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Abstract 

 

The excellent mechanical and chemical resistance of many polymers leads to 

their persistence in the environment, and as such biodegradable alternatives are 

urgently sought. Additionally, many commodity polymers are coloured to add 

value, but common polyesters lack suitable chemical functionality to enable 

efficient dyeing resulting in coloured wastewater, leading to aesthetic, ecological 

and environmental issues. This Thesis aims to address these issues by 

covalently dyeing polyesters and by developing the synthesis and applications of 

biodegradable polymers. 

 

Firstly, amphiphilic polysarcosine (PSar)-based polymers were synthesised 

presenting a terminal phosphonate functional group. The biodegradable and 

biocompatible amphiphilic polymers formed nanoparticles capable of 

encapsulating the chemotherapeutic doxorubicin and releasing the drug in acidic 

solutions. Fluorescent and phosphorescent calcium carbonate nanoparticles 

were functionalised with the PSar-based polymers via a phosphonate-oxygen-

metal (P-O-M) bond. The resulting nanocomposites displayed pH-

responsiveness, releasing doxorubicin in an acidic environment whilst 

simultaneously losing afterglow, showing promise as early-stage candidates as 

theranostic devices. Secondly, for the first time, stannous octoate-catalysed ring 

opening polymerisation of alanine anhydride was reported, initiated from 

poly(ethylene glycol) (PEG) methyl ether. The resulting PEG-block-polyalanine 

amphiphilic copolymers possessed high equivalence of polyalanine, and formed 

nanoparticles which displayed stimuli-responsiveness with respect to pH for 

doxorubicin release. Thirdly, the covalent grafting of thiol-modified dyes to 

polyglobalide, an aliphatic polyester presenting a C=C double bond within the 

polymer chain, is reported. The efficiently dyed polymer could also be cross-

linked and swollen in organic solvents and oils. When swollen in the antimicrobial 

2-phenylethanol, organogels formed which demonstrated significant 

antimicrobial activity. Finally, PEG-block-poly(ethylene terephthalate) was 

modified to contain an aromatic amine which could undergo in situ colouration, 

creating no coloured wastewater. The resulting coloured polyester has 
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application in advanced laundry formulations as optical brighteners and soil 

release polymers. 
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Chapter 1  

Introduction 

 

This Thesis describes the synthesis of polymers via step-growth and ring-opening 

polymerisations. Metal-catalysed and enzyme-catalysed ring-opening 

polymerisations (ROPs) are utilised, as well as ROP of cyclic amino acids, N-

carboxyanhydrides (NCAs). The efficient colouration of some of the polymers is 

discussed to add-value, reduce environmental impact, and demonstrate 

functionality of the polymer. Also, the use of some of the materials as 

antimicrobial gels or drug delivery vehicles is demonstrated. The following 

introduction is a review of the literature surrounding these topics as a grounding 

for the Chapters which follow. 

 

Polymers are molecules of relatively high molecular mass made up of repeat units 

(monomers) either covalently bonded together or held together by hydrogen 

bonds, van der Waals forces, etc. Polymers can have different properties 

depending on many variables such as the monomer(s) used to create the 

polymer, chain end groups, protecting groups, chain length and degree of cross-

linking.1 The monomer can be the same molecule repeating to create a 

homopolymer or the monomer units can be different to yield a heteropolymer 

(copolymer). These properties allow polymers to have applications in packaging, 

paints and coatings, building and construction, electronics, automotive 

components, medicine, adhesives, and energy production amongst other 

applications.2 

 

Naturally occurring polymers exist, such as cellulose and natural rubber, as well 

as synthetic polymers. Naturally occurring polymers can also be synthetically 

altered to increase their applications; for example cellulose, which consists of a 

linear chain of D-glucose units, can have a synthetic polymer, poly(butyl acrylate), 

grafted from the reactive hydroxyl group on D-glucose to yield a fire-retardant 

biomaterial.3 
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Synthetic polymers are synthesised by two main reaction mechanisms: step-

growth or chain-growth polymerisations.4 Chain-growth polymerisation reactions 

most frequently require a reactive functional group (such as ethylene) on the 

monomer which transfers its reactive character to a propagating species, forming 

a high molecular weight (Mw) polymer early in the process and the yield gradually 

increasing with monomer conversion (Scheme 1.1a).5 Step-growth 

polymerisation reactions, however, require monomers with at least two reactive 

functional groups to react together firstly forming a dimer, then tetramer, etc., with 

the Mw rising steadily with monomer conversion (Scheme 1.1b).6 Classification of 

the polymers produced may be by their response to thermal treatment, where 

thermoplastics melt when heated, and solidify when cooled, whilst thermoset 

polymers do not melt but irreversibly decompose at high temperatures. In terms 

of the thermal classification of polymers, step-growth reactions may give either 

thermosets or thermoplastics whilst chain-growth reactions only give 

thermoplastics.4 

 

 

Scheme 1.1 Example of a chain-growth (a) and step-growth (b) polymerisation 
reaction. 

 

Most polymers synthesised globally are commodity polymers used in everyday 

life, such as polyethylene, and are synthesised industrially by chain-growth or 

step-growth polymerisation reactions.2,5,7 Controlling chain-growth 

polymerisation reactions allows complex macromolecular structures to be 

synthesised, such as block copolymers, graft copolymers, star (co)polymers and 

many more (Scheme 1.2).1 Chain-growth polymers may also feature branching 
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and cross-linking, whilst branching may be conducted in step-growth 

polymerisation reactions in situ by including a monomer of more than two reactive 

functional groups.5 

 

 

Scheme 1.2. An example of a (a) homopolymer, (b) heteropolymer (copolymer), 
(c) block copolymer, (d) graft copolymer and (e) star (co)polymer. A and B 
represent repeat units. 

 

Conventional step-growth polymerisation reactions, discussed in more detail in 

Section 1.1, provide little control over Mw or architecture.8 Such control over Mw 

and architecture is termed ‘living’ or controlled polymerisation reactions and are 

discussed in more detail in Sections 1.2 and 1.3. Examples of polymers 

synthesised via step-growth polymerisations or controlled polymerisation 

reactions as biomaterials are described in Section 1.4. 

 

1.1 Step-Growth Polymerisation Reactions 

 

The first example of a polymer synthesised via step-growth polymerisation was 

Bakelite, formed by the condensation of phenyl and formaldehyde in 1909.9 It 

wasn’t until the 1930s, however, that Carothers and Flory elucidated the 

principles of step-growth polymerisation reactions.10 Since then, step-growth 

polymerisation reactions have been a major industrial interest, producing 

commodity polymers such as polyesters and polyamides.11 Polyesters are 

typically synthesised by reaction of dibasic acids and diols whilst polyamides are 

synthesised by the reaction of dibasic acids and diamines. 
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1.1.1 Poly(ethylene terephthalate) (PET) 

 

Poly(ethylene terephthalate) (PET) is an aliphatic-aromatic, semicrystalline, 

thermoplastic polyester widely used in packaging food and beverages, moulding 

components, fibres, films and textiles.12 PET is widely used because of its 

excellent properties, such as high thermal stability, good barrier properties, 

excellent transparency, high tensile strength and easy processability.13 In 2018, 

the demand for PET in Europe was approximately four million tonnes, equal to 

7.7% of all polymers.14 

 

1.1.1.1  Industrial synthesis of PET 

 

The original industrial synthesis of PET involved a two-step reaction in the melt 

between dimethyl terephthalate (DMT) and ethylene glycol (EG).15-17 Firstly, a 

transesterification reaction converts the methyl ester groups of DMT into bis(2-

hydroxyethyl)terephthalate (bis-HET) or oligomers (Scheme 1.3a). This step is 

catalysed with a metal (Mn, Zn, Ca or Mg) acetate, and conducted in an inert 

atmosphere at temperatures between 150 and 210 °C. Once all the methanol is 

distilled off, the temperature is then increased to between 270 and 280 °C and a 

high vacuum applied. These conditions, with antimony trioxide catalyst, 

synthesise PET by polycondensation (Scheme 1.3b).18 

 

Alternatively, terephthalic acid and EG may polymerise in a direct esterification 

of terephthalic acid and EG, followed by polycondensation (Scheme 1.3c).19 

Terephthalic acid here self-catalyses the esterification, releasing water, but 

terephthalic acid does not easily dissolve in EG.20 To overcome the solubility 

issue, a monomer feed is required. Both methods are still used in industry today, 

although direct esterification is more frequently conducted due to the rapid 

esterification of the pre-polymer and not needing to recycle methanol.21 If a very 

high Mw (i.e. >100,000 Da) is required for more rugged applications, such as 

automotive components, the polymer is subjected to a third, solid-state 

polymerisation at a high temperature (200-240 °C) for 10-30 h.22 This third step 
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is to reactivate the catalyst trapped in the polymer to react new and unreacted 

monomer with the polymer chain ends, which are still available for propagation.18 

 

 

Scheme 1.3 Two-step synthesis of PET from DMT, whereby the first step is 
transesterification (a) and the second a polycondensation (b). The direct 
esterification of terephthalic acid with EG to synthesise PET (c). Cat. 1 = Mn, Zn, 
Ca or Mg acetate; Cat. 2 = antimony trioxide.18 

 

1.1.1.2 Advanced uses of PET 

 

Contamination and infection from microorganisms is a big concern in areas such 

as healthcare, water purification systems, medical devices, hospitals, dental 

equipment, food storage, packaging and household sanitation.23-25 Conferring 

antimicrobial activity on a materials surface helps in the battle against microbial 

contamination and infection.26 PET is relatively cheap, moderately biocompatible 

and has excellent mechanical properties so is used in heart valves, catheters, 

implants and sutures.27 Thus, PET is an attractive material to impart antimicrobial 

activity to, and researchers have done so by chemically modifying PET, surface 

coating PET, or by blending antimicrobial agents with PET.28 
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One example of work to impart antimicrobial activity to PET is that by Cao and 

colleagues, who firstly modified an antimicrobial polymer, polyhexamethylene 

guanidine hydrochloride (PHMG), to have an epoxy terminal group, ethylene 

glycol diglycidyl ether-PHMG (EGDE-PHMG).29 PET was surface-functionalised 

by aminolysis (Figure 1.1a) to present primary amine groups on the surface from 

which the epoxy group of EGDE-PHMG can react, covalently surface-

functionalising PET with the antimicrobial polymer (Figure 1.1b). Antimicrobial 

activity of above 99.99% inhibition of Escherichia coli and Staphylococcus aureus 

was reported, rendering the product extremely promising as an antimicrobial 

material. 

