D/Ox 90/10-60/40 IC50 graphs do not show the typical curve that would be 

expected for a standard IC50, which is because the graphs have insufficient points at 

either the lower or higher concentrations for the curve to be seen clearly. Despite the 

lack of the standard curve shape of an IC50 being visible in the D/Ox NP IC50 graphs, 

they show the cytotoxicity of the NP solutions, which is all that is needed in this work. 

The IC50 graph for the D/Ox 50/50 NPs (Figure 2.45 graph 5) shows remarkably flat 

lines, which would indicate a sample that is non-cytotoxic, but as mentioned earlier 

this is more likely due to the solubility issues of D/Ox 50/50 NPs in cell media. 
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The three repeated MTT assays conducted for each D/Ox NP sample show variation 

from each other, but all follow the same general pattern and/or the highest 

concentrations have similar values of cell survival. A potential reason for the variation 

between the MTT assay repeats could be the serial dilution used, which starts at the 

high concentration and moves to the lowest concentration, suggesting that lower 

concentrations will have more error associated with them due to being pipetted more. 

Despite this, the D/Ox NP samples still show clearly that they are cytotoxic. 

Figure 2.45 Triplicate repeat IC50 graphs of PBS D/Ox statistical copolymer NPs. Graphs 1-D/Ox 90/10, 2-D/Ox 
80/20, 3-D/Ox 70/30, 4-D/Ox 60/40, and 5-D/Ox 50/50. 
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The reason for the cytotoxicity of D/Ox NPs is probably due to DMAEMA and the 

positive charge of the NPs. In the literature it has been shown that uptake of positively 

charged NPs can cause damage to cells and even lead to cell death.177 Additionally 

there is evidence that p(DMAEMA) positively charged NPs are cytotoxic to certain cell 

lines.178,179 An example found in the literature shows that p(DMAEMA) containing 

positively charged NPs are cytotoxic, but masking the ability of DMAEMA to be 

protonated can reduce this.180 Masking DMAEMAôs ability to be protonated would not 

work for this research, as doing so would presumably lead to the sedimentation of the 

NPs. Based on the high cytotoxicity of the D/Ox NPs and issues with stability in cell 

media, the D/Ox NP samples are not suitable for BNCT, which requires low cytotoxicity 

and good NP stability. 

The MTT assays of P/Ox PBS NPs were performed in the same manner as the D/Ox 

PBS NPs. The triplicate P/Ox NP MTT assays show a mix of cytotoxic and non-

cytotoxic results (Figure 2.46). P/Ox 90/10 NPs show cytotoxicity similar to that of the 

D/Ox NPs, with two of the three repeats having a cell survival percentage of less than 

20%, however after this sample the results diverge from the D/Ox NP MTT assay 

results. 

P/Ox 80/20 NPs shows a sharp increase in cell survivability, with the 1 mg/mL value 

falling between 50-80% survival. Based on the result for P/Ox 80/20 NPs the sample 

is beginning to approach the lower end of the vehicle control 80-95% suggesting 

minimal cytotoxicity, although this sample is far from ideal. The P/Ox 80/20 NP MTT 

assays show a 30% range for the 1 mg/mL cell survival value, bringing uncertainty to 

the true value, meaning the NPs could very well still be considerably cytotoxic. P/Ox 

70/30-60/40 NP MTT assays show cell survival rates for 1 mg/mL of 75-85% and 80-

90% respectively, both of which fall within the vehicle control range 80-95%. The MTT 
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assay results shown for the P/Ox 70/30-60/40 NPs at 1mg/mL have a range of only 

10% over the three repeats, suggesting accuracy of the values obtained for this 

concentration. Based on the MTT assay results, it can be determined that the P/Ox 

70/30-60/40 NPs are minimally cytotoxic as they are similar to the vehicle control with 

a narrow band of error, meaning it is the PBS from the NP samples which is killing the 

cells in this case (Figure 2.46). 
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Figure 2.46 A graph showing the cellular survial % of FaDu cells with 1 mg/mL PBS P/Ox statistical copolymer 

NPs, vehicle control (VC), and media only. 

P/Ox 50/50 NP MTT assays see the cell survival at 1 mg/mL fall to 45-65%, which is 

lower than that of the vehicle control 80-95%, suggesting that the P/Ox 50/50 NPs are 

cytotoxic at this concentration. The P/Ox 40/60 NP MTT assay shows an increase in 

the cell survivability at 1 mg/mL, however just like the D/Ox 50/50 NPs, the P/Ox 40/60 

NPs become unstable when diluted in cell media, causing them to sediment out of 

solution. The sedimentation of P/Ox 40/60 NPs in cell media means a lower dosage 

is supplied to the cells than intended, which gives a higher cell survival value than it 

should for the 1 mg/mL concentration. 
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By plotting IC50 graphs for P/Ox 90/10-40/60 NPs, further evidence to support 

cytotoxcity and non-cytotoxcity of the samples is seen across the entire concentration 

range tested 0.01-1 mg/mL (Figure 2.47). The P/Ox 90/10 IC50 graph (Figure 2.47, 

graph 1) shows a similar inverse relationship between cell survial and NP 

concentration as the D/Ox NP IC50 graphs (Figure 2.45), which suggests a cytotoxic 

substance. Similarly, the IC50 graphs for P/Ox 80/20 and 50/50 NPs show curves like 

P/Ox 90/10 but not to the same extent. For P/Ox 90/10 NP concentration of 0.5 mg/mL 

gives 50% cell survial but 1 mg/mL is needed for a similar value in P/Ox 80/20 and 

P/Ox 50/50, meaning P/Ox 90/10 is more cytotoxic. Like some of the IC50 graphs for 

D/Ox NPs the IC50 graphs for P/Ox 90/10, 80/20, and 50/50 lack the signature ñs-

haped curveò which in this case is due to having insufficient points at higher 

concentration. Despite the lack of higher concentrations the P/Ox 90/10, 80/20, and 

50/50 IC50 graphs show evidence of cytotoxicity. 

The P/Ox 70/30-60/40 IC50 graphs show straighter lines, moreso in the latter, which 

indicates that these samples are non-cytotoxic across the concentration range studied. 

On viewing the P/Ox 70/30-60/40 IC50 graphs there are signs of a small decrease in 

cell survival with increasing concentration of NP solution, but given that the 1 mg/mL 

of P/Ox NP solutions ends in a similar point to that of the vehicle control, it can safely 

be assumed that it is just the increasing amounts of PBS which cause this drop. The 

P/Ox 40/60 IC50 graph follows a similar pattern to the 70/30-60/40 IC50 graphs, 

although as mentioned earlier this is due to sedimentation issues, not to a sample that 

is non-cytotoxic. 
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Due to the cytotoxicity observed in P/Ox 90/10-80/20 and 50/50 NP samples they will 

not be suitable for BNCT. P/Ox 40/60 suffers from solubility issues when diluting into 

cell media, which also makes it unsuitable for BNCT. For these reasons P/Ox 90/10-

80/20 and 50/50-40/60 will not be assessed for NP cellular uptake. However, the non-

cytotoxicity and cell media stability of the P/Ox 70/30-60/40 NPs would make them 

ideal candidates for uptake studies to further assess their BNCT suitability. 

Figure 2.47 Triplicate repeat IC50 graphs of PBS P/Ox statistical copolymer NPs. Graphs 1-P/Ox 90/10, 2-P/Ox 
80/20, 3-P/Ox 70/30, 4-P/Ox 60/40, 5-P/Ox 50/50, and 6-P/Ox 40/60. 
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2.3.6 Cellular uptake of P/Ox statistical copolymer NPs 

For a treatment to be successful for BNCT the boron must be within the cancer cells, 

due to the short path length of the released alpha particle. By using fluorescent 

microscopy the cellular uptake of the P/Ox 70/30-60/40 NPs can be determined. In 

order for the P/Ox 70/30-60/40 NPs to be visible by fluorescent microscopy a 

fluorescent marker must be added to the copolymers. Since the copolymers in this 

work are made by RAFT polymerisation, most polymer chains will have a RAFT end 

group which can be reacted with a fluorescent group. By using the RAFT end groups 

as the target for the fluorescent group, the majority of chains will have one fluorescent 

group which will be enough to allow for visibility. Pure copolymer will be used rather 

than the solvent switched NPs, since after purification the labelled copolymer can be 

solvent switched into NPs. For this work two fluorescent labels were used 

independently; Fluorescein-5-Maleimide (FM) and Texas RedTM C2 maleimide (TRM). 

1H NMR spectroscopy confirms successful addition of the two compounds to the 

copolymers as seen by the new aromatic peaks in the 1H NMR spectra (Figure 2.48). 

The aromatic peaks from the fluorescent labels are less intense than the aromatic 

peaks from OxM2 because there is only one of them per polymer chain. 

Labelled FM-PO/x 70/30-60/40 and TRM-P/Ox 70/30-60/40 statistical copolymers 

were solvent switched into PBS following the same methods as described above. DLS 

Figure 2.48 Expanded 1H NMR spectra of fluorescently labelled P/Ox statistical copolymers. 1) P/Ox 70/30 
statistical copolymer and 2) P/Ox 60/40 statistical copolymer 
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analysis of the solvent switched FM-PO/x 70/30-60/40 and TRM-P/Ox 70/30-60/40 

statistical copolymers shows that the NPs formed are unstable and with multiple peaks 

(Figure 2.49). The cause of the instability must be the large size of the FM and TRM 

groups added to the copolymers which cause issues for the self-assembly of the NPs, 

along with the issues already seen with solubility in PBS.  

The sizes given by the DLS data for the labelled P/Ox statistical copolymer NPs shows 

that the NPs formed are much larger (300-700 nm) than the unlabelled P/Ox statistical 

copolymer NPs (100-200 nm), except for FM-P/Ox 70/30 (Table 2.8 and Table 2.10). 

The diameter of FM-P/Ox 70/30 is not significantly larger because there is a wide 

variance in the repeats, resulting in an average of 120nm. It is in fact very unstable as 

evidenced by the 1.91 polydispersity value (Table 2.10). The larger sizes observed 

are due to solubility issues from PBS coupled with the large size of the labelling 

compounds interfering with NP formation. Despite the issues with solubility and 

stability, the FM-PO/x 70/30-60/40 and TRM-P/Ox 70/30-60/40 statistical copolymer 

NPs were tested for cytotoxicity, as any change made to the solvent switch would not 

allow for comparison to the original P/Ox 70/30-60/40 PBS NPs. 

  

Figure 2.49 DLS graphs of labelled P/Ox statistical copolymer NPs. 
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Table 2.10 DLS average diameters and PDI for 0.1 mL/min labelled P/Ox NP solutions in PBS. 

Sample P/Ox Ratio Diameter / nma Polydispersitya  

FM-P/Ox 70/30 120 1.91 

60/40 320 0.35 

TXM-P/Ox 70/30 535 0.31 

60/40 738 0.38 
a Diameter and PDI were determined by DLS with the average of 5-6 measurements 

of 150 seconds at 25 °C. 

The MTTs for FM-PO/x 70/30-60/40 and TRM-P/Ox 70/30-60/40 statistical copolymer 

NPs were conducted in the same way as described earlier. The analysis of the MTT 

data showed that all of the labelled P/Ox copolymers were cytotoxic at 1 mg/mL 

(Figure 2.50). Additionally the IC50 graphs show that the TRM-P/Ox 70/30-60/40 

statistical copolymer NPs are slightly less cytotoxic than the FM-PO/x 70/30-60/40 

statistical copolymer NPs (Figure 2.50). The reason for the cytotoxicity of the labelled 

statistical copolymer NPs will be a combination of the NP instability, as shown by DLS, 

and presumably the fluorescent labels interfering with the cells. Low concentrations of 

the labelled P/Ox statistical copolymer NPs show no cytotoxicity. However, these will 

not be used for determining cellular uptake. This is because if the labelled P/Ox 

statistical copolymer NPs are cytotoxic at 1 mg/mL, then using a reduced 

concentration, that otherwise seems to not be cytotoxic, will not give a true 

representation of whether or not the P/Ox statistical copolymer NPs are taken up by 

cells. It should be noted that the second MTT repeat for both the FM-P/Ox 70/30-60/40 

statistical copolymer NPs shows a big increase in cell survival in the IC50 graphs at 

lower polymer concentrations. The increase is due to an error, but the high 

concentrations still show cytotoxicity of the labelled P/Ox NPs so the data were kept. 
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A potential solution to the labelled copolymers showing cytotoxicity would be to 

remake the copolymers but to include a fluorescent monomer such as fluorescein 

methacrylate. For the copolymers to be fluorescent only one monomer unit would be 

required per copolymer chain and this should hopefully not affect NP formation. 

Additionally the usage of fluorescein methacrylate in copolymers has been shown to 

have no cytotoxicity on the cells tested.35 Time constraints meant that the addition of 

fluorescein methacrylate into the P/Ox statistical copolymers was not possible. The 

lack of a non-cytotoxic fluorescently labelled P/Ox statistical copolymer means that no 

cellular uptake determination was possible. Despite the lack of uptake studies for P/Ox 

70/30-60/40 statistical copolymer NPs their potential for BNCT is clear given their low 

cytotoxicity, boron inclusion, and replicable NP size. 

  

Figure 2.50 Triplicate repeat IC50 graphs of PBS P/Ox statistical copolymer NPs. Graphs 1&2 FM-P/Ox 70/30-
60/40 and Graphs 3&4 TRM-P/Ox 70/30-60/40. 
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2.4 Conclusions 

This chapter aimed to synthesise boron containing amphiphilic statistical copolymers 

that could be solvent switched into replicable NPs, and to use cellular testing to 

determine their potential usage for BNCT. Initially the boron containing hydrophobic 

methacrylate monomer OxM2 was synthesised following a modified literature 

preparation based on the acrylate monomer. This worked well until the synthesis was 

scaled up, whereupon the purity of the final product became an issue. To combat the 

issue with product purity a number of changes were made to the synthetic procedure, 

including altering molar ratios for starting materials, additional washes, distillation of 

reagents, and the inclusion of an inhibitor, which improved final product purity. 

Using OxM2, a library of boron containing amphiphilic statistical copolymers was 

synthesised with different monomer ratios using the hydrophilic monomers: MAA, 

PEGMA, and DMAEMA. These amphiphilic statistical copolymers were then assessed 

for their ability to form replicable NPs via solvent switching. Initially the NPs formed 

from the solvent switching method were unstable and poorly structured, which was 

determined to be due to the rate of addition of THF to DI water. Subsequently, lowering 

the addition rate to 0.1 mL/min increased the stability and order of the NPs by DLS. 

Three replicates at this addition rate were conducted to determine if the NPs were 

replicable by this method, and the NPs were found to be replicable except at certain 

high ratios which were not stable in water. 

Cellular testing was conducted to determine if the NPs could be used in a biomedical 

area and for the potential usage in BNCT. Initially the amphiphilic statistical copolymer 

NPs were remade in PBS and assessed by DLS. The entire M/Ox series of amphiphilic 

statistical copolymers was found to be insoluble in PBS and was therefore determined 
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not to be useful for biomedical applications. Some of the P/Ox and D/Ox NP solutions 

were found to be stable in PBS and to have similar sizes to their DI water based 

counterparts. MTT assays were used to determine cytotoxicity of the P/Ox and D/Ox 

NPs, and these showed that all but two P/Ox NP formulations (P/Ox 70/30 and 60/40) 

were cytotoxic. The non-cytotoxic P/Ox NPs were fluorescently labelled and found to 

be toxic, so no cellular uptake studies could be conducted. The toxicity of the 

fluorescently labelled P/Ox NPs was attributed to the altered size and instability of the 

NPs alongside the potential interference of the fluorescent groups themselves. 

Despite being unable to determine the cellular uptake ability of the P/Ox 70/30-60/40 

NPs, they still have potential for use in BNCT given their low cytotoxicity, boron 

inclusion, and replicable NP size. With future work to establish the cellular uptake this 

system might prove to be highly useful for BNCT. 

2.4.1 Future work 

In future work, the cellular uptake of the NPs will need to be studied, preferably by 

adding fluorescein methacrylate to the polymerisation mix. Once the P/Ox statistical 

copolymers have fluorescein methacrylate in them and have been solvent switched 

they should be studied by DLS and MTT to determine whether NPs have formed well 

and if the labelling has any cytotoxic effects. Using 2D fluorescent microscopy and/or 

flow cytometry will show if the P/Ox NPs are taken up into the cell. If the NPs are taken 

up by the cells then this is another step forward towards being a BNCT treatment.  

Other future work after cellular uptake would include determining selectivity, BNCT 

drug loading, and neutron testing. Determining the selectivity of the P/Ox NPs would 

show whether there is a preference to go into cancer cells over normal cells, which 

would be highly useful for BNCT. If there is no preference then amino acid tags could 



Chapter 2 Amphiphilic statistical copolymer NPs for BNCT 

101 
 

be attached to the P/Ox NPs to promote cancer cell uptake over healthy tissue.181ï183 

Studying whether BNCT drugs could be loaded into the NPs to increase boron content 

for enhanced BNCT effects would be useful, as would studying the NPsô ability to kill 

cancer cells whilst being bombarded with neutrons. The latter part would require a 

specific and specialist set up, to which only a few groups seem to have access.26 
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2.5 Experimental 

2.5.1 Materials 

4,4ô-Azobis(4-cyanovaleric acid) (98%), triethylamine, methacryloyl chloride, 

DMAEMA stabilised with hydroquinone monomethyl ether, Roswell Park Memorial 

Institute (RPMI)-1640 medium, MTT, PEGMA average Mn 500 stabilised with MEHQ 

and BHT, TEA (99%), butylated hydroxytoluene (99%), Dulbeccoôs PBS, DMSO-d6, 

carbon disulphide (99.9%), ethyl acetate HPLC grade (99.7%), n-hexane HPLC grade 

(97%), caesium carbonate (99%), benzyl bromide (98%), propylamine (98%), sodium 

bicarbonate (99.7%), phenylmagnesium bromide solution 1.0 M in THF, and 

potassium hexacyanoferrate(III) ACS reagent (99%) were purchased from Sigma 

Aldrich. Sodium hydroxide pellets, sodium chloride, IPA, THF HPLC grade, DMF 

HPLC grade, acetic acid analytical grade, magnesium sulphate, and toluene HPLC 

grade (99.5%) were purchased from Fischer Scientific. Diethyl ether HPLC grade 

(99.5%), hydrochloric acid (35%), silica gel 40-60 µm, petroleum ether 40-60 HPLC 

grade (99.5%), deuterated chloroform (CDCl3), aluminium oxide basic, and sand 

industrial washed were purchased from VWR International. Lithium bromide, MAA, 

and deuterated methanol (MeOD) were purchased from Acros Organics. DMSO was 

purchased from Honeywell. Texas Red C2-maleimide was purchased from ATT 

Bioquest. DI water was obtained from an ELGASTAT Option 3 water purifier. 4-

(Hydroxymethyl)phenylboronic acid and pinacol were purchased from Fluorochem. 

MAA, PEGMA, and DMAEMA were passed over aluminium oxide basic prior to use in 

polymerisations, to remove the inhibitors. All other chemicals were used without further 

purification. Flash column chromatography was run using silica gel 40-60 µm and 
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industrial washed sand in solvent systems set out below. Anhydrous dichloromethane 

(DCM) was obtained from the University of Sheffield Grubbs service. 

2.5.2 Instrumentation 

2.5.2.1 THF SEC 

SEC samples were taken using an Agilent PL-GPC50-integrated SEC with two PLgel 

mixed-C 5 µM 300×7.5 mm columns and a refractive index detector. The solvent 

system was THF with 0.025% w/w BHT, which was run at 1 ml/min at a temperature 

of 50 °C. For MAA-based samples 4% w/w acetic acid was added to the solvent 

system, and TEA 1% w/w was added for DMAEMA-based samples. Sample prep was 

the same solution but with 0.1% toluene added to act as the flow rate marker. 

Conventional calibration was completed using a group of narrow poly(MMA) standards 

(Agilent Technologies, 2210000-540 Mp). Molecular weights and dispersities were 

calculated using Agilent SEC Windows software. 

2.5.2.2 NMR spectrometry 

1H NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer or a Bruker 

Avance III HD spectrometer at 400 MHz. 13C NMR spectra were recorded on a Bruker 

Avance III HD spectrometer at 400 MHz. The solvents used for both 1H and 13C NMR 

spectra were MeOD (Acros Organics), DMSO-d6 (Sigma Aldrich), and CDCl3 (VWR 

Chemicals). NMR spectra were analysed using the program MestReNova for 

Windows. 
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2.5.2.3 Infrared spectroscopy 

IR spectroscopy was conducted on a Thermo Scientific Nicolet iS10 machine. 

Samples were ground into a fine powder and placed onto the crystal plates to run. 

OMNIC Windows software was used to analyse the results. 

2.5.2.4 Mass spectrometry 

Liquid chromatography mass spectrometry (LC-MS) was conducted on an Agilent 

1260 Infinity (LC) and an Agilent 6530 Q-ToF (MS). The mobile phase used was 

solvent A (0.1% formic acid) and solvent B (0.1% formic acid, acetonitrile). These 

solvents were used in a gradient of 5% B to 95% B over 10 minutes on a Phenomenex 

Aeris Widepore 3.6u XB-C18 50 mm x 2.1 mm column with a flow rate of 0.4 ml/min 

and an injection volume of 1.0 ɛL. ES+ mode of ionisation was used for the MS ESI. 

2.5.2.5 Melting point determination 

Melting points were determined using a Stuart automatic melting point SMP50 

machine. The ramp rate for samples was set to 1 °C/min and the starting temperature 

was 30 °C. 
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2.5.2.6 Elemental analysis 

CHNS elemental analysis was conducted on an Elementar Vario Micro Cube. 

Measurements were taken by the University of Sheffieldôs Department of Chemistry 

Elemental Analysis Service. 

2.5.2.7 TEM 

0.1% w/w copolymer solutions were used for TEM images. Copper/palladium TEM 

grids, which were surfaced-coated in house with a film of amorphous carbon, were 

plasma glow discharged for 30 seconds before use to make the surface hydrophilic. 

Copolymer solution (5 µL) was added to the grid for 60 seconds, after which excess 

sample was removed with filter paper. Uranyl formate, a negative stain, (0.75% w/w, 

5 µL) was added to the grid for 20 seconds, after which excess stain was removed 

with filter paper. Finally, the grid was dried using a vacuum line and kept out of the 

light until use. TEM images were taken using a FEI Tecnai G2 Spirit TEM instrument 

equipped with a Gatan 1kMS600CW CCD camera at 120 kV. 

2.5.2.8 DLS 

Hydrodynamic particle diameters and PDIs of copolymer solutions (0.01% w/w) were 

taken using a NanoBrook Omni particle analyser with a 35 mW diode laser with a 

nominal 640 nm wavelength. Samples were not filtered prior to measurement and 

plastic disposable 1 cm cuvettes were used. Water was used as the dispersion 

medium which had a refractive index of 1.33 and viscosity of 1.0016 cp. The 

temperature was 20 °C and a 120 second equilibrium window was used. DLS 

measurements were taken at a scattering angle of 173° with 5-6 runs of 150 seconds 

at 25 °C. Data was analysed using GraphPad Prism.  
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2.5.3 CPADB synthesis 

2.5.3.1 Step 1. di(thiobenzoyl) disulfide 

Phenylmagnesium bromide in THF (100 mL, 1.0 M, 0.10 mol) was stirred under a 

nitrogen atmosphere at 0 °C. Carbon disulfide (7.61 g, 0.14 mol) was added dropwise 

over 15 minutes and left to stir for 1 hour. Following this, the reaction was brought to 

room temperature, stirred for another 30 minutes and then diethyl ether (160 ml) was 

added. This organic solution was washed with hydrochloric acid (1.0 M, 5 × 100 mL) 

until the final aqueous phase washing was colourless. The purple organic phase was 

then washed with distilled water (2 × 100 mL) and then sodium hydroxide (0.1 M, 300 

mL). The aqueous phase was washed with diethyl ether (2 × 100 mL), leaving an 

aqueous solution of sodium dithiobenzoate. Potassium ferricyanide (33 g, 0.1 mol) 

was added to the aqueous solution and stirred for 1 hour. The red precipitate was 

filtered and washed with water until the washings were colourless. The precipitate (21 

g, 68%) was dried in a vacuum desiccator overnight and used in step 2. 

2.5.3.2 Step 2. CPADB 

Di(thiobenzoyl) disulfide (21 g, 68 mmol) and 4,4ô-azobis(4-cyanopentanoic acid) (30 

g, 107 mmol) in ethyl acetate (350 mL) were refluxed under nitrogen for 18 hours. The 

sample was concentrated to a black-red oil which was purified via flash column 

chromatography in ethyl acetate: hexane (2:3). All red fractions (Rf 0.2) were 

combined and reduced to give a red oil which crystalised in the freezer overnight. The 

crude crystals were recrystallised from toluene (80 °c) to give CPADB (10.5 g, 55%) 

as a red powder. 
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Found: C, 56.16; H, 4.80; N, 5.06; S, 22.68; C13H13NO2S2 required: C, 55.89; H, 

4.69; N, 5.01; S, 22.95. 

Mp 98-100 °C (Toluene 80 °C ) (lit.,164 97-99 °C). 

FT-IR (ATR crystal) ɜ / cm-1: 3240-2430 (broad, COO-H), 2230 (CN), 1700 (C=O), 

1040 (C=S). 

ŭȼ (400 ɀȼz, ɀeOD): 1.97 (s, 3ȼ, ɀe), 2.44-2.70 (m, 4H, 2 × CH2), 7.47 (m, 2H, 

arom), 7.63 (m, 1H, arom), 7.96 (m, 2H, arom).  

ŭC (400 MHz, MeOD): 26.8 (C5), 33.0 (C2), 36.9 (C3), 49.7 (C4), 122.3 (C6), 130.1 

(C12&10), 132.3 (C13&9), 137.0 (C11), 148.7 (C8), 177.6 (C1), 227.7 (C7). 

m/z (TOF) 302 [M+Na]+. 

HRTOFMS m/z [M+Na]+ calcd for C13H13NO2NaS2 : 302.0285, observed 302.0287. 
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2.5.4 Synthesis of 4-(hydroxymethyl)phenylboronic acid pinacol 

ester 

4-(Hydroxymethyl)phenylboronic acid (45.5 g, 0.30 mol) and pinacol (39.0 g, 0.33 mol) 

were dissolved in toluene (360 mL). The solution was heated to 120 °C for 24 hours 

and a Dean-Stark apparatus was used to remove produced water. The reaction 

mixture was then washed with water (3 × 20 mL) and brine (3 × 20 mL), and finally 

dried with magnesium sulphate. The toluene was removed under reduced pressure to 

give 4-(hydroxymethyl)phenylboronic acid pinacol ester (69.4 g, 99%) as a white 

powder. 

Mp 75-76 °C (lit.,184 75-77 °C). 

FT-IR (ATR crystal) ɜ / cm-1: 3050-2900 (C-H Alkene & alkane), 1720 (C=O ester), 

and 1350 (C-O ester). 

ŭȼ (400 ɀȼz, CDCl3): 1.33 (s, 12H, Me), 4.64 (s, 1H, CH2), 7.35 (d, 2H, arom), 7.74 

(d, 2h, arom). 

ŭC (400 MHz, CDCl3): 23.7 C1, 63.6 C7, 83.9 C2, 125.9 C5, 134.6 C4, 144.8 C3 + 

C6. 

m/z (TOF) 235.2 [M+Na]+. 

HRTOFMS m/z [M+Na]+ calcd for C13H19O3BNa : 235.1500, observed 235.1508. 
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2.5.5 Synthesis of OxM2 

4-(Hydroxymethyl)phenylboronic acid pinacol ester (68.6 g, 0.29 mol) was dissolved 

in anhydrous DCM (180 mL) then triethylamine (44.9 mL, 0.32 mol) was added under 

nitrogen. The solution was cooled to 0 °C and methacryloyl chloride (31.5 mL, 0.32 

mmol) in DCM (30 mL) was added dropwise to the solution over 1 hour. The solution 

was warmed to room temperature and left stirring for 16 hours. After this the solution 

was filtered and solvent was removed under reduced pressure. The oil was diluted 

with ethyl acetate (150 mL) and washed with water (4 × 25 mL), saturated sodium 

bicarbonate (2 × 25 mL), water (2 × 25 mL), and finally brine (2 × 25 mL). The organic 

phase was concentrated via rotary evaporator and the remaining oil was purified by 

flash silica chromatography in petroleum ether/ethyl acetate (9/1). OxM2 was obtained 

as a colourless oil that crystallised in the freezer overnight into a colourless crystals 

(54.53 g, 61%). 

FT-IR (ATR crystal) ɜ / cm-1: 3050-2900 (C-H Alkene & alkane), 1720 (C=O ester), 

and 1350 (C-O ester). 

ŭȼ (400 ɀȼz, MeOD): 1.37 (s, 12H, Me), 1.99 (s, 3H, Me), 5.23 (s, 2H, CH2), 5.61 (s, 

1H, alkene), 6.18 (s, 1H, alkene), 7.39 (d, 2H, arom), 7.83 (d, 2h, arom). 

ŭC (400 MHz, MeOD): 17.0 C11, 23.7 C1, 65.6 C7, 83.6 C2, 125.0 C9, 126.5 C5, 

128.8 C10, 134.8 C4, 136.3 C3 + C6, 139.5 C8. 

m/z (TOF) 325 [M+Na]+. 

HRTOFMS m/z [M+Na]+ calcd for C17H23O4BNa : 325.1582, observed 325.1590. 
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2.5.6 Synthesis and purification of statistical copolymers 

The following is a synthetic method for poly(PEGMA50-s-OxM250) which is 

representative of all other copolymers synthesised. An excel spreadsheet was used 

to calculate reagents to synthesise other copolymer ratios. PEGMA (0.623 g, 1.3 

mmol), OxM2 (0.377 g, 1.3 mmol), CPADB (6.97 mg, 25 ɛmol), and ACVA (1.40 mg, 

5.0 ɛmol) were dissolved in IPA (1.01 g) giving a 50% w/w solution. The mixture was 

degassed with nitrogen for 20 minutes and then heated to 70 °c for 8 hours. After this 

time period the reaction was terminated by cooling and exposure to air. Monomer 

conversion was calculated using H1 NMR by comparing the vinyl integrals at 6.1-6.3 

ppm and the alkane integrals at 2.1-1.3 ppm at t=0 and t=Fin. The copolymers were 

purified by twice precipitating into 10 times excess of petroleum ether followed by 

vacuum drying at room temperature to afford pink powders (DMAEMA and MAA based 

copolymers) and pink viscous liquids (PEGMA based copolymers). 