 

 

Figure 1.1 Synthesis of antimicrobial PET-g-EGDE-PHMG by firstly surface-
functionalising PET (a) followed by covalent conjugation of EGDE-PHMG to the 
functionalised PET surface (b).29 ETDA = ethylenediamine. 

 

Another interesting advanced use for PET is as a soil release agent in advanced 

laundry formulations.30 Soil release agents aid the diffusion of water into the soil-

fabric interface, decrease soil adsorption onto fabric surfaces, and reduce soil 

redeposition onto fabrics in the wash.31-35 In order to do this, the polymer must be 

amphiphilic, and so hydrophobic PET may be created with hydrophilic 

poly(ethylene glycol) (PEG) to form an amphiphilic block copolymer architecture. 
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1.1.2 Polyamides 

 

Polyamides possess useful properties such as heat resistance, abrasion 

resistance, high impact and tensile strength, and electrical insulation.36 Such 

properties make polyamides useful in many industries, including the textile, 

automotive, and electrical industries.37 The first commercial polyamide was 

Nylon-6,6, developed by Carothers in the 1930s by the step-growth 

polycondensation reaction between adipic acid and hexanediamine (Scheme 

1.4).38-41 

 

 

Scheme 1.4 Synthesis of Nylon-6,6 via step-growth polycondensation.37 

 

1.1.3 Issues with step-growth polymers 

 

As previously discussed, polymers synthesised via step-growth polymerisation 

reactions provide little control over Mw or architecture. A method of overcoming 

this limitation is discussed in more detail in Section 1.3.1. It is also prudent to 

raise the increasing environmental issues surrounding most commodity polymers 

produced by step-growth, and indeed chain-growth, reactions. Often the starting 

materials are from crude oil, a valuable natural non-renewable resource, and the 

excellent mechanical and chemical resistant properties of the materials produced 

lead to their persistence in the environment.2,42-44 Much research has been 

conducted in reducing the environmental burden of polymers on the environment, 

such as alternatives to commodity polymers or improving recycling.45-47 

Additionally, many commodity polymers are coloured in order to add value to the 

product, but polymers such as PET lack suitable chemical functionality to enable 

efficient dyeing.48 To overcome this, the dyeing of PET is conducted in an excess 

of disperse dyes, requires auxiliaries, and produces coloured wastewater, 

creating acute aesthetic, ecological and environmental problems.49-52 
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1.2 Poly(amino acid)s (PAAs) 

 

1.2.1 Introduction to PAAs 

 

Many biological functions are performed by proteins which are made of 

polypeptides, natural polymers of L-α-amino acids (1, Figure 1.2). There are 

hundreds of amino acids, but those which are used in polypeptides are called 

proteinogenic and all have the same L-stereochemical series, therefore the L- will 

be omitted hereafter, unless the particular amino acid is an anomaly.53 Figure 1.2 

shows the structure of 20 common proteinogenic amino acids. 

 

As can be seen in Figure 1.2, even just 20 common proteinogenic amino acids 

have many different specific characteristics such as being 

hydrophilic/hydrophobic, acidic/basic and/or polar/non-polar. When polymerised, 

the R-groups impart this chemical functionality onto the PAA backbone, which 

subsequently give the PAAs different properties or allows for the attachment of 

different moieties to modify the chemical or physical properties of the polymer 

post-polymerisation.55 

 

These proteinogenic and many other non-proteinogenic amino acids are the 

monomers which make up polypeptides and PAAs. Polypeptides are long specific 

sequences of amino acids, and many of these polypeptides together self-

assemble to form proteins. PAAs can be long chains of the same amino acid 

(homopolypeptides), or long chains of different amino acids, but crucially are not 

usually in a specific sequence like polypeptides.54 
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Figure 1.2 R group for 20 common proteinogenic α-amino acids. *For Gly and 
Pro the whole α-amino acid structure is shown whereas for the rest just the R 
group on 1 is shown. 

 

1.2.2 Synthesis of  PAAs 

 

In synthetic chemistry, homopolypeptides (polypeptides of one α-amino acid, and  

PAAs of one α-amino acid) can be synthesised by solid-phase peptide synthesis 

(SPPS), α-amino acid NCA ROP (Section 1.3.3), or in vitro by protein 

biosynthesis (Figure 1.3a). Synthetic polypeptides are useful as some natural 

polypeptides are difficult to isolate, and many more amino acids than those shown 

in Figure 1.2 can be included.56-57 
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Although SPPS offers precise control over monomer sequence and chain length, 

its maximum chain length is restricted to approximately 50 amino acid units.58 

Whilst SPPS is a well-established procedure, NCA ROP synthesises PAAs of 

high Mw in a shorter sequence time that possess narrow polydispersity with 

sophisticated architectures, retained chirality and with high yields.59 NCA ROP 

does, however, lack precise control over the monomer sequence and chain 

length. Biosynthetic methods yield longer still polypeptides with high Mw, precise 

chain length and monomer sequence, but production is not trivial, specialist 

equipment not typically found in synthetic chemistry laboratories are required, 

and the procedure is time and cost intensive.57,60-61 Table 1.1 summarises the 

differences between the three PAA synthetic methods. 

 

 

Figure 1.3 (a) Example of a PAA, poly(Phe) which can be synthesised by protein 
biosynthesis, SPPS or NCA ROP. (b) Synthesis of polypeptide-polymer 
conjugate via SPPS-peptide synthesis followed by RAFT polymerisation. 
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Table 1.1 Comparison of the different methods of synthesising PAAs. 

PAA synthetic 

procedure 
Advantages Disadvantages 

Protein biosynthesis 
Very high Mw; precision of 

monomer sequence. 

Experimentation not 

trivial; requires 

specialised equipment. 

SPPS 
Precise control over 

monomer sequence. 

Chain length is typically 

restricted to 50 monomer 

units. 

NCA ROP 

High Mw; high yields; 

sophisticated 

architectures may be 

produced. 

Imprecise control over 

monomer sequence. 

 

These methods can be combined with other controlled polymerisation techniques 

(Section 1.3) to synthesise well-defined hybrid PAA-synthetic polymer 

conjugates.62 For example, Chen and co-workers synthesised a series of peptide-

reversable addition-fragmentation chain-transfer (peptide-RAFT) agents by 

automated SPPS.63 These peptide-RAFT agents then went on to form peptide-

polymer conjugates via RAFT polymerisation, which have potential use as a gene 

delivery system (Figure 1.3b). 

 

1.2.3 Poly(amino acid) (PAA) architectures 

 

1.2.3.1 Secondary structure and self-assembly 

 

The properties of a particular polypeptide, and as such its use, are determined 

by the primary amino acid sequence. Each individual amino acids influence over 

the structure is weak, but added together they give polypeptides a secondary 

structure, such as an α-helix or β-sheet (Figure 1.4, left).64 
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Figure 1.4 Examples of an α-helix and β-sheet conformation (left), and a micelle 
and vesicle polymeric nanoparticle (right). 

 

PAAs can be synthesised to form many different architectures, such as those 

described in Scheme 1.2. A very important and useful characteristic of PAAs is 

their ability to self-assemble into discrete structures, such as α-helix or β-sheets 

conformations (like polypeptides), or nanoparticles (NPs) such as micelles and 

vesicles (Figure 1.4, right).65-67 This self-assembly comes about and is 

maintained by hydrophilic-hydrophobic interactions, π-π stacking, hydrogen 

bonds and electrostatic interactions.68-72 

 

1.2.3.2 Block and random copolymers 

 

Block copolymers (Scheme 1.2c) can be synthesised by NCA ROP of α-amino 

acids by firstly polymerising one NCA to completion and then using this PAA as 

a macroinitiator for sequential NCA ROP.70,73-75 There is no theoretical limit to the 

number of blocks there can be.76 NCA ROP can be combined with other 

polymerisation techniques to create the first or second block.77-78 For example, 

Sang and colleagues firstly synthesised a hydrophilic, PEG-functionalised 

thermoresponsive poly(N-isopropylacrylamide), poly(NIPAM-co-PEG) with a 

terminal primary amine.79 From this terminal primary amine, poly(γ-benzyl-L-

glutamate) (PBLG) was polymerised via NCA ROP to add a hydrophobic block 
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onto poly(NIPAM-co-PEG), forming an amphiphilic copolymer with potential 

application as a drug delivery vehicle. 

 

Random (or statistical) copolymers consist of two or more amino acid monomer 

units statistically spread throughout the polymer chain based on monomer 

reaction kinetics.80-81 Huang et al. synthesised a random co-PAA of PBLG and 

polylysine (PLys) via NCA ROP.82 The random copolymer self-assembled into 

aggregates and it was found that the surface charge of the aggregates was 

greatly dependent on the solution pH because the carbonyl and amino groups 

could be deprotonated or protonated, respectively, to become charged. This pH-

responsiveness was manipulated and demonstrated as a potential drug delivery 

vehicle. Recently, another PBLG-co-PLys random copolymer with 10% BLG and 

90% Lys was found to have remarkable antimicrobial activity against multi-drug 

resistant bacteria in vivo and in vitro.83 In addition, Tarasenko and colleagues 

synthesised a series of random and block co-PAAs of Lys and α-aminoisobutyric 

acid (Aib) via NCA ROP (Scheme 1.5).84 They found that the block copolymers 

formed vesicles whilst the random copolymers formed micelles, expanding our 

understanding of such nano-sized biomaterials for drug delivery and tissue 

engineering applications. 

 

 

Scheme 1.5 Random NCA ROP copolymerisation and deprotection (a) and block 
NCA ROP copolymerisation and deprotection (b) of Lys and Aib. TFMSA = 
trifluoromethanesulfonic acid.84 
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1.2.3.3 PAAs as biomaterials 

 

Various biomaterials may be produced using PAAs as they mimic many 

properties of polypeptides such as excellent biocompatibility, biodegradability 

(when in non-monomeric form) to non-toxic products in vivo and versatility of 

structures and functionalities.80,85-86 Polypeptides can also be combined with 

synthetic polymers as polypeptide-polymer hybrid materials, retaining the 

excellent properties of polypeptides and adding the features of the synthetic 

polymers, such as enhanced solubility in desired solvents and improved 

processability.87 Typically, PAAs synthesised via NCA ROP are useful as 

antimicrobial agents,88-91 for tissue engineering,92-94 for drug/gene delivery95-97 

and for protein/peptide mimicking.98-99 

 

1.3 Controlled Polymerisation Reactions 

 

When materials are used in humans, such as for drug delivery and for other 

important applications, it is vital to know the dimensions and architectures of the 

materials. Controlled (also termed ‘living’) polymerisation techniques produce 

polymers of known and consistent Mw. Controlled polymerisation processes 

theoretically have no side reactions and the only terminating step should be when 

all the monomer is consumed.100 

 

Controlled polymerisation techniques are generally chain-growth polymerisation 

reactions and examples include chain-growth condensation polymerisations 

(CGCP) (Section 1.3.1); anionic polymerisations;101 radical controlled 

polymerisation techniques including atom-transfer radical polymerisation 

(ATRP),100 reversable addition-fragmentation chain-transfer polymerisation 

(RAFT)102 and nitroxide-mediated polymerisation (NMP);103 and ROPs (Section 

1.3.2) including the ROP of NCAs (Section 1.3.3).104 
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1.3.1 Chain-Growth Condensation Polymerisations (CGCP) 

 

It was previously stated in Section 1.1.3 that an issue with step-growth 

polymerisation reactions is they provide little control over Mw or architecture. 

However, if the propagating polymer end group can be made more reactive than 

the monomer itself, the step-growth polymerisation reaction may be transferred 

to a chain-growth reaction.8 During condensation polymerisations the 

propagating chain end group is stable and not a reactive radical or ion, so CGCPs 

demonstrate controlled polymerisation behaviour.105 Indeed, proteins, DNA and 

RNA  are perfectly monodisperse and produced by a CGCP mechanism  in 

vivo.106-108 CGCP can be conducted synthetically by one of two ways: either 

enhance the reactivity of the polymer end group (Y) by a substituent effect 

induced by B-A bond formation between the monomer and polymer (Scheme 

1.6a),109 or activate the polymer end group using a metal catalyst (M) (Scheme 

1.6b).110-111 Thus the scope of condensation polymerisation reactions opens-up 

to more advanced applications, such as biomaterials and electronics, because 

the reaction can be controlled, forming complex polymer architectures with 

defined Mw and narrow dispersity (Ð). 

 

 

Scheme 1.6 (a) CGCP polymerisation reactions based on substituent effects or 
(b) by intramolecular transfer of catalyst.8 A and B are monomers, X and Y are 
polymer end groups, and M is a metal catalyst. 
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1.3.2 Ring-Opening Polymerisation (ROP) 

 

ROP is as the name suggests: the polymerisation of cyclic monomers. Many 

conventional polymerisation reactions generally occur by the conversion of a 

multiple bond to a single bond. For ROPs, however, the driving force is generally 

ring strain and associated sterics. As a good indication that sterics are involved, 

strain-free six-membered rings generally don’t polymerise via ROP.112 One of the 

earliest commercially available synthetic polymers was nylon-6,6, patented by 

DuPont in September 1938, and its initial synthesis described in Section 1.1.2.40 

In order not to infringe this initial patent, nylon-6 instead of nylon-6,6 was 

developed by the ROP of ε-caprolactam (Scheme 1.7). 

 

 

Scheme 1.7 Reaction scheme of the ROP of nylon-6 from ε-caprolactam. 

 

Although the nylon example above is an anionic ROP mechanism, there are more 

ROP mechanisms a polymer chemist can utilise, such as cationic or radical 

ROP.113 Metal catalysts (Section 1.3.2.1) and enzymes (Section 1.3.2.2) are also 

frequently utilised for ROPs, as well as the self-catalysed ROP of NCAs, 

discussed in detail in Section 1.3.3. 

 

1.3.2.1 Metal-catalysed ROP 

 

Recently, Sun et al. synthesised a block copolymer of poly(ε-

caprolactam/glycolide) and PEG using ROP with PEG as a macroinitiator and 

Sn(Oct)2 as a catalyst (Scheme 1.8a).114 The block copolymer formed NPs in 

aqueous solution and exhibited high drug loading properties with prolonged drug 

release and therefore is a promising candidate as a drug delivery system. 

Sn(Oct)2 is the most frequently used catalyst for the ROP of cyclic diesters 
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because it is reactive and has low toxicity.115 There are always concerns of using 

metals in any reaction due to toxicological concerns, however Sn(Oct)2 has been 

approved by the American Food and Drug Administration (FDA) for use in foods 

and pharmaceuticals.116-117 

 

γ-Butyrolactone was once thought to be “non-polymerisable” because of the lack 

of ring strain in the cyclic lactone.118 This perceived “non-polymerisability” was 

unfortunate because γ-butyrolactone can be sourced from a renewable feedstock 

and poly(γ-butyrolactone) (PγBL), an aliphatic polyester, would likely be 

biodegradable and have properties making it suitable to replace non-degradable 

commodity polymers from non-renewable sources.119-123 In 2016, Hong and Chen 

first successfully synthesised PγBL via ROP catalysed by an f-block metal 

catalyst (lanthanum),124 then soon after used a strong base organocatalyst to 

synthesise PγBL (Scheme 1.8b).125 The ‘superbase’ tert-Bu-P4 forms a H-

bonding paired complex with an alcohol initiator (ideally BnOH or Ph2CHOH) 

which goes on to polymerise PγBL with 90% monomer conversion in four hours 

to high Mw. The recyclability of the prepared aliphatic polyester back to its 

monomer was demonstrated by heating the polymer at 260 °C for one hour. 
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Scheme 1.8 (a) The synthesis of poly(ε-caprolactam/glycolide)-PEG catalysed 
by Sn(Oct)2.114 (b) The synthesis of PγBL catalysed by an f-block catalyst or a 
‘superbase’.124-125 

 

1.3.2.2 Enzymatic ROP 

 

Enzymes are recyclable, non-toxic, and when immobilised on a support can 

easily be collected by filtration after the polymerisation reaction. When used to 

catalyse polymerisation reactions, enzymes operate under mild conditions with 

remarkable efficiency, and as such are a ‘greener’ alternative to metal catalysts 

for ROPs.126-128 A recent review on immobilised Candida antarctica lipase B 

(CALB or Novozym 435) -mediated ROP reactions by Lu and colleagues129 

highlights the many applications of enzymatic ROP in biomaterials, including drug 

and gene delivery,130 antimicrobial polymers,131 and tissue engineering.132 For 

example, in 2019 Gong and co-workers used CALB to synthesise the copolymer 

PEG-b-poly(ω-pentadecalactone-co-N-methyldiethanolamine-co-3,3ʹ-

thiodipropionate) (PEG-PPMT) (Scheme 1.9a).133 This copolymer self-assembles 

into NPs in aqueous solutions because of the outer hydrophilic PEG layer and 

inner hydrophobic lactone core, contains amino and thioether moieties for pH and 

reactive oxygen species dual stimuli-responsiveness, and contains ester linkages 
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that ensure the biodegradability of the PPMT block. The authors demonstrated 

the anti-cancer efficacy of chemotherapy drug-loaded PEG-PPMT NPs in vivo 

using the dual stimuli-responsiveness. 

 

 

Scheme 1.9 (a) Synthesis of PEG-PPMT via enzymatic ROP.133 (b) Enzymatic 
synthesis of hexamethylene furanoate (R1) or hexamethylene terephthalate (R2) 
oligomers followed by (c) enzymatic ROP and depolymerisation.139 

 

Enzymatic ROP is not only useful for the creation of biomaterials, but also for the 

synthesis of polymers to potentially replace some commodity polymers.127 As 

discussed in Section 1.1.3, there is a need to replace many commodity polymers 

with polymers from a renewable resource that may be biodegradable. Aliphatic 

polyesters have significant potential to replace some commodity polymers in 

applications ranging from packaging to personal care products owing to their 

degradability, biocompatibility, and the monomers can be sourced from 
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renewable resources.134-138 Flores et al. were innovative with their use of CALB, 

using the enzyme to catalyse the oligomerisation of hexamethylene furanoate 

(R1) or hexamethylene terephthalate (R2) with 1,6-hexanediol (Scheme 1.9b).139 

The researchers then demonstrated CALB-mediated ROP of the cyclic 

oligomers, forming semicrystalline polymers, as well as the depolymerisation 

back to cyclic oligomers using CALB at different concentrations (Scheme 1.9c). 

In this work, Flores and co-workers demonstrate a material which can be 

continuously polymerised and depolymerised, thus forming a ‘circular economy’. 

 

1.3.3 N-Carboxyanhydride (NCA) ROP 

 

In this Thesis, the ROP of NCAs to synthesise PAAs is frequently used and so is 

discussed in more detail in this Section. 