2.5.7 Benzylation of MAA 

To allow for SEC analysis of p(M/Ox) statistical copolymers the MAA groups were 

benzylated to prevent sticking to the SEC columns. A general procedure based on 

p(M/Ox) 50/50 is described below, and is representative of all other MAA statistical 

copolymers. 

p(M/Ox) 50/50 (40 mg [103 µmol of MAA groups]) was dissolved in DMF (0.76 mL) to 

make a 5% w/w solution. Caesium carbonate (37 mg, 113 µmol) was added and the 

mixture was stirred for 3 minutes, then benzyl bromide (19 mg, 113 µmol) was added 

and the reaction was stirred for 24 hours. Solvent was removed under reduced 

pressure and p(BzMA/Ox) was washed with water before use. 
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2.5.8 NP formation/Solvent switching 

The following is a method for P/Ox NPs. P/Ox (40 mg) is dissolved in THF (4 mL). A 

syringe pump is used to add this solution dropwise to DI water (4 mL) at 0.1 mL/min 

with rapid stirring. The mixture is then left stirring for 16 hours to allow the THF to 

evaporate leaving a 10 mg/mL (1% w/w) P/Ox NP solution in DI water. 

For M/Ox the same method is used, except for the addition of TEA to the water at 1.1 

equivalence to MAA units to deprotonate the carboxylic acid groups, which improves 

the water solubility of MAA. D/Ox are also the same, but have acetic acid added to the 

water at 1.1 equivalence to DMAEMA units to protonate the amine group. NPs used 

for cell work used PBS instead of DI water. 

2.5.8 Cell culture 

FaDu cells (LGC Promochem, Middlesex, UK), a cell line originally isolated from a 

hypopharyngeal tumour185, were cultured in RPMI-1640 containing L-glutamine with 

10% v/v fetal calf serum, 100 IU/mL penicillin, and 100 mg/mL streptomycin. The cells 

were incubated at 37 °C in 5% CO2 and subcultured once 80% confluent using trypsin-

EDTA. 

2.5.9 MTT reduction assay 

100 ɛL of FaDu cells (1.2 Ĭ 105 per mL in RPMI) were added per well to 96 well plates 

and incubated at 37 °C in 5% CO2 for 24 hours. After this time, the RPMI media was 

removed and replaced with 100 ɛL fresh RPMI media per well. Polymer NPs (10 

mg/mL) in PBS were diluted in RPMI media to 2 mg/mL then serially diluted in the 

plate, with final concentrations ranging from 1- 0.01 mg/mL. A row of wells was left 

without any polymer NPs as a media only control, and a second row had a mixture of 
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PBS/RPMI (20/80) added to function as a vehicle control. The plate was incubated at 

37 °C in 5% CO2 for 24 hours. After this time media was removed and replaced with 

100 ɛL of MTT solution (0.5 mg/mL in PBS) per well and incubated at 37 ÁC in 5% 

CO2 for 1 hour. The MTT solution was removed, and the reduced purple formazan 

crystals eluted using 100 ɛL of acidified IPA (100 ɛL 37% HCl in 100 mL IPA) per well. 

The optical density was measured spectrophotometrically at 570 nm with a 630 nm 

correction wavelength. 

2.5.10 TRM labelling of p(P/Ox) 70/30-60/40 

An example of TRM-P/Ox 70/30 is given which is the same as the method for making 

TRM-P/Ox 60/40. P/Ox 70/30 (100 mg) was dissolved in THF (1 mL) and degassed 

with nitrogen for 10 minutes. Propylamine (0.56 µL, 6.76 µmol) was added and the 

mixture was left to stir for 30 minutes. TRM (1.8 mg, 2.48 µmol) dissolved in DMSO 

(50 µL) was added to the mixture and left to stir covered with tin foil for 1 hour. Crude 

TRM-P/Ox 70/30 was purified by thrice precipitating into excess petroleum ether 40/60 

followed by drying under reduced pressure. Pure TRM-P/Ox 70/30 was stored 

wrapped in tin foil to minimise exposure to light. 

2.5.11 FM labelling of p(P/Ox) 70/30-60/40 

An example of FM-P/Ox 70/30 is given which is the same as the method for making 

FM-P/Ox 60/40. P/Ox 70/30 (100 mg) was dissolved in THF (1 mL) and degassed with 

nitrogen for 10 minutes. Propylamine (0.56 µL, 6.76 µmol) was added and the mixture 

was left to stir for 30 minutes. FM (1.9 mg, 4.51 µmol) dissolved in DMSO (50 µL) was 

added to the mixture and left to stir covered with tin foil for 1 hour. Crude FM-P/Ox 

70/30 was purified by thrice precipitating into excess petroleum ether 40/60 followed 
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by drying under reduced pressure. Pure FM-P/Ox 70/30 was stored wrapped in tin foil 

to minimise exposure to light. 
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2.6 Appendix 

Appendix 2.1 1H NMR spectrum for CPADB 

Appendix 2.2 13C NMR spectrum for CPADB 

 

 



Chapter 2 Amphiphilic statistical copolymer NPs for BNCT 

115 
 

Appendix 2.3 1H NMR spectrum for 4-(hydroxymethyl)phenylboronic acid pinacol ester 

Appendix 2.4 13C NMR spectrum for 4-(hydroxymethyl)phenylboronic acid pinacol 

ester 
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Appendix 2.5 1H NMR spectrum for OxM2 

Appendix 2.6 13C NMR spectrum for OxM2 
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Appendix 2.7 Light microscopy images of FADU cells during MTT testing ï 1. Media 

control, 2. Vehicle control, 3. D/Ox 70/30, and 4. P/Ox 60/40. 
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3.1 Chapter overview 

In this chapter aqueous emulsion RAFT-mediated PISA was used to synthesise 

different chain length polymers of poly[(glycerol monomethacrylate)51-block-(4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl methacrylate)x] (p(GMA51-b-

OxM2x) or p(G51-b-Oxx)). Initially the synthesis was conducted in water, although after 

analysis by 1H NMR spectroscopy, DLS, SEC, and TEM, methanol was added as a 

cosolvent to improve the polymerisation, ņ values, and the stability of the NPs formed. 

Despite targeting different DPs of OxM2, spheres are the only morphology found for 

the p(G51-b-Oxx) NPs in both DI water and DI water/methanol mix. The p(G51-b-Oxx) 

NPs made in the DI water/methanol mix are assessed for oxidation responsiveness 

with hydrogen peroxide at 37 °C. Oxidation of the OxM2 within the p(G51-b-Oxx) NPs 

was observed by 1H NMR spectroscopy but no morphology transition was observed 

by TEM. Potential reasons for the lack of oxidation responsive behaviour are 

discussed, and ideas for designing a more optimised system are explored based on 

what has been learnt.  
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3.2 Introduction 

As previously discussed in chapter 1.3, the current therapeutic treatments in use for 

MS, RA, and inflammatory diseases have several issues, including that the drugs used 

are not target specific, have short in body half-lives, and have low bioavailability.186 

Because of these issues, higher dosages are required which increases the risk of side 

effects for patients. The use of biocompatible drug loaded polymeric NPs allows for 

the alleviation of many of these issues. Drug loaded polymeric NPs can increase the 

amount of time the drugs are in the bloodstream and even allow for accumulation at 

specific sites.186 Due to the customisability of polymer NPs, targeting moieties can be 

used to further improve targeted delivery to specific sites and drug release under 

certain conditions.187ï190 The use of polymeric NPs allows for reduced dosages, and 

therefore can help to lower the risk of side effects to the patient.191  

Since polymeric NPs offer many benefits over traditional treatments, there has been 

a lot of research into their usage for inflammatory diseases. Some systems in use for 

RA and MS will be discussed, highlighting the benefits and any issues. 

Based on the polymeric systems discussed in chapter 1.3.3 for RA and MS treatments, 

a simple, high concentration, and potentially industrial scalable method for making 

NPs is needed. A suitable stimuli responsive behaviour targeting the inflammation of 

RA and MS is also needed so that loaded drug will be released at the target site, 

thereby improving drug accumulation and allowing for lower dosages. To that end, 

RAFT-mediated PISA and oxidation responsive groups should be used, and these will 

now briefly be discussed. 
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3.2.1 RAFT-mediated PISA 

RAFT-mediated PISA has been extensively studied due to the fact that RAFT can 

tolerate a wide variety of monomers, reaction conditions, and solvents. RAFT-

mediated PISA typically has very high conversions and rapid reaction kinetics, due to 

the formation of NPs in solution which concentrate the unreacted monomer within the 

NP core.107 Many different morphologies can be produced when using RAFT-mediated 

PISA, such as spheres192ï195, worms110,196ï198, vesicles199ï202, framboidal 

vesicles203,204, multilamellar vesicles205, and Janus particles206,207 to name a few.  

RAFT-mediated PISA has been used in many different fields, including work being 

conducted for biomedical applications.107,208 There are a number of alcoholic and 

aqueous dispersion RAFT-mediated PISA systems, some of which include pH, 

temperature, and REDOX responsive triggers, which have been assessed for 

biomedical applications.209ï217 There are fewer examples of aqueous emulsion RAFT-

mediated PISA systems being used specifically for biomedical applications.35,218 Work 

by Huang et al. looked briefly at using an aqueous emulsion RAFT-mediated PISA 

system for BNCT, before switching to a dispersion based system due to polymerisation 

issues.35 Engström et al. used aqueous emulsion RAFT-mediated PISA to synthesise 

poly[N-(3-(dimethylamino)propyl) methacrylamide-block-methyl methacrylate] 

(p(DMAPMA-b-MMA)) NPs, which can be loaded with DOX or the dye Nile Red.218 

When comparing DOX loaded p(DMAPMA-b-MMA) NPs with free DOX in a cell line, 

the DOX loaded NPs exhibit a higher cytotoxicity than DOX alone, due to a prolonged 

release profile of the NPs. 

In the work undertaken, aqueous emulsion RAFT-mediated PISA will be used because 

relatively high concentrations of NPs can be produced quickly, industrial processes 
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already use emulsion polymerisations, there are limited examples of aqueous 

emulsion RAFT-mediated PISA for biomedical applications, and using water will make 

the polymerisations more environmentally friendly than a solvent based 

polymerisation.208 Aqueous emulsion RAFT-mediated PISA may not exhibit as many 

examples of the formation of higher-order NP morphologies when compared to 

aqueous dispersion RAFT-mediated PISA, but there are examples in the literature 

which offer support to being able to access them in the work conducted 

here.196,197,201,219 
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3.2.2 Oxidation responsive groups for biomedical applications 

Oxidative responsive polymers use specific groups or elements to produce a change 

in structure, physical properties, or biochemical properties.220 Hydrogen peroxide and 

other ROS are oxidants that have the potential to trigger these changes. Given the 

strong link between ROS and inflammatory disease sites in RA and MS, it is sensible 

to use oxidation responsive groups for drug delivery. There are many types of 

oxidative responsive polymers; however, here the focus will be poly(thioketal), 

selenium-containing polymers, and phenylboronic acid/ester groups. Almost all of the 

examples discussed here are not RAFT-mediated PISA systems, as there are limited 

reported cases of oxidation responsive RAFT-mediated PISA polymers within the 

literature.217,221 Additionally, many oxidation responsive polymers in general are 

targeted towards cancer treatment rather than specific inflammatory diseases.222,223 

A polymer that is made from a thioketal containing monomer will have the potential to 

express oxidation responsivity. Thioketals possess oxidation responsive behaviour 

because when they come into contact with ROS, the bond between the carbon and 

sulfur, is destabilised, splits into two thiols, and produces acetone as a by-product 

(Scheme 3.5).220,224 A thioketal containing polymer system has been used for gene 

delivery into prostate cancer cells using poly(amino thioketal), and has been shown to 

release the payload effectively when in contact with ROS.225 

  

Scheme 3.4 Thioketal oxidation reaction. 
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Selenium is another approach that can be included into a polymer to impart oxidation 

responsive behaviour. The hydrophobic selenium has an oxidation response because 

selenium can be oxidized into hydrophilic selenoxide and selenone groups. The switch 

from being hydrophobic to hydrophilic can be exploited for many applications (Scheme 

3.6). A block copolymer that has two blocks of poly(ethylene glycol) and one block of 

poly(selenide) makes an amphiphilic polymer that can self-assemble into a vesicle.226 

The vesicle formed from the block copolymer has drug loaded into it, which is then 

released under oxidative conditions as the entire block copolymer becomes water-

soluble, making selenium containing polymers a highly sensitive potential DDS. 

Phenylboronic esters and phenylboronic acids can be conjugated onto monomers and 

reacted to form polymers that will have oxidation responsivity. Phenylboronic 

acid/ester compounds are only sensitive to hydrogen peroxide, which is needed for a 

key step in the oxidation to forming the phenol.188 After the phenylboronic acid/ester 

has been oxidised to phenol, it can then undergo a quinone methide rearrangement 

releasing para quinone methide, leaving the original unconjugated monomer in place 

(Scheme 3.7).227 Dextran modified with phenylboronic ester groups has been shown 

to form NPs that can encapsulate a drug and then release the drug when exposed to 

hydrogen peroxide. The release of encapsulated drug works because the 

phenylboronic ester groups make the dextran hydrophobic, but once these are 

removed the dextran is hydrophilic again, causing the disassembly of the NPs and the 

release of the encapsulated drug.227 

Scheme 3.5 Selenium oxidation process. 
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One of the few examples of oxidation responsive RAFT-mediated PISA NPs is 

based upon a phenylboronic ester, specifically the acrylate monomer (4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl acrylate (OxM1).217 Various NP 

morphologies are discovered for poly(N,N- dimethylacrylamide-block-4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl acrylate) (p(DMA-b-OxM1)), with a focus 

on the inverse bicontinuous cubic and hexagonal mesophases. The NPs formed 

from p(DMA-b-OxM1) are shown to undergo a full order-disorder transition when 

exposed to hydrogen peroxide, due to the decrease of the packing parameter, with 

potential future use as a drug or protein delivery agent. 