 

1.3.3.1 History of NCAs 

 

NCAs (2, Scheme 1.10) are heterocycles with an anhydride group, an amine 

group and a >CHR group whereby the R group can be a plethora of functional 

groups. Between 1906 and 1908, Hermann Leuchs et al. first described the 

synthesis and properties of NCAs, then termed Leuchs’s anhydrides.140-142 It was 

not until the 1920s, however, that Curtius et al.143-145 and Wessely et al.146-153 

reported NCAs to synthesise high molecular weight PAAs, using primary amines, 

alcohol or water as initiators.59,154 Leuchs’ approach (Scheme 1.10a) used 

chlorinating agents such as thionyl chloride, and then developed phosphorous 

halides instead to improve reactivity. Another early synthesis method, the Fuchs-

Farthing approach (Scheme 1.10b), is relatively straightforward and yields pure 

NCA monomers with good yields and no racimisation.87 
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Scheme 1.10 (a) Synthesis of amino acid NCAs via Leuchs method and (b) 
Fuchs-Farthing approach. R′ = alkyl or benzyl, X = Cl or Br.87 

 

1.3.3.2 NCA ROP mechanisms 

 

From the NCA, simple and straightforward ROP can occur, initiated from a 

nucleophile or base (Scheme 1.11).54 There are two main mechanisms for the 

ROP of NCAs: the normal amine mechanism (NAM) and the activated monomer 

mechanism (AMM), discussed in Sections 1.3.3.2.1 and 1.3.3.2.2, respectively. 

More recently, however, many other NCA ROP mechanisms and techniques 

have been developed, discussed in Section 1.3.3.2.3. 
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Scheme 1.11 General reaction scheme for the ROP of NCAs. 

 

1.3.3.2.1 Normal amine mechanism (NAM) 

 

Typical NCA ROP initiators are simple small molecules with a primary amine, 

secondary amine or alcohol functional groups. These small molecule initiators 

can initiate NCA ROP via the NAM because they are nonionic and possess at 

least one mobile hydrogen atom (Scheme 1.12).54,59 The NAM starts by 

nucleophilic attack of the C-5 (carbonyl) position, opening the ring and forming 

an unstable intermediate by proton transfer.59,155 CO2 is released revealing a 

primary amine which goes on to propagate NCA ROP. 

 

 

Scheme 1.12 NCA ROP via the NAM.59 

 

1.3.3.2.2 Activated monomer mechanism (AMM) 

 

The AMM uses a base to initiate NCA ROP. Such bases are typically tertiary 

amines and metal alkoxides which abstract the proton from the >NH group in the 

NCA.54,59 As can be seen in Scheme 1.13, the base or alkoxide acts more like a 

catalyst than an initiator because it catalyses the formation of NCA anions. These 
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NCA anions go on to initiate chain propagation which in turn generates another 

NCA anion.80,156 

 

 

Scheme 1.13 NCA ROP via the AMM.54 

 

One important note here is that such polymerisation reactions can switch back 

and forth between the NAM and AMM. This switch can occur many times in a 

polymerisation system, for example a propagating step in one mechanism is a 

side reaction in another, and vice versa.157 It is also prudent to mention the 

limitation of NCA ROP is the presence of side reactions such as premature chain 

termination and chain transfer.156 These side reactions are brought about by 

impurities, such as the by-products of NCA synthesis or water, which reduce the 

actual PAA chain length and increase the dispersity.54 The most common method 

of purifying NCA monomers is recrystallisation, however Kramer and Deming 

describe a more effective purification of NCA monomers, regardless of how 

synthesised, by flash column chromatography.158 

 

1.3.3.2.3 Summary of developments in NCA ROP 

 

To avoid unwanted side-reactions, extensive work mostly by Deming and co-

workers has used transition metal complexes as catalysts for NCA ROP.156,159 

Although the use of transition metals provides fewer side reactions, a further 
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purification step of removing the metal is required. Work by Hadjichristidis et al. 

synthesised PAAs via the NAM of NCA ROP in a high vacuum with bespoke 

sophisticated apparatus.160-161 In 2007, Lu and Cheng discovered the 

organosilicon-amine initiator hexamethyldisilazane (HMDS) produced PBLG from 

BLG-NCA with surprisingly excellent control over the Mw and very low 

dispersity.162 More recently, Wu and colleagues used lithium-HMDS (LiHMDS) to 

generate large PAAs of narrow dispersity and excellent control over Mw, 

significantly faster than traditional NAM NCA ROP and without the need for 

anhydrous conditions.163 

 

NCA ROP has also been initiated by light,164 Al-Schiff base complexes,165 amine-

borane Lewis pairs,166 or by  ammonium salts.167-168 Other catalysts for NCA ROP 

have included rare earth metals,169 fluorinated alcohol170 and a thiourea 

organocatalyst171 whilst the influence a flow of nitrogen,172 low dielectric 

solvents,65,173 emulsions,174 and low temperatures155,175 have also been 

investigated. NAM is traditionally the most frequently used method of NCA ROP 

because of its simplicity and well-defined mechanism, however as can be seen 

above there are many avenues a polymer chemist can take when designing PAA 

syntheses. Table 1.2 gives a comparison between some different NCA ROP 

mechanisms. 
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Table 1.2 Comparison between common NCA ROP mechanisms. 

NCA ROP 

mechanism 
Advantages Disadvantages 

NAM Relatively straightforward; 

high Mw; complex 

architectures. 

Very pure monomer 

required for controlled 

synthesis; slow. 
AMM 

Transition-metal 

catalysed 

Greater control over Mw 

than NAM or AMM; 

narrower dispersity. 

Additional purification 

step to remove metal 

required; very high Mw 

cannot be obtained. 

High vacuum 

technique 

Lowest dispersity; greatest 

control over Mw. 

Requires bespoke 

apparatus; laborious; 

slow. 

Organosilicon amines 

Very narrow dispersity; 

fast; doesn’t require 

anhydrous conditions. 

Less reactive NCAs 

unsuitable. 

 

1.4 Polymers as Biomaterials 

 

As previously discussed in Section 1.1.1.2, imparting antimicrobial activity to PET 

for potential application as a biomaterial for use in heart valves and sutures, for 

example, may be done. There are other examples of the materials discussed 

having use as a biomaterial, for example NPs as drug delivery vehicles, and these 

are discussed in Section 1.4.1. The polymers may also form hydrogels, and their 

use in drug delivery and tissue engineering is discussed in Section 1.4.2. Of 

particular potential clinical application are theranostic devices which combine 

therapeutics and diagnostics in one device (material), and these are discussed in 

Section 1.4.3.  
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1.4.1 Nanoparticles (NPs) as drug delivery vehicles 

 

Nanoscale drug delivery vehicles are intended to prevent harmful side effects, 

enhance the amount of drugs at the required zone of interest, minimise drug 

degradation and loss, and increase drug bioavailability.176 Pharmacokinetics is 

used to describe the adsorption, distribution, metabolism and excretion of a 

compound, thus drug delivery vehicles are intended to improve the 

pharmacokinetics of drugs.177 Drug delivery vehicles can be used to treat, or 

improve treatment, of many diseases, including cancer,178 glaucoma,179 

Parkinson’s disease,180 chronic pain,181 fungal infection,182 diabetes,183 or 

asthma;184 and for the prevention of diseases such as restricting Human 

immunodeficiency virus (HIV) proliferation or delivering vaccines.185-187 Although 

some drug delivery vehicles simply release the drug slowly over a prolonged 

period of time,188 drug delivery vehicles typically release their cargo in a stimuli-

responsive manner.189 Stimuli may include light, enzymes, ultrasonic radiation, 

magnetisation, or changes to redox potential, pH, temperature, or combinations 

thereof.190-192 

 

1.4.1.1 Amphiphilic polymeric micelles for drug delivery 

 

Amphiphilic polymers may self-assemble into micelles whereby in aqueous 

solutions the hydrophilic ends of the polymers point outwards, and the 

hydrophobic ends are packed inside. If this self-assembly occurs in the presence 

of hydrophobic drug molecules, the drug may be loaded within the core or corona 

of the micelle and can thus be used in drug/gene delivery.193-196 One amphiphilic 

copolymer of particular interest is poly(D,L-lactic-co-glycolic acid)-b-PEG (PLGA-

PEG), whereby PLGA serves as the hydrophobic block, and PEG the hydrophilic 

block.197 PLGA-PEG has approval for use in medicine by the FDA, and when 

decorated with tumour-targeting moieties, and encapsulating the hydrophobic 

chemotherapeutic Pt-based prodrug of cisplatin, a remarkable improvement in 

cisplatin’s therapeutic ability against prostate cancer was observed.198-199 More 

recently, Tian et al. describe the co-delivery of cisplatin and another 

chemotherapeutic, paclitaxel, using PLGA-PEG to treat lung cancer (Figure 
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1.5).200 The authors demonstrate their co-delivery strategy has superior reduction 

in tumour growth rates compared to conventional chemoradiotherapy. 

 

 

Figure 1.5 Co-delivery of cisplatin prodrug and paclitaxel from PLGA-PEG NP 
for treating lung cancer with improved efficacy to radiotherapy and traditional 
chemotherapy. Adapted from Ref. 200 with permission from The Royal Society 
of Chemistry. 

 

PEG is often used to initiate NCA ROP from one of its terminal OH or NH2 groups, 

combining the excellent properties of PAAs with the biocompatibility, 

hydrophilicity and diverse sizes and architectures of readily available PEG.201-203 

However, several potential safety concerns have risen from the repeated use of 

PEG.204 It is reported that PEG can cause tissue accumulation, hypersensitivity, 

an immunological response, accelerated blood clearance, and generates 

antibodies under certain conditions in vivo.205-207 Additionally, PEG is not 

biodegradable and so alternatives to its use is sought by researchers.208-210 

Polysarcosine (PSar, poly(N-methyl glycine)), is a promising alternative to PEG 

due to its high water solubility, non-ionic character, stability in vivo, resistance to 

protein adsorption, and non-immunogenicity.211-213 Birke and co-workers 

synthesised a range of PBLG-b-PSar and PLys(Z)-b-PSar amphiphilic block 

copolymers via sequential NCA ROP (Figure 1.6).214 The polymers formed 

micelles in aqueous solution and a hydrophobic enzyme inhibition drug, used in 

the treatment of some cancers, was loaded. The micelles increased the drugs 

bioavailability, thus the polymeric micelles are a potential drug delivery vehicle. 
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Figure 1.6 Synthesis of PBLG-b-PSar and PLys(Z)-b-PSar via sequential NCA 
ROP, followed by aggregation with a drug forming drug-loaded polymer micelles. 
Reprinted (adapted) with permission from Ref. 214. Copyright 2014 American 
Chemical Society. 

 

1.4.1.2 Polymer-therapeutic conjugates 

 

Drug delivery vehicles often have their payload loaded inside the material but 

loading of the drug can be challenging and lead to loss of valuable drug 

molecules. Drug loss can be prevented by covalently bonding the therapeutic to 

the polymer, either by initiating NCA ROP from a drug molecule or attaching 

therapeutic molecules to a polymer chain.75 Zhang et al. synthesised PEG-b-

PBLG amphiphilic block copolymers which the chemotherapy drug docetaxel was 

able to conjugate with through a disulphide bond.215 The copolymer-drug 

conjugates formed micelles in aqueous solution and the authors demonstrated 

their redox sensitivity, releasing more docetaxel in the presence of a glutathione 

analogue, D,L-dithiothreitol, than without, thus a promising effective cancer 

therapy. 

 

Synthesised polymers can also be functionalised post-polymerisation with 

therapeutics. In 2019, Salmanpour and colleagues synthesised poly(2-ethyl-2-

oxazoline)-b-PBLG (PEtOx-b-PBLG) by using PEtOx as a macroinitiator for NCA 

ROP of BLG-NCA (Scheme 1.14).216 The PBLG block required deprotection post-

polymerisation to remove the benzyl ester protecting group to present a 

carboxylic acid functional group on the polymer chain. From these carboxylic acid 

functional groups, SN38, an FDA-approved drug to treat colorectal cancers, was 
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conjugated to the amphiphilic block copolymer via carbodiimide mediated 

esterification between the carboxylic acid alcohol and the alcohol group on SN38, 

coloured red in Scheme 1.14. SN38 is poorly water soluble and is susceptible to 

hydrolytic degradation but included in this polymer-drug conjugate the 

pharmacokinetics of the drug are improved, and the ester linkage between the 

polymer and drug is thought to be broken when the polymer-drug reaches the 

slightly more acidic tumour environment. Consequentially, this polymer-drug 

conjugate and others are potentially efficient drug delivery systems for 

therapeutics of poor water solubility. 

 

 

Scheme 1.14 Reaction scheme for the synthesis of PEtOx-b-PBLG, followed by 
post-polymerisation deprotection to form PEtOx-b-PLG and conjugation of SN38 
chemotherapeutic, forming a polymer-drug conjugate.216 

 

1.4.1.3 Inorganic nanoparticle-polymer hybrid materials 

 

Hybrid materials combine the properties of two distinct materials together, such 

as a block copolymer where one block is a PAA and the other a polyester or a 

polymer-inorganic material nanocomposite, for example.87 In 2016, Luo et al. 

decorated a silica-coated gold nanorod with a Pt(IV) complex, a photosensitiser 

NP, tumour-targeting ligands, and PEG chains for a tri-synergistic tumour therapy 

system (Figure 1.7a).217 The silica coating was used to improve biocompatibility, 

hold a high volume of photosensitiser NP which can selectively kill cancer cells, 
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and provides an easy surface for the Pt(IV) complex to be adhered and convert 

to a Pt(II) complex within the reducing environment of a tumour and imparting cell 

death. The photosensitiser NP was modified with tumour-targeting conjugated 

PEG, whereby PEG aided the long-term circulation of the nanocomposite system 

whilst the tumour-targeting moieties improved the chemotherapeutic efficacy. 

 

 

Figure 1.7 Polymer-metal hybrid nanocomposite examples. (a) Silica-coated 
gold nanorod (GNR) with a photosensitiser NP, decorated with a Pt(IV) complex, 
tumour-targeting moieties and PEG solubilising agents.217 Photosensitisers = 
AlPcS4 and β-CD and tumour-targeting moieties adamantane (Ad) and 
lactobionic acid (LA). © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
(b) Synthesis of PLys-Au144 hybrid nanocomposite via NCA ROP – published by 
the Royal Society of Chemistry.218 

 

NCA ROP can be initiated from an inorganic material (‘grafted-from’), or a PAA 

can self-assemble around, or bind to, an inorganic material, (‘grafting-to’).219 

Grafting PAAs with inorganic material is often utilised to improve the 

biocompatibility of the inorganic material, such as multiwalled carbon 

nanotubes.220 Grafting from does not necessarily need to be from an inorganic 

material or macroinitiator, it can be from biologically active molecules to improve 

their biodistribution, for example.75 Guryanov and colleagues grafted PLys from 

Au144 nanoclusters, forming a hybrid biocompatible star-like nanocomposite 

which the authors suggest can be used to prepare very stable drug delivery 

vehicles (Figure 1.7b).218 
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1.4.2 Hydrogels for drug delivery and tissue engineering 

 

Hydrogels are water-swollen networks of polymer, transforming polymer 

chemistry to 3D.221 Recently, Lee et al. developed a hydrogel based on hyaluronic 

acid and chitosan which demonstrates temperature-dependant sol-gel transitions 

with tuneable mechanical properties (Figure 1.8).222 The material offers good cell 

binding affinity, biocompatibility, and shows promising application as an injectable 

scaffold system for cartilage regeneration. 

 

 

Figure 1.8 Illustration of the subcutaneous in situ gel formation for cartilage 
regeneration. Reprinted from Ref. 222, copyright (2020), with permission from 
Elsevier. 

 

When the polymer involved in the hydrogel is a PAA, the hydrogel has inherent 

biocompatibility, biodegradability, multiple functionalities from the different α-

amino acids and tuneable architectures.93 There is interest in hydrogels from 

PAAs for tissue engineering, antibacterial coatings, 3D cell scaffolds and 

drug/gene delivery.223-224 Turabee and colleagues synthesised a PBLG-b-PEG 

block copolymer via NCA ROP of BLG-NCA from the terminal NH2 groups on 

PEG-amine (Scheme 1.15a).225 Post-polymerisation functionalisation of the chain 

end group using N-hydroxy succinimide ester activated oligo(sulfamethazine) 
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(OSM-NHS) resulted in a penta-block copolymer (Scheme 1.15b). The PBLG 

blocks imparted temperature responsiveness, OSM blocks pH-responsiveness 

and PEG provided pliability and lowers inflammation at the site of implantation. 

The copolymer formed a gel in situ on subcutaneous administration due to 

changes in pH and temperature and was reported to release proteins. 

 

 

Scheme 1.15 NCA ROP of BLG-NCA from PEG-NH2 (a) followed by post-
polymerisation end-group functionalisation with OSM-NHS (b).225 TEA = 
triethylamine. 

 

1.4.3 Theranostic devices 

 

Theranostics is a combination of diagnosis and therapy and aims for early 

diagnosis, accurate imaging, precise treatment and real-time monitoring of 

treatment efficacy.226-228 In 2019, Scialabba et al. decorated carbon nanodots 

(CNDs), fluorescent nanoparticles of carbon, with biotin, a tumour-targeting 

moiety, linked via PEG chains (Figure 1.9a).229 The CNDs the researchers used 

are able to convert near-infrared radiation into heat, coupled with biotin’s tumour-

targeting ability induces local hyperthermia inside tumours. Additionally, the NPs 

could be loaded with the chemotherapeutic drug, irinotecan, and its release 
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triggered by the near-infrared-triggered photothermal ablation of the tumour 

mass. An in vivo bioimaging ability of the NPs was also demonstrated, and as the 

NPs target and selectively kill tumours, the system has a high potential as an 

efficient theranostic tool. 

 

 

Figure 1.9 Theranostic examples. (a) Biotin-decorated CDs through a PEG linker 
for the tumour-targeted release of the chemotherapeutic irinotecan and in vivo 
bioimaging ability as a theranostic tool. Reprinted (adapted) with permission from 
Ref. 229. Copyright (2019) American Chemical Society. (b) Surface-
functionalisation of a SPION with Pluronic F127, followed by Dox loading for 
targeted Dox delivery and simultaneous MRI imaging.230 

 

Recent work by Salunkhe and co-workers uses magnetic NPs of iron oxide to 

induce localised hyperthermia for a theranostic device.230 The researchers 

synthesised high magnetic moment superparamagnetic iron oxide NPs 

(SPIONs), followed by conjugation with an amphiphilic copolymer of hydrophobic 

poly(propylene oxide) and hydrophilic poly(ethylene oxide) (Pluronic F27) (Figure 

1.9b). The surface-functionalisation of SPIONs allowed them to form micelles and 

significantly enhanced their dispersion stability in aqueous media. Additionally, 

the chemotherapeutic doxorubicin (Dox) was attached via electrostatic linking. 

Magnetic resonance imaging (MRI) of the tumour site induces localised 

hyperthermia at the tumour site and this increase in temperature also released 

Dox, providing a targeted chemotherapeutic. Additionally, MRI imaging of the 
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tumour site allows visualisation of the NPs tumour efficacy, thus a potential 

theranostic device. 

 

1.5 Summary and Future Outlook 

 

Polymers are essential for modern life and commodity polymers dominate the 

market. PET is a commodity polymer synthesised via step-growth 

polycondensation and has wide-ranging applications including packaging, 

textiles, antimicrobial biomaterials and advanced laundry formulations. There are 

environmental issues with the continued use of commodity polymers, whose 

monomers are often sourced from non-renewable crude oil and the persistence 

in the environment of the polymer leads to pollution of the oceans. Pollution of 

the waterways in coloured effluent from the inefficient colouring of polymers is 

also of concern. Efforts to overcome these issues have been made, such as 

biodegradable replacements, monomers from renewable resources, and 

advances in the dyeing processes. However, much work is still to be done to 

make the polymer industry more environmentally friendly and sustainable. 