This work will use the phenylboronic ester monomer 4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzyl methacrylate (OxM2) because it will also respond to 

hydrogen peroxide and produce a change in the packing parameter of polymer NPs, 

potentially triggering morphological transitions. It should be noted that whilst work has 

been carried out on emulsion RAFT-mediated PISA of poly(glycerol 

monomethacrylate-block-benzyl methacrylate) (p(GMA-b-BzMA)), only kinetically 

trapped spheres were obtained. It is therefore hoped that the use of OxM2 will offer 

access to different morphologies due to its different chemical nature.228 Another point 

to note is that recent work has been carried out by Huang et al. using RAFT-mediated 

PISA with OxM2 for use in BNCT, and because of this the work done here has focused 

on the oxidation responsive properties of OxM2 instead, so that the work is novel.35 

Although BNCT will not be the focus of the chapter, the materials discussed could still 

find use for BNCT. In the work by Huang et al., aqueous emulsion RAFT-mediated 

Scheme 3.6 The oxidation of a phenylboronic ester to a phenol by hydrogen peroxide, followed by the quinone 
methide rearrangement to give a para quinone methide and ROH. 
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PISA of OxM2 was attempted with limited success. However, the work carried out here 

uses a glycerol monomethacrylate (GMA) mCTA which aligns more with the work done 

on the emulsion polymerisation of p(GMA-b-BzMA), which works well.35,228 

3.2.3 Chapter aims 

The aims of this chapter are to synthesise a GMA mCTA that will allow for the 

production of water based diblock copolymer NPs using OxM2 as the core forming 

monomer. The NPs will be made by a RAFT-mediated aqueous emulsion PISA 

system, and it is hoped that different morphologies will be uncovered by altering the 

w/w % of the polymer solutions and the DP of OxM2. The use of OxM2 in the p(G-b-

Ox) diblock copolymer NPs will give the NPs a potential oxidation responsive 

behaviour. The p(G-b-Ox) diblock copolymer NPs will be evaluated with the ROS 

hydrogen peroxide to observe whether any order-order and/or order-disorder 

morphological transitions can be discovered, which would prove useful for potential 

use in inflammatory disease drug delivery. Finally, if any morphological transitions are 

observed then studies on the uptake and release, under oxidation, of a model drug will 

be conducted to further determine suitability for inflammatory disease drug delivery. 
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3.3 Results and discussion 

3.3.1 Synthesis of poly(glycerol monomethacrylate) (pGMA) mCTA 

A prerequisite for successful PISA in aqueous media is the need for a hydrophilic 

mCTA. In this work, pGMA was chosen as the hydrophilic polymer for the mCTA since 

its synthesis is well characterised, it is known to work well in PISA systems, and shows 

good biocompatibility.110,214,216 2-cyano-2-propyl dithiobenzoate (CPDB) and ACVA 

were used for the synthesis since CPDB has no carboxylic acid groups which could 

interfere with any potential oxidation response, and ACVA offers good radical 

generation at 70 °C. The polymerisation was conducted in ethanol, making the 

reaction a RAFT solution polymerisation (Scheme 3.8). 

To maintain high RAFT end group fidelity, and allow for good chain-extension for a 

second block, the polymerisation needs to be quenched at roughly 80% monomer 

conversion.110 This work aimed to synthesis a DP 50 GMA mCTA since it has been 

well documented that a mCTA of this length can give different morphologies under 

specific conditions.110 The kinetics of the GMA polymerisation was monitored by 1H 

NMR spectroscopy which showed that after 135 minutes a monomer conversion of 

76% was reached, so the reaction was quenched at this point (kinetic NMR appendix 

2.1). Looking at the conversion over the full time, an induction period was observed 

for the first 15 minutes. After the induction period the polymerisation proceeded as a 

pseudo-first order reaction until the reaction was quenched (Figure 3.51). No plateau 

Scheme 3.7 The reaction scheme for p(GMA). 



Chapter 3 Oxidation responsive diblock copolymer NPs by RAFT-mediated PISA 

128 
 

was observed in the conversion, since the polymerisation was halted prior to reaching 

this point. The polymerisation proceeded exactly as expected, and compares very well 

to the kinetics seen in the literature for making a p(GMA) mCTA.229 
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Figure 3.51 A graph showing the NMR monomer conversion and Ln([M0]/[M]) against time for the polymerisation 
of GMA mCTA. 

The pGMA mCTA was purified by thrice precipitation from DCM to remove unreacted 

GMA monomer. The purified GMA mCTA was analysed by 1H NMR spectroscopy and 

found to be >99% pure, and to have a DP of 51 by end group analysis, which is an 

acceptable chain length for the purposes of this work (appendix 2.2). SEC analysis 

shows that the p(GMA51) mCTA has an Mn of 12800 g mol-1 and a ņ of 1.26 (Figure 

3.52).  

Figure 3.52 The molar mass distribution for purified p(GMA51). 
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3.3.2 Synthesis of p(G51-b-Oxx) in DI water 

To give access to oxidation responsive behaviour and to drive self-assembly through 

hydrophobic interactions, the methacrylate phenyl boronic ester monomer OxM2 was 

used to chain-extend p(GMA51). As indicated in the introduction, phenyl boronic esters 

can undergo rearrangement in the presence of H2O2, in this case to MAA which is 

hydrophilic. The conversion of OxM2 to MAA should alter the packing parameter and 

thereby cause a morphological transition, either order-order or order-disorder. 

The OxM2 used for this system follows the same synthetic procedures as outlined in 

chapter 2. The polymerisation is conducted in DI water with the water-soluble initiator 

VA-044at 50 °C. VA-044 has a 10 hour half-life at 44 °C. Given OxM2 is not water 

soluble, this will make the polymerisation an aqueous emulsion PISA system, meaning 

that the OxM2 will be stabilised in the solution by the p(GMA51) chains acting as a 

surfactant (Scheme 3.9). 

A mCTA to initiator ratio of five was used, and chain lengths of OxM2 targeted were 

20, 40, 60, 80, and 100, at 10% w/w and 20% w/w. The solutions were left to 

polymerise for 5 hours, and the monomer conversion was determined by 1H NMR 

spectroscopy in DMSO-d6 using the vinylic integral of OxM2 (6.3-6.1 ppm) and the 

polymer/monomer methyl group integral (2.5-1.5 ppm) (appendix 2.3). The results 

Scheme 3.8 The reaction scheme for p(GMA51-b-OxM2x) 
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show that in the case of 10% w/w polymers conversion drops off rapidly past p(G51-b-

Ox20) (Table 3.11). 

For 10% w/w polymers p(G51-b-Ox40) to p(G51-b-Ox100) there is loss of colloidal 

stability, resulting in insoluble polymer, which suggests poor control and crosslinking 

in the polymerisation. In the 20% w/w polymer samples monomer conversion drops 

with increasing OxM2 length, and in common with the 10% w/w there is insoluble 

material, suggesting poor stability and crosslinking (Table 3.11). Based on the 

conversions and the insoluble material, it can be summarised that when OxM2 passes 

a chain length of 20 or 40 in 10% w/w and 20% w/w respectively then the resulting 

polymer NPs are no longer stable, and sediment out of the solution. 10% w/w systems 

are likely affected due to the low concentration causing issues for radical entry into the 

hydrophobic monomer droplets and because there is not enough mCTA to stabilise 

the latex particles, as has been reported by Thompson et al.230 A potential reason for 

the 20% w/w polymers tolerating a high chain length could be that the reduced water 

content allows for more stabilisation for the emulsified OxM2 and higher radical 

concentrations. 

Table 3.11 Monomer conversion data for the aqueous emulsion polymerisation of p(G51-b-Oxx) in DI water. 

Sample name NMR conversion / %a 

10% w/w 20% w/w 

p(G51-b-Ox20) 66 82 

p(G51-b-Ox40) 13 80 

p(G51-b-Ox60) 0 39 

p(G51-b-Ox80) 0 42 

p(G51-b-Ox100) 0 5 
a Monomer conversions were determined by 1H NMR spectroscopy using the vinyl 

proton integrals compared to the polymers backbone. 
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SEC analysis of the diblock copolymers could only be conducted for p(G51-b-Ox20-40) 

10% w/w and p(G51-b-Ox20-60) 20% w/w samples, as the rest would not dissolve in the 

SEC eluent. The SEC graphs for the diblock copolymers show traces that are a higher 

molecular weight than the mCTA, indicating that chain-extension has occurred (Figure 

3.53). The traces are also very broad, indicating the presence of a lot of high molecular 

weight polymer. The broadness of the traces means that the polymers are not linear 

but have probably crosslinked, which would explain why the NMR conversions are so 

low since the polymer will not be soluble. 

The SEC values for Mn show that the molecular weights have increased from the GMA 

mCTA, confirming polymer growth (Table 3.12). The Mn values decrease with 

increasing OxM2 chain length which would suggest that the decreasing monomer 

conversions are true. However, the increasing Mw and ņ values show that actually 

more of the polymer is crosslinking at higher OxM2 DP. The 20% w/w diblock 

copolymer Mn and ņ values are higher than those for 10% w/w diblock copolymers, 

which is probably due to the increased collisions causing higher conversions and more 

crosslinking. The OxM2 diblock copolymers made here all have higher ņ values than 

those reported for the same mCTA, but with benzyl methacrylate suggesting OxM2s 

solubility has a profound impact.228 Overall the SEC data show that the polymerisation 

Figure 3.53 SEC traces for 1) p(G51-Ox20-40) 10% w/w and 2) p(G51-b-Ox20-60) 20% w/w copolymers in DI water. 
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used to make the diblock copolymers proceeds with little control, and that the final 

product is crosslinked. 

Table 3.12 SEC data for of p(G51-b-Ox20-60) diblock copolymers in DI water. 

Sample 

name 

10% w/w 20% w/w 

Mn
a / 

gmol-1 

Mw
a / 

gmol-1 

ņa Mn
a / 

gmol-1 

Mw
a / 

gmol-1 

ņa 

p(G51-b-Ox20) 18100 29500 1.63 20700 38700 1.87 

p(G51-b-Ox40) 16200 48100 2.98 24800 65700 2.65 

p(G51-b-Ox60) N/A N/A N/A 21500 79500 3.70 

aMn, Mw, and ņ were determined by SEC using DMF eluent containing 0.1% w/w 

lithium bromide. 

DLS analysis of the diblock copolymers proved challenging as the 10% w/w NPs could 

not be diluted effectively without precipitation, meaning DLS was impossible. TEM 

images could not be obtained for 10% w/w diblock copolymers for the same reason. 

The precipitation upon dilution further showed that the polymerisation was not 

proceeding with proper control/stability and that the diblock copolymers were 

crosslinked. 

DLS analysis of the 20% w/w diblock copolymers fared a little better as the OxM2 DP 

20 and 40 copolymers could be diluted in water, but the other samples had the same 

stability issues as the 10% w/w copolymers. The diblock copolymer p(G51-b-Ox20) has 

an average diameter of 157 nm and p(G51-b-Ox40) has an average diameter of 459 nm 

by DLS. It could be considered impressive that only 20 units of OxM2 could have such 

an impact on the size of the NPs formed, although looking at the DLS graph (Figure 

3.54) for p(G51-b-Ox40) two peaks can be seen which could either suggest that there 

might be some polymer NPs that are not fully dispersed and are bound together, 

causing a higher value than in reality, or that two different morphologies are present. 



Chapter 3 Oxidation responsive diblock copolymer NPs by RAFT-mediated PISA 

133 
 

TEM images can show the morphology and give an indication of the true size of the 

diblock copolymer NPs. 
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Figure 3.54 DLS data for 20% w/w diblock copolymers. 

TEM analysis of the 20% diblock copolymers was also only possible for the p(G51-b-

Ox20-40) samples. The images taken by TEM for p(G51-b-Ox20) 20% w/w NPs show 

spherical NPs with a size of ~100 nm, which when considering the value is based on 

the dried size is comparable to DLS (Figure 3.55). Also seen in the TEM image of (G51-

b-Ox20) 20% w/w NPs were much smaller ~40 nm spherical NPs in clusters, which 

could be diblock copolymer material that had not fully assembled, which explains the 

second peak in the DLS. The TEM images for p(G51-b-Ox40) 20% w/w NPs also 

showed spherical NPs of ~100 nm, which is in agreement with one of the peaks in the 

DLS graph (Figure 3.55). The TEM also showed the existence of much larger clusters 

of these NPs. Although the clusters seen could be formed from drying the TEM 

sample, given the second 1000 nm peak in the DLS it is much more likely that there 

are clusters of NPs in the TEM and DLS samples that have not fully dissolved into the 

DI water, due to insolubility of the diblock copolymers. This means the DLS should 

only register p(G51-b-Ox40) 20% w/w NPs as being ~100 nm, but because of the 
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undissolved NP clusters it actually gives a much higher value. Based on the TEMs 

and DLS together it was shown that spherical ~100 nm NPs formed for p(G51-b-Ox40) 

20% w/w and that an increase in 20 units of OxM2 does not cause an increase of 300 

nm in NP size when compared to p(G51-b-Ox20) 20% w/w NPs. 

To improve the p(G51-b-Oxx) system, the solubility of OxM2 within the aqueous 

emulsion needed improvement. To that end, ideas from the work of Huang et al. can 

be implemented, specifically the inclusion of a co-solvent to partially solubilise the 

OxM2 within the polymerisation.35 The addition of a co-solvent should improve the 

colloidal stability and therefore allow for higher OxM2 chain lengths to be formed 

before destabilisation, reduced ņ values, and for higher monomer conversions.  

3.3.3 Synthesis of p(G51-b-Oxx) in 9/1 DI water/methanol 

To maintain the aqueous emulsion PISA system and also improve the stability of the 

OxM2 within the system, a small amount of methanol (MeOH) was added to the 

polymerisation at 9/1 w/w to DI water (H2O) (H2O/MeOH 9/1). It was intended that the 

methanol should help to emulsify the OxM2 in the solution but would not affect the 

polymer self-assembly as p(OxM2) is insoluble in methanol. Additionally, the added 

methanol should have negligible effect on the p(GMA51) as it is soluble in methanol, 

and if the NPs formed were to be used for a biomedical application, then the methanol 

Figure 3.55 TEM images of 1) p(G51-b-Ox20) and 2) p(G51-b-Ox40) 20% w/w NPs in DI water. Images stained with 
uranyl formate 0.1% w/w. 
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could be allowed to evaporate or dialyse out of the solution before use. The methanol 

concentration was limited to 10% w/w so that the polymerisation would still be an 

aqueous emulsion and not a dispersion polymerisation. 

The experimental conditions were kept the same as the aqueous emulsion 

polymerisation without methanol and 10% w/w and 20% w/w polymers with OxM2 

chain lengths of 20-100 were synthesised. Looking at the monomer conversion based 

on 1H NMR spectroscopy, an increase in conversion compared to the methanol-free 

system can be seen for all 10% w/w and 20% w/w diblock copolymers (Table 3.13). In 

both 10% w/w and 20% w/w the conversion does still decrease with increasing OxM2 

chain length, suggesting that there are still stability issues when high DPS of OxM2 

are targeted. The reduced stability is further demonstrated by the presence of 

insoluble material in samples with a chain length greater than 60 OxM2 units which is 

presumably due to polymer crosslinking. 

Table 3.13 Monomer conversion data for the aqueous emulsion polymerisation of p(G51-b-Oxx) in 9/1 DI 

water/methanol. 

Sample name NMR conversion / %a 

10% w/w 20% w/w 

p(G51-b-Ox20) H2O/MeOH 9/1 96 97 

p(G51-b-Ox40) H2O/MeOH 9/1 92 78 

p(G51-b-Ox60) H2O/MeOH 9/1 79 77 

p(G51-b-Ox80) H2O/MeOH 9/1 53 73 

p(G51-b-Ox100) H2O/MeOH 9/1 70 57 
a Monomer conversions were determined by 1H NMR spectroscopy using the vinyl 

proton integrals compared to the polymers backbone. 

Despite improved monomer conversions and solubility for 1H NMR of the p(G51-b-Ox20-

100) H2O/MeOH 9/1 diblock copolymers, compared to the diblock copolymers made in 

DI water alone, only the p(G51-b-Ox20-60) H2O/MeOH 9/1 diblock copolymers could be 

dissolved for SEC analysis. In all cases the SEC traces show that there had been an 
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increase in molecular weight for all the diblock copolymers compared to the GMA 

mCTA showing successful chain extension (Figure 3.56). The addition of the cosolvent 

methanol did not change the breadth of the SEC traces, indicating that the 

polymerisation is still proceeding with little control and forming non-linear polymers. 