 

Controlled polymerisation techniques such as ROPs allow polymers to be 

synthesised with control over Mw, narrow dispersity and with complex 

architectures. ROP of cyclic macrolactones catalysed by the FDA-approved 

Sn(Oct)2 or enzymes provide biodegradable aliphatic polyesters as potential 

alternatives to some commodity polymers. NCA ROP allows PAAs to be 

synthesised in a reliable way with high Mw, low dispersity and with a plethora of 

architectures and functionalities. The prepared PAAs may form discrete 

structures, such as α-helix, β-sheets, micelles or vesicles from many polymer 

architectures such as block, graft or random copolymers. 

 

Biocompatible and highly functional polymers such as PAAs and PEG allow 

innovative biomaterials to by synthesised for the treatment of diseases including 

cancer. Amphiphilic block copolymers may self-assemble to form micellar NPs 

for drug delivery applications. Research into stimuli-responsive NPs also allow 
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the targeted delivery of chemotherapeutics to tumour cells, improving the 

pharmacokinetics and hence reducing debilitating side-effects. Much research is 

also focused on these polymers as hydrogels for drug delivery or tissue 

engineering applications. Hybrid materials are also of intense interest, combining 

two useful properties into one material leads to impressive and potentially game-

changing innovations, such as theranostic photothermal-initiated drug release 

and simultaneous bioimaging. Although promising, much work is still required in 

developing these treatments as limitations in clinical translation is a continuous 

and pressing issue. 

 

1.6 Research Aims and Thesis Outline 

 

This Thesis aims to address some of the issues highlighted above: polymers 

contributing to pollution and improving the pharmacokinetics of chemotherapy 

drugs. Specifically, work presented aims to reduce the contribution of polymers 

to pollution by the formation of highly functional biodegradable polymers for drug 

delivery or tissue engineering, forming biodegradable polymers to improve the 

aqueous compatibility of metal NPs and chemotherapy drugs, and to develop 

more efficient polymer dyeing methods to add value, improve colourfastness and 

reduce dye effluent pollution. Polymers developed include PAAs because of their 

biodegradability, biocompatibility, variety of properties available and versatility of 

structure, and polyesters because of their proliferation in industry. 

 

Chapter 3 describes the synthesis of a biodegradable amphiphilic PAA which self-

assembles into a polymeric NP and can uptake and selectively release a 

chemotherapeutic to acidic environments. The PAA possesses a terminal 

phosphonate functional group which can bond with metal NPs to improve their 

aqueous compatibility. Chapter 4 continues this work by developing the 

phosphonate-terminated PAA to graft-to, or self-assemble with, a fluorescent and 

phosphorescent NP. The formed nanocomposites possess stimuli-

responsiveness with respect to pH, releasing a loaded chemotherapeutic to 

acidic environments and simultaneously losing afterglow which provides a 

possible theranostic material. In Chapter 5, a novel route to PAAs is explored: 
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the ROP of cyclic dipeptide alanine anhydride catalysed by Sn(Oct)2 and initiated 

by PEG monomethyl ether. The afforded amphiphilic block copolymer possessing 

a large polyalanine equivalence, high semi-crystallinity, and pH-responsiveness. 

The material has potential application as a drug delivery vehicle or with 

optimisation may replace some commodity polymers. 

 

Chapter 6 describes the straightforward and permanent colouration of 

polyglobalide, a potentially biodegradable polyester. The dyed polyglobalide was 

cross-linked to enable its use in high-temperature applications to potentially 

replace some commodity polymers, and dyeing adds value. Swelling in 2-

phenylethanol allows the materials to be simple and cost-effective antimicrobial 

gels. In Chapter 7, an amphiphilic poly(ether-ester) was modified to present a 

handle for efficient covalent dyeing without coloured wastewater. The method 

described may be used for commodity polyesters or the reported modified 

polymer has potential utilisation in advanced laundry formulations. 
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Chapter 2  

Instrumentation, Materials and General Methods 

 

2.1 Instrumentation 

 

2.1.1 Advanced Polymer Chromatography (APC) 

 

APC was conducted on a Waters Acquity APC system using a bed of three 

Acquity columns (XT 125, XT 200 and XT450) that were all 150 mm in length, 

had an internal diameter of 4.6 mm, and contained particles of 2.5 μm in diameter 

with different pore sizes dependant on the column. THF was used as the mobile 

phase at a flow rate of 0.5 mL min-1, column temperature was set to 40 °C and 

detection was by refractive index measurement. The APC instrument was 

calibrated against standard poly(methyl methacrylate) samples in THF. 

Instrument control, calibration, data acquisition and data processing was 

conducted on Waters Empower 3 software. 

 

2.1.2 Centrifugation, Sample Drying and Lyophilisation 

 

Samples collected by centrifugation were done so in disposable centrifuge tubes 

(2 x or 4 x 15 mL) in a Hermle Z326 K centrifuge at 0 °C. Samples dried in a 

vacuum oven were done so in a Fistreem vacuum oven equipped with a variable 

temperature control unit and pressure gauge. Lyophilisation was conducted in a 

Thermoelectron Heto Powerdry LLI500 freeze-dryer. 

 

2.1.3 Dynamic Light Scattering (DLS) and Zeta Potential Analyses 

 

DLS analyses were carried out using a Malvern Zetasizer Nano ZSP instrument 

with a 4 mW He-Ne laser operating at a wavelength of 633 nm and an Avalanche 
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photodiode detector. A non-invasive backscatter-optic arrangement was used to 

collect the light scattered at 173°. Prior to analysis, the samples were equilibrated 

for two minutes then analysed at 25 °C in disposable 12 mm polystyrene cuvettes. 

Measurements were performed in triplicate. Data was processed via the 

cumulative analysis of the experimental correlation function; then the diameter of 

the particles was computed from the diffusion coefficients using the Stokes-

Einstein equation. 

 

Zeta potential analyses were conducted on the same instrument in disposable 

folded capillary zeta cells at 25 °C. Samples were dissolved in DI water and no 

background electrolyte was added. 

 

2.1.4 Differential Scanning Calorimetry (DSC) 

 

DSC curves were collected using a TA Instruments DSC Q20 instrument with a 

heating rate of 10 °C min-1 and an inert gas flow of N2 at a rate of 50 mL min-1. 

 

2.1.5 Fourier-Transform Infrared Spectroscopy (FTIR) 

 

FTIR spectra were obtained with a Perkin Elmer Spectrum One spectrometer 

fitted with a Specac Golden Gate attenuated total reflectance attachment. 

Spectra were obtained between 4000 cm-1 and 550 cm-1 at 1 cm-1 intervals, 

accumulated over 100 runs. Data acquisition, instrument control and automatic 

background deletion was handled by the Spectrum software. 

 

2.1.6 High-Performance Liquid Chromatography (HPLC) 

 

HPLC analyses were run on a C18 column (Ascentis Express C18, 2.7 μm particle 

size, 50 mm x 2.1 mm) over five minutes. The mobile phase was 
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water/acetonitrile (60:40 v/v) with 0.1% trifluoroacetic acid and a flow rate of 0.5 

mL min-1. 

 

2.1.7 Incubation at 37 °C 

 

Samples which were incubated at 37 °C were done so in beakers in a Cleaver 

Scientific Ltd Stirring Water Bath maintained at 37.0 °C. 

 

2.1.8 Nuclear Magnetic Resonance (NMR) Spectroscopy 

 

1H, 13C and 31P NMR spectra at 400 MHz, 100 MHz and 202 MHz, respectively, 

were recorded on a two-channel Bruker AV3HD NMR spectrometer operating at 

9.4 T and equipped with a 5 mm BBO probe. 1H and 13C NMR spectra at 500 

MHz and 125 MHz, respectively, were recorded on a Bruker AV4 NEO 11.75 T 

500 MHz spectrometer fitted with a 5 mm Bruker DCH cryoprobe. 1H NMR 

spectra conducted at 600 MHz were recorded on a JEOL ECA600 series II 

spectrometer equipped with a 5 mm z-pfg BB/1H Royal probe operating Delta 5.0 

software. Cross-polarisation magic-angle spinning (MAS) (solid-state) 13C NMR 

spectra were obtained on a Bruker AVANCE II 400 MHz spectrometer with a 

double-bearing MAS probe head (BL4 type) and a Bruker MAS II control unit. 

Samples for MAS were packed into 4 mm diameter zirconium rotor tubes. 

Measurement parameters included a 13C resonant frequency of ~100.6 MHz, 90° 

proton pulse length of 2.5 μs, a 2 ms contact time, 5 s delay time and a spinning 

speed of 10 kHz. Chemical shifts (in ppm) were referenced to a tetramethylsilane 

standard which has a chemical shift of 0 ppm. All samples were run at 298 K and 

NMR spectra were analysed on the MestReNova software; all Bruker 

spectrometers were operated using TOPSPIN software. 
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2.1.9 Powdered X-Ray Diffraction (pXRD) 

 

The X-ray diffraction pattern of powdered samples was conducted on a Bruker 

D2 Phaser (LYNXEYE detector) whereby powdered samples were deposited 

onto a silicon wafer. Data was obtained between 2θ = 10° to 75° over 20 minutes 

on spinning samples. Instrument control, data acquisition and conversion were 

conducted in DIFFRAC.SUITE software package. A Kα2 strip was performed on 

the data. 

 

2.1.10 Raman Microscopy 

 

Raman microscopy was conducted on glass substrates using a Reinshaw in Via 

Raman Microscope (785 nm laser) with a 50x objective and MS20 encoded 

sample stage. Data acquisition was undertaken with Reinshaw WiRE 3.4 with a 

laser intensity of 0.1% under three accumulated acquisitions between 1200 cm-1 

and 100 cm-1. 

 

2.1.11 Scanning Electron Microscopy (SEM) 

 

For solution-state analyses, samples were dissolved in solvent and placed onto 

an SEM glass cover slip then left to dry. Once dried, the cover slip was mounted 

on an SEM stub using conductive tape. Solid samples were mounted directly on 

an SEM stub using conductive tape. All samples were sputter-coated with a film 

of gold using a Quorum Q150RS sputter-coater, powered by a 20 mA current. 

SEM analyses were then loaded into a JEOL JSM-6610LV SEM from Oxford 

Instruments, equipped with a field emission electron gun as an electron source. 

The accelerating voltage was varied between 5-15 kV and the working distance 

varied between 10 mm and 17 mm. 
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2.1.12 Thermogravimetric Analysis (TGA) 

 

TGA was conducted on a TA Instruments SDT Q600 simultaneous TGA/DSC 

instrument from room temperature to 900 °C at a constant ramp rate of 5 °C min-

1 and with a N2 flow rate of 100 mL min-1. 

 

2.1.13 UV-vis Spectrophotometry 

 

UV-vis spectrophotometric analyses were conducted using a dual beam Varian 

Cary 50 UV-vis spectrophotometer equipped with a xenon pulse lamp. Qualitative 

samples were analysed in quartz cuvettes against a blank sample in triplicate. 

Dox calibration curves and quantification of Dox concentration samples were 

conducted in disposable poly(methyl methacrylate) samples against a blank 

sample in triplicate. Instrument control and data acquisition were conducted using 

Varian Cary WinUV 3.0 software. For optical density (OD600) measurements to 

estimate viable bacterial counts in antimicrobial activity testing, a Jenway 6305 

spectrophotometer was used at 600 nm. 

 

2.2 Materials 

 

All chemicals were used as received unless otherwise stated. A list of chemicals 

used and their supplier is provided in Table 2.1. 
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Table 2.1 Chemicals used and their supplier. 

Chemical Supplier Chemical Supplier 

Acetate buffer solution ACROS Acetic acid Merck 

Alanine anhydride ChemCruz Aluminium oxide ACROS 

2-Amino-3,5-

dinitrothiophene 
ChemCruz 

4-Aminobutylphosphonic 

acid 
Merck 

Antimony trioxide Alfa Aesar 
2,2ʹ-Azobis(2-

methylpropionitrile) 
Merck 

BLG Fluorochem Brain heart infusion broth Oxoid 

1-Butyl-3-

methylimidazolium 

tetrafluoroborate 

Merck Butylated hydroxytoluene Merck 

Calcium acetate 

monohydrate 
Merck Calcium carbonate Merck 

CDCl3 Merck Chloroform Merck 

C.I. disperse blue 3 

 
ChemCruz C.I. disperse red 1 Merck 

Colombia blood agar Oxoid Corn oil Tesco 

DCM VWR 
Dialysis tubing 

(benzylated) 
Merck 

N-Nʹ-Dicyclohexyl-

carbodiimide 
Alfa Aesar Diethyl ether Fisher 

Dimethyl terephthalate Merck 4-Dimethylaminopyridine ACROS 

1,4-Dioxane Merck DMF Fisher 

DMSO-d6 Eurisotop Dox·HCl Fluorochem 

Ethanol VWR N-Ethyldiisopropylamine 
Alfa 

Aesar 
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Table 2.1 continued… 

Ethylene glycol Alfa Aesar 
2-2ʹ-

(Ethylenedioxyl)diethanethiol 
Merck 

Folic acid Merck Globalide Symrise 

HCl (33%) Fisher Hexane Merck 

11-Hydroxyundecylphosphonic 

acid 
Alfa Aesar Linseed oil Merck 

Lipase B (CALB) Merck 
3-Mercaptopropionic 

acid 
Merck 

Methanesulfonic acid Alfa Aesar Methanol Fisher 

MgSO4 Merck NaHCO3 Fisher 

Olive oil Tesco 
5% Oxalated horse 

blood 
Oxoid 

PBS tablets at pH 7.4 Merck PEG monomethyl ether Merck 

L-Phenylalanine ACROS 
N-

Phenyldiethanolamine 
Alfa Aesar 

2-Phenylethanol Merck α-Pinene Merck 

2-Propanol VWR Propionic acid Alfa Aesar 

Safflower oil Merck Sarcosine Alfa Aesar 

Sn(Oct)2 Merck Sodium hydroxide Merck 

Sodium nitrite Merck Sulfanilamide Alfa Aesar 

Sulfuric acid Fisher THF Fisher 

Titanium (IV) 

isopropoxide 
Merck Triethylamine Fluorochem 

Triphosgene Fluorochem   
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2.3 General Methods 

 

2.3.1 Synthesis of NCA monomers 

 

2.3.1.1 Synthesis of sarcosine-NCA (Sar-NCA) 

 

Sar-NCA was prepared from a previously reported procedure with adaptations.1 

Sar (4.0 g, 44.9 mmol) and α-pinene (14.0 g, 102.8 mmol) were added to 

anhydrous THF (60 mL) under N2 and the mixture refluxed under N2 for 30 

minutes. Triphosgene (8.0 g, 27.0 mmol) was dissolved in anhydrous THF (20 

mL) and added dropwise to the refluxing reaction mixture. After four hours, 

refluxing of the yellow-brown solution was stopped and the volume reduced on a 

rotary evaporator to yield a brown oil which was further dried in a vacuum oven 

at room temperature overnight. 

 

The dried yellow-brown residue was redissolved in THF (30 mL), and the solution 

precipitated by adding dropwise to ice-cold hexane (150 mL). To aid precipitation, 

the mixture was stored at -18 °C for one hour before the Sar-NCA was collected 

by vacuum filtration, dried in vacuo then recrystallised twice in THF/hexane (1:5 

v/v) to yield Sar-NCA as off-white crystals (yield 2.6 g, 49.5%). 1H NMR (400 

MHz, CDCl3, δ ppm): δ 4.05 ppm (s, 2H, >N-CH2-COO-) and δ 2.99 ppm (s, 3H, 

>NCH3). FTIR νmax (solid): 1847 cm-1 (m, anhydride) and 1760 cm-1 (s, tertiary 

amine). 

 

2.3.1.2 Synthesis of L-phenylalanine-NCA (Phe-NCA) 

 

Phe-NCA was synthesised as reported previously.2 Briefly, Phe (5.00 g, 30.3 

mmol) was weighed into a 3-necked RB flask which had been dried in an oven 

and flushed with N2. Under a stream of N2, α-pinene (4.03 g, 29.6 mmol) and 

anhydrous THF (80 mL) were added to the reaction mixture and refluxed for 30 

minutes. Triphosgene (4.02 g, 13.5 mmol) was dissolved in anhydrous THF (20 
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mL) and added dropwise to the reaction mixture using a dropping funnel and 

refluxed under N2 for three hours. The Phe-NCA was reduced to dryness on a 

rotary evaporator, redissolved in THF (15 mL) and precipitated by added 

dropwise to ice-cold hexane (300 mL). The THF/hexane mixture was left in the 

freezer for 15 minutes to aid precipitation and the Phe-NCA collected by vacuum 

filtration and recrystallised three times in THF/hexane (1:9 v/v) yielding a white 

amorphous powder. Yield: 4.11 g (71 %). 1H NMR (400 MHz, CDCl3, δ ppm): δ 

7.12-7.31 (m, 5H, aromatic), δ 5.46 (s, 1H, >NH), δ 4.46 (dd, 1H, CH2CH(COO-

)NH-), δ 3.08 (dd, 2H, PhCH2C(COO-)NH-). FTIR νmax (solid): 3356 cm-1 (m, 

phenyl), 1837 cm-1 (m, cyclic conjugated anhydride), 1770 cm-1 (s, secondary 

amide). 

 

2.3.1.3 Synthesis of γ-benzyl-L-glutamate-NCA (BLG-NCA) 

 

A similar method to that described above was used (Section 2.3.1.2). Briefly, BLG 

(10.0 g, 42.1 mmol) and α-pinene (19.2 g, 140.9 mmol) were dissolved in 

anhydrous THF (80 mL). The solution was heated to reflux then a solution of 

triphosgene (15.0 g, 50.5 mmol) in anhydrous THF (20 mL) was added dropwise 

through a dropping funnel. The reaction solution was refluxed for four hours and 

the monomer precipitated into ice-cold hexane (100 mL). BLG-NCA was collected 

by centrifuge and dried in a vacuum oven at room temperature. Yield: 7.99 g 

(72%). 1H NMR (300 MHz, DMSO-d6, δ ppm): δ 9.09 (s, 1H), δ 7.42-7.30 (m, 5H), 

δ 5.10 (s, 2H), 4.52-4.42 (m, 1H), δ 2.55 (s, 2H), δ 2.11-2.01 (m, 1H), δ 1.93 (td, 

J = 15.1, 7.6 Hz, 1H). FTIR νmax (solid): 3252 & 3331 cm-1 (amide N-H), 3088 cm-

1 (aromatic), 2858 & 2932 cm-1 (alkane C-H), 1859 & 1880 cm-1 (anhydride C=O), 

1720 & 1773 cm-1 ester C=O), 1606 cm-1 (amide C=O), 1583 cm-1 (aromatic 

C=C). 
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2.3.2 Preparation of PBS buffer solution at pH 7.4 

 

PBS buffer solution at pH 7.4 was prepared by adding a PBS buffer tablet to the 

required amount of DI water as stated on the instructions to reach pH 7.4. The 

tablet was dissolved by stirring and the pH of the solution checked. 

 

2.3.3 Dropping-In Method of NP Formation 

 

The dropping-in method (nanoprecipitation) was utilised for the formation of 

NPs.3-5 The polymer in question was dissolved in an organic solvent (DMF, 

chloroform, for example) and added dropwise to an aqueous solution (DI water, 

PBS buffer solution, for example) under vigorous stirring. The organic solvent 

was removed by solvent evaporation for low boiling point solvents or by dialysis 

for high boiling point solvents, leaving NPs in aqueous solution. 