All of the Mn values obtained by SEC are higher than the GMA mCTA, further showing 

that chain extension had taken place (Table 3.14). The 10% w/w diblocks show a 

decrease in Mn values with increasing OxM2 DP but an increase in Mw and ņ values, 

suggesting that the diblock copolymers were crosslinking. Reduced ņ values are 

observed when comparing the 10% w/w 9/1 H2O/MeOH diblock copolymers to the 

10% w/w DI water only diblock copolymers, meaning the methanol has helped to 

reduce some of the crosslinking. Even with the reduction in the ņ values, the 10% w/w 

9/1 H2O/MeOH diblock copolymers are still not comparable at all to benzyl 

methacrylate diblock copolymers made in water alone.228 The 20% w/w 9/1 

H2O/MeOH diblock copolymers also have decreased ņ values when compared to the 

20% w/w DI water only diblock copolymers, further showing that the methanol is 

reducing crosslinking in the polymers. Ultimately the 20% w/w 9/1 H2O/MeOH diblock 

copolymers were also still not comparable to the polymerisation control of the benzyl 

methacrylate diblock copolymers made in water alone by Cunningham et al., showing 

that despite these optimisation efforts OxM2 continued to result in issues for the 

Figure 3.56 SEC traces for 1) p(G51-Ox20-60) 10% w/w and 2) p(G51-b-Ox20-60) 20% w/w copolymers in 9/1 
H2O/MeOH. 
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polymerisation.228 Overall, whilst improvement is seen the polymerisation of OxM2 in 

this manner gives suboptimal results in terms of soluble linear diblock copolymers. 

Table 3.14 SEC data for of p(G51-b-Ox20-60) diblock copolymers in 9/1 H2O/MeOH. 

Sample name 10% w/w 20% w/w 

Mn
a / 

gmol-1 

Mw
a / 

gmol-1 

ņa Mn
a / 

gmol-1 

Mw
a / 

gmol-1 

ņa 

p(G51-b-Ox20) 18700 27900 1.49 20100 29800 1.48 

p(G51-b-Ox40) 16000 40500 2.54 29900 65100 2.18 

p(G51-b-Ox60) 14200 41500 2.92 18000 44300 2.47 

aMn, Mw, and ņ were determined by SEC using DMF eluent containing 0.1% w/w 

lithium bromide. 

DLS analysis of these diblock copolymer NPs offers more insight into which polymers 

form stable colloids. For the 10% w/w H2O/MeOH 9/1 diblock copolymers, only p(G51-

b-Ox20) and p(G51-b-Ox40) could be effectively diluted for DLS, suggesting colloidal 

instability for the higher chain length diblock copolymers of this series. The DLS graphs 

show similar patterns for p(G51-b-Ox20) and p(G51-b-Ox40) 10% w/w H2O/MeOH 9/1, 

with the former having an average diameter of 145 nm and the latter having a slightly 

larger average diameter of 209 nm (Figure 3.57 [A]). TEM images taken of p(G51-b-

Ox20) (Figure 3.57 [B1]) and p(G51-b-Ox40) (Figure 3.57 [B2]) 10% w/w H2O/MeOH 9/1 

show unexpected results. The TEM of p(G51-b-Ox20) 10% w/w H2O/MeOH 9/1 shows 

no NPs of 145 nm, but instead shows many small 20 nm NP spheres. Some of these 

NP spheres seem to be conjoined into worm-like structures or bigger aggregates, 

which could explain the higher value seen in DLS. The TEM of p(G51-b-Ox40) 10% w/w 

H2O/MeOH 9/1 contains similar structures to p(G51-b-Ox20), and also larger spherical 

NPs of 100 nm, although the DLS results are still over inflated due to the aggregates 

seen. The combination of DLS and TEM highlight the fact that although the p(G51-b-

Ox20) and p(G51-b-Ox40) 10% w/w H2O/MeOH 9/1 diblock copolymers have higher 
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conversions, greater stability, and higher solubility than their DI water alone 

counterparts, there are still problems with the polymerisation that cause issues for NP 

formation. 

The diblock copolymers of 20% w/w 9/1 H2O/MeOH are more easily diluted in water 

than their DI water alone counterparts. Consequently, all samples were able to be 

analysed by DLS. DLS analysis of the 20% w/w 9/1 H2O/MeOH diblock copolymers 

shows that, in common with the 10% w/w 9/1 samples, p(G51-b-Ox20) had the smallest 

diameter of 37 nm and then the size increases to >100 nm for the other samples (Table 

3.15). The DLS graphs of these samples show multiple peaks, which could be an 

indication of aggregates of NPs that have not been fully dispersed into solution (Figure 

3.58). TEM images of the diblock copolymer 20% w/w 9/1 H2O/MeOH NPs show that 

samples exhibit aggregation and linkage of individual NPs, which could lead to the 

inflated DLS values. The exceptions to this was the TEM image for p(G51-b-Ox20) 

which is free from NP aggregation.  

Figure 3.57 p(G51-b-Ox20-40) 10% w/w H2O/MeOH 9/1 DLS graphs A) and TEM images B) ï 1. p(G51-b-Ox20) and 
2. p(G51-b-Ox40). Images stained with uranyl formate 0.1% w/w. 
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Table 3.15 DLS data and TEM average size for 20% w/w 9/1 diblock copolymers. 

Sample name DLS Average 
Diametera / nm 

Polydispersitya TEM 
Average 
Diameterb 
/ nm 

p(G51-b-Ox20) 20% H2O/MeOH 9/1 37 0.23 27 

p(G51-b-Ox40) 20% H2O/MeOH 9/1 338 0.27 65 

p(G51-b-Ox60) 20% H2O/MeOH 9/1 167 0.22 63 

p(G51-b-Ox80) 20% H2O/MeOH 9/1 298 0.26 78 

p(G51-b-Ox100) 20% H2O/MeOH 9/1 304 0.25 74 
a DLS average diameter and PDI were determined by DLS with the average of 5-6 

measurements of 150 seconds at 25 °C. b TEM average diameter was determined 

using TEM images and ImageJ software. 

For both p(G51-b-Oxx) 10% w/w and 20% w/w 9/1 H2O/MeOH NPs TEM is the more 

reliable method to determine diameter, given the issues faced with solubility and 

aggregation. The size of the NPs formed does increase with increasing OxM2 DP for 

the most part, but given the incomplete monomer conversion a full trend is impossible 

to determine. The increased diameter size with increased chain length agrees with 

what was reported by Cunningham et al., with p(GMA51-b-BzMAx), although the 

diameters in this work are considerably higher for the chain lengths targeted.228 

Figure 3.58 p(G51-b-Ox20-100) 20% w/w H2O/MeOH 9/1 DLS graphs C) and TEM images D) ï 1. p(G51-b-Ox20), 2. 
p(G51-b-Ox40), 3. p(G51-b-Ox60), 4. p(G51-b-Ox80), and 5. p(G51-b-Ox100). Images stained with uranyl formate 0.1% 
w/w. 
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Cunningham et al. found that varying DP of the BzMA block from 50 to 1000 gave NP 

with diameters between 20-193 nm.228 To achieve a 60 nm NP diameter in the 

p(GMA51-b-BzMAx) system a BzMA DP of 200 was needed compared with the OxM2 

DP of 40. The difference is due to the bulkier nature of OxM2 and its increased 

hydrophobicity. Additionally, like the p(GMA51-b-BzMAx) work by Cunningham et al., 

only spherical NPs could be obtained, which removes the potential for order-order 

transitions. 

Making diblock copolymer NPs by RAFT aqueous emulsion using OxM2 in DI water 

and a water/methanol mix has proved challenging. Whilst improvements to monomer 

conversion, ņ values, and solubility of the diblock copolymers have been seen from 

the addition of methanol into the polymerisation, there are still issues. Many of the 

10% w/w diblock copolymer samples were unstable or insoluble in water, and only a 

few of the 20% w/w samples fared better. All of the diblock copolymers still have high 

ņ values, which would not be expected for linear diblock copolymers, indicating the 

diblock copolymers are crosslinking. Despite these issues, oxidation of the DP 20 and 

40 OxM2 9/1 H2O/MeOH diblock copolymers was attempted to determine whether 

these NPs are oxidation responsive and can undergo a morphological transformation. 

3.3.4 Oxidation of p(G51-b-Oxx) NPs 

OxM1 and OxM2 have been shown to be oxidation responsive in prior 

work.152,161,217,231 During successful oxidation of OxM1/2 an aromatic group is liberated 

from the OxM1/2 monomer. The liberated aromatic group can be monitored to 

determine whether the oxidation of OxM1/2 has been successful in a polymer NP 

system. Standard 1H NMR spectra of p(G51-b-Oxx) NPs in D2O show no aromatic 

signals as the aromatic ring on the OxM2 group is located within the NP core, due to 
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its hydrophobicity, meaning it will not be visible because of the low mobility. When 

OxM2 is oxidised then this aromatic group is no longer bound within the core and is 

therefore detectable by 1H NMR spectroscopy. It follows that if p(G51-b-Oxx) NPs show 

aromatic signals after exposure to an oxidant, then the OxM2 has been oxidised and 

the aromatic group has been liberated. Another factor to consider for the oxidation is 

morphological change. The diblock copolymer NPs synthesised here contain GMA 

and OxM2, so it is reasonable to assume that if OxM2 is oxidised to MAA then the 

entire polymer chain will become water soluble, leading to the disassembly of NPs by 

way of an order-disorder transition. The NP size and morphology can be measured by 

TEM and DLS, but given the unreliable nature of DLS for the diblock copolymers in 

this work TEM was used exclusively. 

To assess the oxidation of p(G51-b-Oxx) 10-20% w/w 9/1 H2O/MeOH NPs, a 1% w/w 

solution of the diblock copolymers in D2O was treated with 150 mM hydrogen peroxide 

at 37 °C for 72 hours. A temperature of 37 °C was used to mimic that of the internal 

body temperature. 150 mM hydrogen peroxide is greater than physiological 

concentrations, but was used to clearly determine any oxidation response.227 After 72 

hours, 1H NMR spectroscopy and TEM images were used to determine if OxM2 had 

been oxidised and if any order-disorder transition could be observed.  

For both diblock copolymers p(G51-b-Ox20) and p(G51-b-Ox40) 10% w/w 9/1 

H2O/MeOH, the 1H NMR spectra show the presence of aromatic signals after 72 hours 

with 150 mM hydrogen peroxide at 37 °C, indicating that OxM2 had been oxidised and 

the aromatic group had been released (Figure 3.59 [1&3]). The TEM images taken for 

these diblock copolymers show NPs still intact, meaning no order-disorder transition 

had taken place and that no size change had taken place either (Figure 3.59 [2&4]). 

Potential reasons for the lack of size change are that not enough OxM2 had been 
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oxidised to cause the polymer chains to disassemble, or that due to crosslinking by 

the copolymer they were unable to do so as they were trapped. The high ņ values 

provide evidence to support the latter possibility. OxM2 is also highly hydrophobic, 

which could have been restricting the amount of hydrogen peroxide that was able to 

gain access to the core of the NP and oxidise the OxM2. In view of the lack of a 

morphological transition, diblock copolymers p(G51-b-Ox20) and p(G51-b-Ox40) 10% 

w/w 9/1 H2O/MeOH would not be suitable for use as a potential oxidation responsive 

DDS, and therefore will not be assessed further in uptake and release studies. 

The diblock copolymers p(G51-b-Ox20) and p(G51-b-Ox40) 20% w/w 9/1 H2O/MeOH can 

be seen to behave the same way as the 10% w/w 9/1 H2O/MeOH diblock copolymers 

when exposed to hydrogen peroxide. The 1H NMR spectra of the 20% w/w 9/1 

H2O/MeOH diblock copolymers show presence of aromatic signals after 72 hours with 

hydrogen peroxide, indicating that OxM2 had been oxidised and that an aromatic 

group was liberated (Figure 3.60 [1&3]). However, in common with the 10% w/w 9/1 

Figure 3.59 Expanded 1H NMR spectra of p(G51-b-Ox20) [1.] and p(G51-b-Ox40) [3.] 10% w/w 9/1 H2O/MeOH 
showing the aromatic region after 72 hours with 150 mM hydrogen peroxide at 37 °C. TEM images after 72 
hours with 150 mM hydrogen peroxide at 37 °C of p(G51-b-Ox20) [2.] and p(G51-b-Ox40) [4.] 10% w/w 9/1 

H2O/MeOH are also shown. Images stained with uranyl formate 0.1% w/w. 
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H2O/MeOH diblock copolymers, TEM images of 20% w/w 9/1 H2O/MeOH diblock 

copolymers show no evidence of a morphological transition or any size change (Figure 

3.60 [2&4]). Potential reasons for this are the same as outlined above for the 10% w/w 

9/1 H2O/MeOH diblock copolymers. The lack of a morphological transition means that 

the 20% w/w 9/1 H2O/MeOH diblock copolymers also have little potential for use as 

an oxidation sensitive DDS, and will not be evaluated further for uptake and release 

of a model drug. 

  

Figure 3.60 Expanded 1H NMR spectra of p(G51-b-Ox20) [1.] and p(G51-b-Ox40) [3.] 20% w/w 9/1 H2O/MeOH 
showing the aromatic region after 72 hours with 150 mM hydrogen peroxide at 37 °C. TEM images after 72 hours 
with 150 mM hydrogen peroxide at 37 °C of p(G51-b-Ox20) [2.] and p(G51-b-Ox40) [4.] 10% w/w 9/1 H2O/MeOH are 

also shown. Images stained with uranyl formate 0.1% w/w. 
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3.4 Conclusions 

In this work a DP 51 GMA mCTA was synthesised and used in a RAFT-mediated 

aqueous emulsion system with the oxidation responsive monomer OxM2 to make 

p(G51-b-Oxx) diblock copolymer NPs. The p(GMA51) mCTA was characterised by SEC 

and 1H NMR spectroscopy, and was found to match other GMA mCTAs of a similar 

length reported in the literature.110 Diblock copolymer NPs of GMA and OxM2 were 

synthesised initially in DI water, but were found to have very low monomer conversion 

and low stability. The low monomer conversion of 10% w/w diblock copolymers was 

determined to be the result of low radical concentrations causing termination. SEC 

analysis of the diblock copolymers showed that the polymers were crosslinking with 

high ņ values. The OxM2 chain length also proved to affect the diblock copolymer NPs 

with higher OxM2 chain lengths, causing colloidal instability from poorly controlled 

polymerisation due to OxM2ôs high hydrophobicity. TEM and DLS conducted for 20% 

w/w p(G-b-Ox) samples indicated the presence of NP spheres, with no access to other 

morphologies apparently possible, due to monomer conversion and stability issues. 

To combat the issues faced with the p(G-b-Ox) DI water diblock copolymer NPs, a 

cosolvent (methanol) was added to the polymerisation mixture to improve the stability 

of OxM2 in solution. The cosolvent was added at a ratio of 9/1 DI water/methanol, so 

the polymerisation would still be an emulsion and not a dispersion. The diblock 

copolymer NPs formed using a cosolvent had higher monomer conversions than their 

counterparts without the cosolvent. The cosolvent diblock copolymer NPs had better 

colloidal stability and solubility, but 10% w/w and high OxM2 chain length samples still 

had issues due to radical concentration and hydrophobicity. SEC analysis showed 

reduced ņ values, which meant less crosslinking had taken place, but the ņ values 

were still higher than those in the literature for comparable polymers.228 The increased 
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solubility of the cosolvent diblock copolymers allowed for more DLS and TEM 

characterisation. TEM images showed the presence of various sizes of spherical NPs. 

The DLS and TEM characterisation showed large discrepancies, which were due to 

NP aggregation and linkage causing inflated DLS values. For this reason, TEM was 

used in oxidation studies to give clearer indications of morphology and size. As with 

the samples without a cosolvent, only spherical NPs were formed and no other 

morphologies could be obtained, again due to stability and monomer conversion 

issues. 

Oxidation studies were conducted on p(G51-b-Ox20-40) 10-20% w/w 9/1 H2O/MeOH 

NPs using 150 mM hydrogen peroxide at 37 °C for 72 hours with 1H NMR 

spectroscopy and TEM were used to monitor oxidation success. 1H NMR spectra 

showed presence of aromatic signals after 72 hours of exposure to hydrogen peroxide, 

indicating that OxM2 had been successfully oxidised. No order-disorder morphological 

transition was observed in TEM images, potentially indicating that not all the OxM2 

had oxidised or that the NPs were crosslinked. The lack of an oxidation responsive 

behaviour limits the potential use of these NPs for inflammatory disease drug delivery. 

Additionally, because of a lack of an order-disorder morphological transition, no 

uptake/release studies were performed. 

Methods to diagnose the issues surrounding the lack of oxidation triggered 

morphological transition are discussed, but due to the variety of other issues 

highlighted surrounding the polymerisation, such as hydrophobicity, low conversion, 

colloidal stability, the formation of spheres only, and high ņ values, the system is left 

as is and lessons are taken forward to a new system. 
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3.4.1 Future work 

To determine why the p(G51-b-Oxx) diblock copolymer NPs did not undergo an order-

disorder transition, the use of more sophisticated 1H NMR spectroscopy experiments 

would be needed. By using a known concentration internal standard, the concentration 

of aromatic compound liberated could be determined and therefore the amount of 

OxM2 that is oxidised. This would provide information on whether full oxidation of 

OxM2 is achieved, which would indicate either hydrophobic issues of the OxM2 core 

or crosslinking of OxM2 in the polymer chain. However, as a result of time constraints 

and the fact that more optimisations would need to be done to the synthesis of the 

diblock copolymers, it was decided that time would be better spent working on a 

different system, with the learning from the aqueous emulsion system in place. 

The first problem identified in the aqueous emulsion system was OxM2ôs high 

hydrophobicity, which caused issues for conversion and colloidal stability. This 

problem was addressed by the addition of a small amount of cosolvent to help stabilise 

the OxM2 within the polymerisation mixture. The use of a second monomer which is 

water soluble and is miscible with OxM2 might also function as a cosolvent to OxM2, 

assisting with the hydrophobicity issue of OxM2. Therefore, further work should seek 

to use a second monomer and/or a cosolvent to help alleviate the effects of OxM2ôs 

hydrophobicity.  

Attempted synthesis of longer chain lengths of OxM2 showed low conversion, 

instability, and poor solubility, all of which should be alleviated by using shorter chain 

lengths of OxM2. Combining short OxM2 chain lengths with a second, less 

hydrophobic, monomer in a statistical manner could allow for more stable and water 

dispersible NPs with higher conversions. Additionally, using a second, less 
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hydrophobic monomer would reduce the hydrophobicity of the core of the NPs, giving 

greater access to hydrogen peroxide and thereby improving the oxidation response. 

Having OxM2 statistically mixed with another monomer may also help to further reduce 

ņ values of the polymers. The ņ values would be reduced as there would potentially 

be less OxM2 crosslinking due to reduced OxM2 content in the polymer. 

Another problem was that all the diblock copolymers produced by the aqueous 

emulsion system were spheres, and no access to other morphologies was observed. 

Use of a RAFT-mediated PISA dispersion system would increase the chances of 

forming other morphologies, especially if used with another monomer that is known to 

form other morphologies. Having different morphologies may give access to order-

order and order-disorder oxidation responsive behaviour, whilst also providing novel 

drug delivery strategies. 

For future work, switching to a dispersion-based system will potentially allow for higher 

conversions, increased colloidal stability, reduced ņ values, and different 

morphologies. The system would be moved to a dispersion by the inclusion of a 

second core forming monomer and reducing overall OxM2 content in the polymer. 

HPMA should be used, as the poly(glycerol monomethacrylate-block-2-hydroxypropyl 

methacrylate) (p(GMA-b-HPMA)) PISA dispersion system is very well characterised 

and allows for higher order morphologies.110 By combining HMPA and OxM2 as the 

core forming block in a statistical manner there will be several benefits. The first is that 

HMPA should help to solubilise and stabilise the OxM2 in the polymerisation mixture, 

allowing for better controlled polymerisations. Another benefit is that the HPMA will 

reduce the hydrophobicity of the core of the NPs formed, potentially allowing for more 

OxM2 to be oxidised and therefore increasing the chances of achieving a 

morphological transition. Finally, because the GMA-b-HPMA system is already seen 
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to form other morphologies by including small amounts of OxM2, it should allow a 

starting framework to determine a morphology diagram. 
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3.5 Experimental 

3.5.1 Materials 

All materials were used as supplied unless stated otherwise. Chemicals listed in 

chapter 2 that are used here in chapter 3 are the same. Refer to chapter 2 for any 

such chemicals. 

CPDB (97%), D2O, and lithium bromide (99%) were purchased from Sigma Aldrich. 

GMA (99.7%) was kindly donated by GEO Speciality Chemicals. 

3.5.2 Instrumentation 

1H NMR, TEM, and DLS are all conducted in the same manner as described in chapter 

2 unless stated otherwise. 1H NMR for oxidation was conducted in D2O (Sigma 

Aldrich). 

3.5.2.1 DMF SEC 

SEC samples were taken using an Agilent Technologies 1260 Infinity with two PLgel 

mixed-D 5 µM 300×7.5 mm columns. The machine took measurements by using a 

refractive index. The solvent system was DMF with 0.1% w/w lithium bromide which 

was run at 1 ml/min at a temperature of 50 °C. Sample prep was the same solution 

but with 0.1% toluene added to function as the flow rate marker. Conventional 

calibration was completed using a group of narrow poly(MMA) standards (Agilent 

Technologies, MP = 2210000-540 g mol-1). Molecular weights and dispersities were 

calculated using Agilent GPC Windows software. 
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3.5.3 Synthesis of p(GMA51) 

CPDB (1.00 g, 4.52 mmol) and GMA (45.23 g, 282 mmol) were degassed under N2 

for 30 minutes. Ethanol (72 mL) and ACVA (253 mg, 0.90 mmol) were degassed under 

N2 for 30 minutes before being combined with the GMA/CPDB mixture. The 

polymerisation mixture was degassed under N2 for a further 15 minutes, and was then 

placed into an oil bath at 70 °C for 135 minutes. The polymerisation was quenched by 

immersion into liquid nitrogen followed by exposure to air. The polymerisation solution 

was diluted with methanol (150 mL) and then purified by precipitation into a ten-fold 

excess of DCM twice. The resulting solid was dissolved in DI water and freeze dried 

to give p(GMA51) as a red powder. 

3.5.4 Synthesis of p(G51-b-Oxx) 

The following is a standard procedure for the synthesis of p(G51-b-Ox100) 20% w/w in 

DI water, which is representative of how all other p(G51-b-Oxx) samples were made. 

OxM2 (0.2 g, 0.66 mmol), p(GMA51) mCTA (55.5 mg, 6.62 µmol), and VA-044 (0.43 

mg, 1.32 µmol) have DI water (1.02 mL) added to them. The polymerisation solution 

was degassed with nitrogen for 30 minutes and then was mixed thoroughly by use of 

a vortex mixer before being placed into an oil bath at 50 °C for 5 hours with rapid 

stirring. After this time had passed, the polymerisation was quenched by exposure to 

air and monomer conversion could be measured. 

For diblock copolymers made using the cosolvent MeOH the procedure is the same, 

except that instead of adding DI water (1.02 mL) a 9/1 H2O/MeOH w/w mix of MeOH 

(0.12 mL) and DI water (0.92 mL) was added instead. 
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3.5.5 Oxidation of p(GMA51-b-OxM2x) H2O/MeOH samples 

The following is a standard procedure for the oxidation of p(GMA51-b-OxM220) 20% 

w/w in 9/1 H2O/MeOH which is representative of how all other p(GMA51-b-OxM2x) 

cosolvent samples were oxidised. p(GMA51-b-OxM220) 20% w/w in H2O/MEOH was 

diluted to 1% w/w in D2O to a volume of 0.9 mL. Hydrogen peroxide (1.5 M, 0.1 mL, 

stock made in D2O) was added to give a hydrogen peroxide concentration of 150 mM, 

and the solution was placed into an oil bath at 37 °C with stirring for 72 hours. 
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3.6 Appendix 

Appendix 3.1 1H NMR spectrum for mCTA p(G51) prior to purification for monomer 

conversion. 

Appendix 3.2 1H NMR spectrum for mCTA p(G51) purified for DP determination. 
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Appendix 3.3 1H NMR spectrum for p(G51-b-Ox20) for monomer conversion. 

Representative of all block copolymers made in the chapter. 
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4.1 Chapter overview 

In this chapter statistical diblock copolymer NPs of poly[(glycerol 

monomethacrylate)51-block-((hydroxypropyl methacrylate)x-stat-(4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl methacrylate)y)] (p(GMA51-b-(HPMAx-s-

OxM2y)) or p(G51-b-(Hx-s-Oxy))) are synthesised via an aqueous dispersion RAFT-

mediated PISA system. A series of HPMA chain lengths with a fixed amount of OxM2 

are targeted at different concentrations. Using DI water alone for the copolymer 

synthesis yields copolymer spheres and vesicles with high ņ. To find other NP 

morphologies, and to reduce the copolymer ņ, methanol was used in the 

polymerisation mixture to stabilise OxM2. Ultimately the use of methanol allowed for 

the discovery of a pure sphere, worm, and vesicle phase for the copolymer NPs with 

reduced ņ. Oxidation responsiveness of the DI water/methanol copolymer NP 

spheres, worms, and vesicles was assessed with hydrogen peroxide at 37 °C. 1H NMR 

showed the oxidation of OxM2 to MAA in the copolymer NPs was successful, although 

TEM and DLS analysis showed no morphological transition took place. Use of TEA 

post oxidation can be shown to deprotonate the carboxylic acid on the exposed MAA, 

which does cause a morphological transition for worm and vesicle NPs into spheres. 

Further tests are conducted with hydrogen peroxide and sodium hydroxide to 

understand the morphological transition and determine usage as an oxidation 

responsive DDS. 
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4.2 Introduction 

4.2.1 Aqueous dispersion RAFT-mediated PISA 

Aqueous dispersion RAFT-mediated PISA is the process in which a water soluble 

mCTA is chain extended by a water-soluble monomer which, at a critical DP, becomes 

an insoluble polymer driving self-assembly. Unlike aqueous emulsion RAFT-mediated 

PISA, which mostly leads to kinetically trapped spheres, aqueous dispersion RAFT-

mediated PISA can form higher-order morphologies with relative ease.232 Additionally, 

aqueous dispersion is conducted in water and can be done with a high solids content, 

so the system still has industrial potential. There are many examples in the literature 

of aqueous dispersion RAFT-mediated PISA systems being used to form higher-order 

morphologies with core-forming methacrylate monomers, of which the most studied is 

HPMA.209,233ï240 Aqueous dispersion RAFT-mediated PISA of GMA and HPMA has 

seen usage in biomedical applications for cancer targeting and biocompatible 

hydrogels.209,216 

Blanazs et al. found that HPMA could be polymerised with a GMA mCTA, with a chain 

length of 47, to form spheres, worms, branched worms, and vesicles.110 By varying 

the concentration of the polymerisation mixture and the length of the HPMA block a 

morphology diagram was produced which allowed for reliable targeting of specific 

morphologies. Later work on the GMA/HPMA system highlighted the 

thermoresponsive nature of the block copolymers by showing worms that transformed 

into spheres on cooling.209 

HPMAôs ability to be used to form both high order morphologies with GMA in aqueous 

dispersion RAFT-mediated PISA, and its use in biomedical applications, make it an 

ideal monomer to blend with OxM2. Given that statistical polymers have a mix of the 
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properties of the monomers used to make them, a core forming block of OxM2 and 

HPMA should allow for the production of higher-order morphologies by PISA. Another 

benefit of using HPMA is that it has high water solubility and should act as a cosolvent 

for poorly soluble OxM2, thereby stabilising the dispersion. Finally because the GMA 

HPMA system has been so well studied, the effects of adding OxM2 into the 

polymerisation system will be easier to identify.110 

4.2.2 Chapter aims 

This chapter aims to synthesise diblock copolymer NPs by aqueous dispersion RAFT-

mediated PISA for potential use as a DDS for inflammatory diseases. To accomplish 

this aim copolymer NPs will be synthesised using a GMA mCTA and a mixture of 

HPMA and OxM2 monomers as the core forming block, with OxM2 acting as the 

oxidation responsive component. Informed by the work conducted in chapter 3, it is 

hoped that improvements can be made for using OxM2 in aqueous RAFT-mediated 

PISA systems for potential use in inflammatory disease drug delivery. The aimed 

improvements are increased monomer conversion, increased colloidal stability, and 

access to morphologies other than spheres. To gain access to other morphologies, a 

series of copolymers with variable HPMA and constant OxM2 DPs will be synthesised 

at different concentrations. Changing the HPMA but not OxM2 allows the alteration of 

the OxM2 content within the statistical copolymer block. TEM and DLS analysis will be 

used to determine NP morphology and size, allowing for morphology diagrams to be 

plotted. The discovered morphologies of p(G51-b-(Hx-s-Oxy)) statistical diblock 

copolymer NPs will be assessed for oxidation responsiveness with hydrogen peroxide. 

TEM images will be used to determine if oxidation of the NPs causes any 

morphological transition, either order/order or order/disorder. Lastly, any NPs 
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exhibiting an oxidation-triggered morphological transition will be used for further 

testing to determine drug loading and release capabilities. 
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4.3 Results and discussion 

4.3.1 Synthesis of p(G51-b-(Hx-s-Oxy)) in DI water 

To maintain the potential for oxidation responsiveness, OxM2 is used in the aqueous 

dispersion raft-mediated PISA system applied here. The OxM2 was made by the same 

synthetic procedure as outlined in chapter 2. Additionally, the p(GMA51) mCTA used 

in chapter 3 was also used here, which will allow for direct comparison and easier 

implementation of the improvements identified in chapter 3. Looking at the work done 

in chapter 3, small DPs (20-40) of OxM2 formed the most stable copolymer NPs with 

the highest conversion, so in this chapter a starting DP of 20 was used for OxM2 

(Scheme 4.10). Maintaining a constant OxM2 DP whilst changing the DP of HPMA 

allowed for the effects of OxM2 on morphological control and oxidation 

responsiveness to be determined. Changing HPMA but keeping OxM2 constant 

changes the statistical copolymer ratio, so the effects of reduced OxM2 content can 

be seen. Hypothetically, potential effects on morphology of copolymer NPs would be 

seen in low HPMA DPs, because if instability is observed these copolymers have a 

greater % OxM2 content overall. Theoretically, oxidation responsiveness effects would 

be observed in copolymer NPs with higher HPMA content by way of reduced oxidation 

effectiveness or because no morphological transition would be seen, due to reduced 

or shielded OxM2 breakdown. 

Scheme 4.9 The reaction scheme for p(GMA51-b-(HPMAx-s-OxM220)). 
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To start, HPMA DPs were selected based on the morphology diagrams by Blanazs et 

al. for p(GMA47-b-HPMAx) looking specifically to target spheres, worms, and vesicle 

NPs.110 Based on these morphology diagrams, HPMA DPs of 100, 150, and 200 give 

spheres, worms, and vesicles respectively, so by adding 20 units of OxM2 into the mix 

the effects of OxM2 on morphology formation can be determined. A mCTA/INT ratio 

of 5 was used, with the initiator still being VA-044 at 50 °C, and copolymer 

concentrations of 10% w/w and 20% w/w were used (Scheme 4.10). Monomer 

conversion was monitored by 1H NMR spectroscopy and was found to be more than 

95% for all copolymers synthesised (Table 4.16) after 5 hours (appendix 4.1). DLS 

was used to determine the size of the copolymer NPs formed, and showed a steady 

increase with increasing HPMA DP. Additionally the PDI of the NPs was lower than 

0.22 in most cases suggesting the NPs are stable and uniform in size (Table 4.16). 

Table 4.16 NMR monomer conversion and DLS data for the aqueous dispersion of RAFT-mediated p(G51-b-Hx-s-
Ox20) in DI water. 

 a Monomer conversions were determined by 1H NMR spectroscopy by using vinylic 

proton integrals compared to polymer backbone integrals. b Diameter and PDI were 

determined by DLS with an average of 5-6 measurements of 150 seconds at 25 °C. 

The increase in monomer conversion of dispersion-based p(G51-b-Hx-s-Ox20) 

copolymers compared to emulsion-based p(G51-b-Oxx) copolymers shows that using 

Sample Name W/W / % Monomer 

conversion / %a 

Diameter / nmb PDIb 

p(G51-b-H100-s-Ox20) 10 99 36 0.22 

p(G51-b-H150-s-Ox20) 10 99 48 0.15 

p(G51-b-H200-s-Ox20) 10 96 82 0.13 

p(G51-b-H300-s-Ox20) 10 98 135 0.21 

p(G51-b-H100-s-Ox20) 20 100 53 0.13 

p(G51-b-H150-s-Ox20) 20 100 72 0.11 

p(G51-b-H175-s-Ox20) 20 100 76 0.10 

p(G51-b-H200-s-Ox20) 20 100 106 0.09 

p(G51-b-H300-s-Ox20) 20 100 163 0.12 
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a reduced amount of OxM2 with another monomer significantly improved the solubility 

of OxM2 within the polymerisation mix, which allowed for the higher monomer 

conversions and colloidal stable NPs. Further proof of the improved colloidal stability 

can be seen in the DLS graphs, which indicate stable and uniform NPs (Figure 4.61). 

Whilst the 10% w/w copolymers do have lower monomer conversions than the 20% 

w/w copolymers, the difference is not as large as that for the p(G51-b-Oxx) emulsion 

copolymers. Another difference between the 10% w/w and 20% w/w p(G51-b-Hx-s-

Ox20) copolymer NPs is the NP size by DLS. All the 20% w/w copolymer NPs have 

larger DLS diameters than the corresponding 10% w/w copolymer NPs. The size 

difference is presumably due to the concentration of the polymerisations, and because 

the 20% w/w solution will have more collisions of copolymer forming larger NPs than 

the 10% w/w solution. The size of the copolymer NPs increases with increasing HPMA 

DP, which is to be expected since the core of the NPs will be larger (Figure 4.61). The 

DLS size of p(G51-b-H(150-300)-s-Ox20) (48-163 nm) copolymers compared with the size 

of the p(GMA47-b-HPMA160) block copolymer vesicles of ~200 nm taken from the 

literature suggests that vesicles may not have formed.110 

SEC analysis of the copolymers reveals that the polymerisation has a significant 

amount of branching, evidenced by the high ņ values (Table 4.17). Although the ņ 

values are mostly lower than the ņ values from the emulsion polymerisations in 

chapter 3, they are still higher than what would typically be expected from a well-

Figure 4.61 DLS graphs for 1) p(G51-b-Hx-s-Ox20) 10% w/w and 2) p(G51-b-Hx-s-Ox20) 20% w/w copolymers in DI 
water. 
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controlled dispersion polymerisation. Looking at the SEC data from Blanazs et al., 

block copolymers of GMA and HPMA typically have ņ values of <1.2.110 Work 

conducted by Huang et al on OxM2 in PISA showed high ņ values for the copolymers 

containing blocks of OxM2 (DP 100, 200, 400 is 1.40, 1.61, and 3.30 respectively), 

meaning that the high ņ values here are most likely due to the OxM2.35 Although the 

OxM2 DP remains constant across all copolymers, higher ņ values are seen for higher 

DP HPMA copolymers (Table 4.17). The higher ņ values for copolymers with high 

HPMA DPs suggest OxM2 has a greater effect on the control of the polymerisation 

when there is less mCTA, and that high HPMA content does not stabilise OxM2 as 

effectively as was initially thought. 

Table 4.17 SEC data for of p(G51-b-Hx-s-Ox20) for 10/20% w/w copolymers. 

Sample Name w/w / % Mn
a / gmol-1 Mw

a / gmol-1 ņa / Mw/Mn 

p(G51-b-H100-s-Ox20) 10 39000 51700 1.33 

p(G51-b-H150-s-Ox20) 10 48500 72600 1.50 

p(G51-b-H200-s-Ox20) 10 61400 102900 1.68 

p(G51-b-H300-s-Ox20) 10 94500 207100 2.19 

p(G51-b-H100-s-Ox20) 20 40900 55900 1.37 

p(G51-b-H150-s-Ox20) 20 50700 77800 1.54 

p(G51-b-H175-s-Ox20) 20 49700 91200 1.83 

p(G51-b-H200-s-Ox20) 20 68100 120100 1.76 

p(G51-b-H300-s-Ox20) 20 100300 250500 2.50 
a Mn, Mw, and ņ were determined by SEC using DMF eluent containing 0.1% w/w 

lithium bromide. 

The ņ, Mn, and Mw values do show an increase of molecular weight with increasing 

HPMA DP, which further shows that the polymerisation has reached high conversion 

in all cases (Table 4.17 and Figure 4.62). When looking at the broadness of the SEC 

traces it is seen that copolymers of p(G51-b-H300-s-Ox20) 10%/20% w/w both contain 

substantial amounts of high molecular weight polymer, as seen by the slope of the 

peak towards higher logM (Figure 4.62). The high molecular weight polymer could be 

formed from crosslinking by OxM2 due to a lack of stability from reduced GMA mCTA 
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in the copolymers or combination termination. Another reason could be that HPMA 

contains a dimethacrylate impurity that could increase the chances of branching at 

higher DPs. 

A further point to note from the SEC traces of Mn, and Mw values is how relatively 

similar they are for both 10% and 20% w/w copolymer concentrations (Table 4.17 and 

Figure 4.62). The SEC values for 20% w/w copolymers are slightly higher than those 

for 10% w/w copolymers, but the similarity suggests that the copolymers are 

polymerising in the same way regardless of the concentration. The formation of similar 

copolymers for both 10% and 20% w/w concentrations means that the difference in 

morphology between the concentrations for p(G51-b-H300-s-Ox20) (spheres/vesicles) 

must be due to the concentration of the polymerisation, and not the copolymer itself. 

This observation aligns with work conducted by Blanazs et al. in which p(GMA78-b-

HPMA350) block copolymers made at 10% and 25% w/w showed similar SEC results 

but formed spheres and vesicles respectively.110,241 

TEM image analysis of the 10% w/w p(G51-b-H(100-300)-s-Ox20) copolymer NPs showed 

that only NP spheres were formed, even with the highest HPMA DPs (200-300) which 

would otherwise normally form vesicles without the inclusion of OxM2 (Figure 4.63(1-

4)).110,229 The formation of spheres shows that the included OxM2 kinetically traps the 

copolymers, which suggests that OxM2 has inhibited the fusion of NP spheres to form 

Figure 4.62 Molecular weight distributions for 1) p(G51-b-Hx-s-Ox20) 10% w/w and 2) p(G51-b-Hx-s-Ox20) 20% w/w 
copolymers in DI water. 
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higher order morphologies and that the GMA provides enough stabilisation to keep the 

NPs spherical.241 Other potential reasons could be that the inclusion of OxM2 has 

altered the packing parameter, causing only spherical NPs to form, or that OxM2 has 

crosslinked, meaning the core forming chains are unable to move to form other 

morphologies. 

TEM images taken for the 20% w/w p(G51-b-H(100-300)-s-Ox20) copolymer NPs indicate 

the presence of spheres at a HPMA DP of 100 and 150 (Figure 4.63 (5/6)). For HPMA 

DP 200 the TEM image shows a mixture of spheres and vesicles, with a HPMA DP of 

300 being required to access a pure vesicle phase (Figure 4.63 (7/8)). It is important 

to note that no worms are seen; this should fall between the HPMA DPs of 150-200 

for this system, but the TEM images of 20% w/w p(G51-b-H175-s-Ox20) show a pure 

sphere NP phase. The reason for the absence of the worm phase could be that the 

HPMA DP range required to get them is so narrow that it is easily missed. Alternatively, 

a worm phase might not be present for the system, which seems to be the case given 

20% w/w p(G51-b-H200-s-Ox20) is a mix of spheres and vesicles. Finding vesicles, if not 

worms, shows that the system has the capability to form higher order morphologies 

other than spheres, so an order-order oxidation responsive transition may be possible. 

Figure 4.63 TEM images of p(G51-b-Hx-s-Ox20). 1-4) 10% w/w and 5-8) 20% w/w. 1/5) x=100, 2/6) x=150, 3/7) 
x=200, and 4/8) x=300. Images stained with uranyl formate 0.1% w/w. 
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In summary, p(G51-b-H100-300-s-Ox20) 10%/20% w/w copolymers have been 

synthesised and show high monomer conversions (Table 4.16). The copolymers form 

stable and uniform NPs, but all are spheres bar p(G51-b-H300-s-Ox20) which forms 

vesicles (Figure 4.61 and Figure 4.63). SEC analysis indicates branching resulting in 

high ņ values for all the copolymers, which could stem from OxM2 crosslinking, OxM2 

instability in the polymerisation, or combination termination (Table 4.17). Given the 

positives of high monomer conversion, stable and uniform NPs, and the potential to 

access higher order morphologies, the system has potential to be useful for oxidation 

responsive drug delivery, although some issues need to be improved first. Copolymers 

with high ņ values could hinder the replicability of NP formation, so to reduce the ņ 

values of the copolymers methanol will be used as it was in Chapter 3. The methanol 

should act as a cosolvent to help stabilise the OxM2 within the polymerisation and 

improve the blocking efficiency of the copolymers, thereby reducing ņ values and 

improving potential replicability. A futher benefit of adding methanol is that it will 

plasticise the HPMA in the core forming block, allowing for more movement, and will 

potentially allow for easier access to higher order morphologies.110 

4.3.2 Synthesis of p(G51-b-(Hx-s-Oxy)) in 9/1 DI water/methanol 

To maintain comparisons with chapter 3 and to avoid disrupting NP formation, 10% 

methanol was added to the polymerisation mixture to act as a cosolvent for OxM2. 

Figure 4.64 TEM image of p(G51-b-H175-s-Ox20) 20% w/w stained with uranyl formate 
0.1% w/w. 
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The added methanol should have a minimal effect on the GMA mCTA since p(GMA) 

is soluble in methanol, although methanol will influence the HPMA as mentioned 

above. All other parameters were kept the same for the copolymer polymerisations, 

including using a OxM2 DP of 20. 

To start polymerisation kinetics were conducted to determine whether HPMA and 

OxM2 were reacting statistically or not. 1H NMR spectroscopy was used to determine 

the overall conversion of the HPMA and OxM2 monomers in a p(G51-b-H300-s-Ox20) 

20% w/w 9/1 H2O/MeOH formulation which showed 98% conversion after 4 hours 

(Figure 4.65). Looking at the plot a long induction period of ~60 minutes is seen, which 

could be due to impurities in the mCTA or the VA-044 initiator. Between 60-120 

minutes the polymerisation rate increases, with a further increase between 120-240 

minutes due to the formation of NPs, which has also been seen in other PISA 

formulations (Figure 4.65).229,236,242 

Figure 4.65 A plot showing the monomer conversion and Ln([M0]/[M]) of the p(G51-b-H300-s-Ox20) 20% w/w 9/1 
H2O/MeOH copolymer as determined by 1H NMR spectroscopy. 
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Using the same 1H NMR spectra of p(G51-b-H300-s-Ox20) 20% w/w 9/1 H2O/MeOH, the 

conversion of the individual monomers can be calculated by integrating the monomer 

vinylic protons separately. HPMAôs vinylic proton falls at 6.17 ppm and OxM2ôs vinylic 

proton comes at 6.13 ppm, with their relative conversions seen in Figure 4.66. Looking 

at the monomer conversions of OxM2 and HPMA it can be seen they are remarkably 

similar and that observations made are typical of kinetics for other statistical 

polymers.106,167 Comparing the individual monomer conversion with the combined 

monomer conversion, shows a similar pattern to the rate of conversion, meaning that 

the monomers are reacting well and statistically. All future copolymers made by the 

method outlined here will have a reaction time of 4 h. with all other conditions the 

same. 

As before with the p(G51-b-Hx-s-Ox20) copolymers made with methanol 100, 150, 200 

and other DPs of HPMA will be targeted to find spheres, vesicles, and worms. 1H NMR 

spectroscopy was used to determine final monomer conversion of the copolymers, 

and this was found to be more than 95% in all cases, meaning methanol had no effect 

on the conversion (Table 4.18).  

Figure 4.66 Polymerisation kinetics of individual monomers for the polymerisation of p(G51-b-H300-s-Ox20) 20% 
w/w 9/1 H2O/MeOH copolymer as determined by 1H NMR spectroscopy. 
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The p(G51-b-Hx-s-Ox20) 10% w/w 9/1 H2O/MeOH copolymers all showed increasing 

size with increasing HPMA DP by DLS and have low polydispersities, suggesting 

stable and uniform NPs were formed (Table 4.18). When comparing the p(G51-b-Hx-s-

Ox20) 10% w/w 9/1 H2O/MeOH copolymers with the same copolymers made in just DI 

water, it was observed that the HPMA DP 200 and 300 NPs had a smaller diameter 

when methanol was included in the polymerisation. Potential reasons for the size 

decrease could be that the methanol increases core chain mobility allowing for better 

packed NPs, or that the methanol has reduced the effects of OxM2 had on the 

polymerisation. The DLS data for the p(G51-b-Hx-s-Ox20) 10% w/w 9/1 H2O/MeOH 

copolymers is consistent with all the copolymers being kinetically trapped as spheres 

with no higher order morphologies formed. 

Table 4.18 NMR monomer conversion and DLS data for the aqueous dispersion of RAFT-mediated p(G51-b-Hx-s-
Ox20) in 9/1 H2O/MeOH. 

a Monomer conversions were determined by 1H NMR spectroscopy using vinylic proton 

integrals compared with polymer backbone integrals. b Diameter and PDI were 

determined by DLS with an average of 5-6 measurements of 150 seconds at 25 °C. 

Sample Name W/W / % Monomer 

conversion / %a 

Diameter / nmb PDIb 

p(G51-b-H100-s-Ox20) 10 99 37 0.10 

p(G51-b-H150-s-Ox20) 10 100 46 0.05 

p(G51-b-H200-s-Ox20) 10 97 55 0.06 

p(G51-b-H300-s-Ox20) 10 100 81 0.22 

p(G51-b-H100-s-Ox20) 20 100 42 0.10 

p(G51-b-H150-s-Ox20) 20 100 50 0.08 

p(G51-b-H175-s-Ox20) 20 100 81 0.10 

p(G51-b-H188-s-Ox20) 20 99 189 0.30 

p(G51-b-H200-s-Ox20) 20 100 120 0.11 

p(G51-b-H250-s-Ox20) 20 100 204 0.28 

p(G51-b-H300-s-Ox20) 20 100 174 0.22 
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The DLS results for p(G51-b-Hx-s-Ox20) 20% w/w 9/1 H2O/MeOH copolymers show 

size variation with increasing HPMA DPs, especially for HPMA DPs of 175, 188, and 

200 for which the diameter of the NPs increases from 89 nm to 189 nm then falls to 

120 nm, indicating the formation of a higher order morphology (Figure 4.67). Higher 

polydispersities for the copolymer NPs are seen at higher HPMA DPs, suggesting non-

uniform NPs for these copolymer samples. NPs of ~200 nm by DLS are observed for 

p(G51-b-H(250/300)-s-Ox20) 20% w/w 9/1 H2O/MeOH copolymers, suggesting vesicles 

have been formed. 

SEC analysis of the p(G51-b-Hx-s-Ox20) 10%/20% w/w 9/1 H2O/MeOH copolymers 

showed a decrease in ņ for all samples when compared with copolymer samples 

made without methanol, indicating that the methanol in the polymerisation mixture has 

helped to stabilise the OxM2 monomer and improve the blocking efficiency of the 

copolymers (Table 4.19). There is still an increase of ņ values with increasing HPMA 

DP, suggesting that the branching is occurring because the dimethacrylate impurity 

from HPMA is having a greater impact. 

Table 4.19 SEC data for of p(G51-b-Hx-s-Ox20) 9/1 H2O/MeOH copolymers. 

Sample Name w/w / % Mn
a / gmol-1 Mw

a / gmol-1 ņa / Mw/ Mn 

p(G51-b-H100-s-Ox20) 10 35000 43200 1.23 

p(G51-b-H150-s-Ox20) 10 44000 55800 1.27 

p(G51-b-H200-s-Ox20) 10 56600 76500 1.35 

p(G51-b-H300-s-Ox20) 10 99900 177000 1.77 

p(G51-b-H100-s-Ox20) 20 47700 58000 1.22 

Figure 4.67 DLS graphs for 1) p(G51-b-Hx-s-Ox20) 10% w/w and 2) p(G51-b-Hx-s-Ox20) 20% w/w copolymers in 9/1 
H2O/MeOH. 
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p(G51-b-H150-s-Ox20) 20 69000 94000 1.36 

p(G51-b-H175-s-Ox20) 20 46700 70300 1.50 

p(G51-b-H188-s-Ox20) 20 64500 97500 1.51 

p(G51-b-H200-s-Ox20) 20 49900 76400 1.53 

p(G51-b-H250-s-Ox20) 20 82700 146200 1.77 

p(G51-b-H300-s-Ox20) 20 100400 204000 2.03 
a Mn, Mw, and ņ were determined by SEC using DMF eluent containing 0.1% w/w 

lithium bromide. 

The Mn and Mw values for the p(G51-b-Hx-s-Ox20) 10%/20% w/w 9/1 H2O/MeOH 

copolymers increase with increasing DPs, further aligning with the high monomer 

conversion observed by 1H NMR spectroscopy (Table 4.19). Additionally, whilst the 

Mn values for the p(G51-b-Hx-s-Ox20) 10% w/w 9/1 H2O/MeOH copolymers are not 

identical to the copolymers made without methanol, they are similar, suggesting that 

methanol has not influenced the copolymer growth except for reducing ņ. For p(G51-

b-Hx-s-Ox20) 20% w/w 9/1 H2O/MeOH copolymers there is a difference between Mn 

values of copolymers made without methanol, which could be due to the formation of 

other morphologies. Differences between Mn and Mw values between the 10% w/w 

and 20% w/w 9/1 H2O/MeOH copolymers can also be observed, meaning that any 

differences between morphologies formed can no longer just be attributed to the 

concentration of the polymerisation mix but also to the copolymers themselves. 

The SEC traces still show high molecular weight shoulders, especially in copolymer 

samples with HPMA DPs above 200 and particularly for the 20% w/w 9/1 H2O/MeOH 

copolymers (Figure 4.68). The high molecular weight species could come from 

combination termination or OxM2 crosslinking, both of which are more prevalent at 

20% w/w due to the higher concentration making collisions more likely. Whilst 

methanol has managed to reduce ņ values for the p(G51-b-Hx-s-Ox20) copolymers 

compared to those made without methanol, the high ņ values may still cause issues 

with reproducibility of copolymers with HPMA DPs above 200. 
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TEM images taken of the p(G51-b-H(100-300)-s-Ox20) 10% w/w 9/1 H2O/MeOH 

copolymer NPs show that again only spheres have formed, meaning the copolymers 

are still kinetically trapped and unable to form higher order morphologies. In the 

morphology diagram (Figure 4.69) TEM images of p(G51-b-H(100-200)) 10% w/w 9/1 

H2O/MeOH copolymer NPs are shown to indicate that the methanol has no effect on 

the ability of HPMA to form NPs, which means that lack of vesicle and worm formation 

is solely due to OxM2. TEM images agree with DLS, showing increasing NP size with 

increasing HPMA DP for the p(G51-b-H(100-300)-s-Ox20) 10% w/w 9/1 H2O/MeOH 

copolymer NPs, which is to be expected given the increased size of the core forming 

block of the copolymers. Ultimately it seems that when synthesising p(G51-b-H(100-300)-

s-Ox20), low polymerisation concentrations are not able to form higher order 

morphologies. 

Figure 4.69 SEC traces for 1) p(G51-b-Hx-s-Ox20) 10% w/w and 2) p(G51-b-Hx-s-Ox20) 20% w/w copolymers in 9/1 
H2O/MeOH. 

Figure 4.68 A morphology diagram for p(G51-b-H(100-300)-s-Ox20) and p(G51-b-Hx) 10% w/w 9/1 H2O/MeOH 
copolymer NPs with TEM images stained with uranyl formate 0.1% w/w. 
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TEM images taken for p(G51-b-H(100-300)-s-Ox20) 20% w/w 9/1 H2O/MeOH copolymer 

NPs show that spheres, worms, and vesicles have formed, and all exist as pure 

phases (Figure 4.70). Initially p(G51-b-H(100-150)-s-Ox20) 20% w/w 9/1 H2O/MeOH 

copolymers are seen to be spheres, which follows what is seen for p(G51-b-H(100-150)-

s-Ox20) 20% w/w copolymers made without methanol. The TEM image for p(G51-b-

H(175/200)-s-Ox20) 20% w/w 9/1 H2O/MeOH copolymer samples both show mixed 

phases of spheres/worms, and worms/vesicles have formed (Figure 4.70). By aiming 

for a HPMA DP between 175 and 200, a pure worm phase was found for the p(G51-b-

H188-s-Ox20) 20% w/w 9/1 H2O/MeOH copolymer sample. TEM images confirmed pure 

vesicles for p(G51-b-H(250/300)-s-Ox20) 20% w/w 9/1 H2O/MeOH copolymer samples. 

The DLS data and TEM images agree with these observations, as the DLS diameters 

start off at <~50 nm indicating spheres, then increase to ~80 nm which is the mixture 

of spheres and shorter worms (Table 4.18). The DLS diameter value for p(G51-b-H188-

s-Ox20) 20% w/w 9/1 H2O/MeOH copolymer sample jumping to 181 nm can now be 

explained by the formation of worms, and then the diameter drop to 120 nm at HPMA 

DP 200 can be attributed to the formation of small worms and vesicles. Final HPMA 

DPs 250 and 300 diameter values being ~200 nm make sense in view of the vesicles 

seen in TEM. 
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The morphology diagram also shows TEM images for p(G51-b-H(100-200)) 20% w/w 9/1 

H2O/MeOH copolymer NPs which demonstrate that the same morphologies are 

formed for the copolymers regardless of methanol inclusion (Figure 4.70). The 

comparison of the morphological phase boundaries with the 20% w/w 9/1 H2O/MeOH 

copolymer NPs shows that the copolymers with OxM2 included require higher HPMA 

DPs to reach the higher order morphologies, suggesting that OxM2 reduces the 

packing parameter. Another difference between p(G51-b-H188-s-Ox20) 20% w/w 9/1 

H2O/MeOH copolymer worms and the p(G51-b-Hx) worm phase is that for the latter the 

worm phase is normally broken down into short worms and branched worms, whereas 

the OxM2 copolymer worm phase is just a phase of  very narrow branched worms, 

surrounded by mixed phases. A potential reason for this could be due that OxM2 

causes reduced packing parameters initially at low HPMA DPs, but as the HPMA DPs 

increase the OxM2 has less of an effect, so the packing parameter rises more quickly, 

effectively skipping the short worms. 

Figure 4.70 A morphology diagram for p(G51-b-H(100-300)-s-Ox20) and p(G51-b-Hx) 20% w/w 9/1 H2O/MeOH 
copolymer NPs with TEM images stained with uranyl formate 0.1% w/w. 
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Overall p(G51-b-H(100-300)-s-Ox20) 10%/20% w/w 9/1 H2O/MeOH copolymer NPs have 

been formed with good monomer conversion and reduced ņ values compared to the 

copolymers made without methanol. The ņ values are still higher than a typical 

controlled dispersion PISA, but since the addition of more methanol could affect NP 

formation, at present the system will be left as is. The quantity of methanol has been 

shown to have no detrimental effects on the polymerisation in terms of conversion or 

copolymer formation. Additionally, NMR spectroscopy kinetics show that the 

HPMA/OxM2 block reacts at the same rate, which is assumed to mean it is reacting 

statistically. For p(G51-b-H(100-300)-s-Ox20) 20% w/w 9/1 H2O/MeOH copolymers 

spheres, worms, and vesicles have been found, which could find potential usage in 

inflammatory diseases as an oxidation responsive DDS. To test if the p(G51-b-H(100-

300)-s-Ox20) 20% w/w 9/1 H2O/MeOH copolymer NPs would be suitable for use in 

inflammatory diseases the copolymers will be exposed to hydrogen peroxide to 

determine whether the OxM2 is oxidised and to monitor for any order-order or order-

disorder transitions of the copolymer NPs. 

4.3.3 Oxidation of p(G51-b-(H100/188/250-s-Ox20)) NPs 

Oxidation of the p(G51-b-H(x)-s-Ox20) 20% w/w 9/1 H2O/MeOH copolymer NPs was 

conducted with 150 mM hydrogen peroxide at 37 °C for 72 hours. It should be noted 

that 150 mM hydrogen peroxide is a concentration of ROS that would never be 

experienced in the body under normal circumstances, but it is used here to give OxM2 

the best possible chance to oxidise, with the potential to reduce to a lower 

concentration upon success. The temperature of 37 °C was used since it matches the 

temperature of the human body where the copolymer NPs would be used. All oxidation 

experiments were conducted in D2O so that 1H NMR spectroscopy could be used to 

monitor the reaction for production of aromatic groups. The aromatic groups were 
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liberated from the copolymer NP core upon successful OxM2 oxidation and were then 

visible by 1H NMR spectroscopy due to their increased mobility. The p(G51-b-

H(100/188/250)-s-Ox20) 20% w/w 9/1 H2O/MeOH copolymers were used in the oxidation 

experiments since these samples represent spheres, worms, and vesicles 

respectively. Additionally, these copolymer samples all contain the highest relative 

amount of OxM2 compared to HPMA for the specific morphologies, meaning that 

OxM2 oxidation should have best possible chance of influencing the packing 

parameter, thereby initiating a morphological transition. DLS and TEM images were 

used to determine morphological changes to the NPs. 

Comparing the 1H NMR spectra at 6-8 ppm of the p(G51-b-H(100/188/250)-s-Ox20) 20% 

w/w 9/1 H2O/MeOH copolymers before and after oxidation, OxM2 oxidation had taken 

place. The oxidation of OxM2 was confirmed in all three copolymer samples because 

of the observed aromatic signals at 6.82 ppm and 7.20 ppm in the t=72 hour 150 mM 

hydrogen peroxide 1H NMR spectra (Figure 4.71). No OxM2 breakdown is observed 

for copolymer samples at 37 °C without hydrogen peroxide, indicating the temperature 

alone does not cause breakdown. There is also another much broader peak between 

10.5-11.5 ppm that is observed only in the post oxidation 1H NMR spectra of the 

copolymer NPs (Figure 4.71). The broad peak could be indicating a carboxylic acid 

group, which would make sense since OxM2 oxidation produces MAA. However, the 

hydrogen of the carboxylic acid should exchange with the deuterium in the D2O making 

the peak invisible. It is possible that the copolymer NPs have not disassembled or 

undergone a morphological transition, meaning the carboxylic acid group of MAA will 

still be in the hydrophobic core and therefore has not undergone the deuterium 

exchange. If the carboxylic acid of MAA is still in the core of the copolymer NPs then 

it might not be visible by 1H NMR spectroscopy anyway, unless the MAA has moved 
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more towards the NP surface. For the time being the broad peak at 10.5-11.5 ppm in 

the post oxidation 1H NMR spectra will be assumed to be a carboxylic acid of MAA 

and to act as further evidence of successful OxM2 oxidation (Figure 4.71). 

DLS analysis of the same copolymer NP samples showed that no size change of the 

NPs had taken place for any of the samples over the 72 hours, with or without oxidation 

(Figure 4.72). The DLS results indicate that even though oxidation had been confirmed 

by 1H NMR spectroscopy when the p(G51-b-H(100/188/250)-s-Ox20) 20% w/w 9/1 

H2O/MeOH copolymers were exposed to hydrogen peroxide, it had seemingly no 

effect on the size of the NPs. It is possible that the oxidisation of only 20 units of OxM2 

to MAA was not enough to cause a change in the packing parameter which is sufficient 

to cause a morphological transition, or that MAA is not sufficiently hydrophilic. Equally, 

Figure 4.71 Expanded 1H NMR spectra of 1) p(G51-b-H100-s-Ox20), 2) p(G51-b-H188-s-Ox20), and 3) p(G51-b-H250-s-
Ox20) 20% 9/1 H2O/MeOH copolymers showing the t=0 control, t=72 hours at 37°C, and t=72 hours at 37°C with 
150 mM of hydrogen peroxide. 










































