 

2.3.4 Doxorubicin Loading and Release 

 

2.3.4.1 Preparation of Dox free base 

 

Dox·HCl (3 mg, 5 μmol) was dissolved in chloroform (3 mL) with triethylamine (20 

μL, 15 mg, 143 μmol). The red coloured solution was stirred in a closed vial in the 

dark at room temperature for four hours before being either used or stored in the 

freezer as a stock solution of Dox free base in chloroform. 

 

2.3.4.2 Dox UV-vis calibration 

 

The Dox calibration on UV-vis was performed as reported previously.6 Briefly, 

known concentrations of Dox free base (from Section 2.3.4.1) in PBS buffer 

solution at pH 7.4 or acetate buffer solution at pH 5 were prepared and transferred 
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to disposable poly(methyl methacrylate) cuvettes. The samples were analysed 

on UV-vis whereby the absorbance at 498 nm was observed for samples in PBS 

buffer solution or 502 nm for samples in acetate buffer solution. The data was 

plotted, and a calibration curve was determined by line of best fit (Figure 2.1). 

Dox concentration can thus be calculated from Equation (2.1) for samples in PBS 

buffer solutions at pH 7.4 and Equation (2.2) for samples in acetate buffer 

solutions. 

 

 

Figure 2.1 UV-vis calibration curve of Dox free base in PBS buffer solution at pH 
7.4 and acetate buffer solution. 

 

[𝐷𝑜𝑥] =
7.19 ± 0.12

𝑈𝑉 − 𝑣𝑖𝑠 𝑎𝑏𝑠. @ 498 𝑛𝑚
 (2.1) 

 

[𝐷𝑜𝑥] =
7.92 ± 0.18

𝑈𝑉 − 𝑣𝑖𝑠 𝑎𝑏𝑠. @ 502 𝑛𝑚
 (2.2) 

 

2.3.4.3 Dox HPLC calibration 
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Known concentrations of Dox free base (Section 2.3.4.1) in PBS buffer solution 

at pH 7.4 or in acetate buffer solution at pH 5 were prepared and transferred to 

HPLC sample vials. The samples were analysed on HPLC as per Section 2.1.6 

and using conditions previously optimised to detect Dox.7 A calibration curve was 

produced using the area of the Dox peak (eluting at 0.5 min) vs concentration 

(Figure 2.2). Dox concentration can thus be calculated from Equation (2.3) for 

samples in PBS buffer solution at pH 7.4 and Equation (2.4) for samples in 

acetate buffer solution at pH 5. 

 

 

Figure 2.2 HPLC calibration curves of Dox free base in PBS buffer solution at pH 
7.4 (a) and acetate buffer solution at pH 5 (b). 

 

[𝐷𝑜𝑥] =
0.469 ± 0.030

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐷𝑜𝑥 𝑝𝑒𝑎𝑘 𝑜𝑛 𝐻𝑃𝐿𝐶
 (2.3) 

 

[𝐷𝑜𝑥] =
0.774 ± 0.060

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐷𝑜𝑥 𝑝𝑒𝑎𝑘 𝑜𝑛 𝐻𝑃𝐿𝐶
 (2.4) 

 

2.3.4.4 Dox loading content and efficiency calculations 

 

Drug loading content is calculated from Equation (2.5) and drug loading efficiency 

is calculated from Equation (2.6). 
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𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 100% ∗
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑁𝑃

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑁𝑃
 (2.5) 

 

𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 100% ∗
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑁𝑃

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑓𝑒𝑒𝑑
 (2.6) 
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Chapter 3  

Phosphonate-Terminated Amphiphilic Polymers as Biomaterials 

and for Metal Chelation 

 

Abstract 

 

Poor pharmacokinetics of chemotherapy drugs leads to adverse side effects, 

whereas drug delivery vehicles which can target tumour sites are sought to 

reduce such adverse side effects. Polymeric nanoparticles of 11-

hydroxyundecylphosphonic acid (HUPA) -initiated polysarcosine were 

synthesised, as confirmed by DLS and SEM analyses, which were able to uptake 

the hydrophobic chemotherapeutic drug, doxorubicin. An ester link between the 

polymer and HUPA afforded the nanoparticles stimuli-responsiveness to pH, 

releasing only 35% doxorubicin in physiological pH (7.4), but releasing 72% and 

80% in pH 6 and 5 buffer solutions, respectively. Tumours present a more acidic 

environment to healthy tissue, therefore the targeted delivery of doxorubicin to 

acidic solutions may allow these biodegradable and biocompatible polymers to 

be used as targeted drug delivery vehicles to improve the pharmacokinetics of 

hydrophobic chemotherapy drugs. Additionally, these polymers can form P-O-M 

bonds, as demonstrated by greatly improving the aqueous compatibility of 

titanium dioxide nanoparticles, and thus are suitable as potentially biodegradable 

and biocompatible P-O-M bond-forming polymers for dental adhesion, drug 

delivery or metal chelators. 

 

3.1 Introduction 

 

3.1.1 Phosphonate-containing polymers 

 

The phosphonate functional group (Scheme 3.1, 1) is tetrahedral with a central 

phosphorus atom and P=O, P-OR1, P-OR2 and P-R3 groups whereby the R3 
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group is an alkyl or aryl group. Phosphonic acids have protons for R1 and R2. A 

phosphonate dimer, bisphosphonates (3), can also be prepared and are a class 

of drug used to treat osteoperosis.1 For example, clodronic acid (4) is a 

bisphosphonate molecule used to treat osteoperosis whereby it binds to bone 

mineral sites.2 4 binds to bone mineral sites because phosphonates and 

bisphosphonates have strong affinity for metal centres, forming a P-O-M bond 

with a general formula shown in Equation (3.1).3-6 

 

 

Scheme 3.1 Example of phosphonates and bisphosphonates. 

 

M+ + RPO3H2 → RPO3MH + H+  (3.1) 

 

This useful ability to ligate metal ions through a P-O-M bond allows polymers 

containing phosphonate groups to have useful applications, such as in corrosion 

inhibition,7 fuel cells,8 metal chelators,9 adhesives in dentistry10 and as 

biomaterials.6,11 For example, vinylphosphonic acid (2) is a phosphonate 

functional group-containing monomer which when polymerised forms 

poly(vinylphosphonic acid) (PVPA).12-13 PVPA is used in flame retardants,14-15 

fuel cells,16-18 metal chelators,19-21 dental adhesives,22-23 tissue engineering,24 

and as a drug delivery vehicle.25-28 

 

3.1.1.1 Phosphonate-containing polymers for metal chelation 

 

Industry uses the P-O-M bond forming ability of phosphonates for waste water 

treatment,29 crude oil production30 and industrial equipment cleaning.31 Banerjee 

et al. reported the copolymerisation of vinylidene fluoride and a phosphonate-

containing monomer, (dimethoxyphosphoryl)methyl 2-(trifluoromethyl)acrylate, 
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by radical copolymerisation (Scheme 3.2).32 The formed polymer was 

hydrophobic, but subsequent hydrolysis of the phosphate monoester groups 

resulted in the generation of phosphonic acid groups which imparted 

hydrophilicity and even superhydrophilicity to the copolymer, depending on the 

monomer ratios and degree of hydrolysis. The authors included this hydrophilic 

polymer into a formulation for coating a steel surface and demonstrated excellent 

corrosion resistance due in part to the phosphonic acid adhering to the steel plate. 

 

 

Scheme 3.2 Reaction scheme for copolymerisation of vinylidene fluoride and 
(dimethoxyphosphoryl)methyl 2-(trifluoromethyl)acrylate, and subsequent 
hydrolysis.32 TAPE = tert-amyl peroxy-2-ethylhexanoate; DMC = dimethyl 
carbonate; BrTMS = bromotrimethylsilane. 

 

Rare Earth elements are critical for modern technology and their extraction from 

waste streams a potentially lucrative endeavour.33 Phosphonate-containing 

polymers can be effective as metal scavengers due to their high affinity for target 

elements and low cost.34-35 Recently, Archer and co-workers synthesised 

poly(ethylenimine methylenephosphonate) (Scheme 3.3, 5) and studied its rare 

Earth chelating properties.36 The authors used isothermal titration calorimetry to 

quantitatively measure the formation and dissociation of complexes, discovering 

the metals coordinate with multiple phosphonate units on either the same, or 

neighbouring polymer chains; remaining metal coordination sites were filled with 

solvent molecules. Interestingly, Archer and colleagues studied a small molecule 

structurally analogous to 5 (diethylenetriamine penta(methylene phosphonic 
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acid), 6) and found binding more favourable to the polymer, with the polymer 

requiring slightly fewer phosphonate units on average to bind each metal ion. 

 

  

Scheme 3.3 Poly(ethylenimine methylenephosphonate) and diethylenetriamine 
penta(methylene phosphonic acid). 

 

3.1.1.2 Phosphonate-containing polymers as biomaterials 

 

Materials used in dental treatment must conform to strict requirements, such as 

having high light and discolouration stability in the oral environment, very low 

toxicity, no mutagenic or carcinogenic potential, and excellent mechanical 

properties.37 Polymers with phosphonate groups can meet these applications and 

provide an anchor to calcium on dentin, thus making them suitable as dental 

adhesives.38-41 Catel et al. synthesised phosphonic acid (Scheme 3.4, 7), 

bisphosphonic acid (8) and difluoromethylphosphonic acid (9) monomers which 

were demonstrated to bind to hydroxyapatite, a major component of bone and 

teeth.42 The monomers are designed to photopolymerise in situ during dental 

treatment in an adhesive formulation. The authors found that their inclusion in 

commercial dental adhesive formulations lead to significantly higher adhesion 

and improve adhesive durability, therefore are great candidates to enter adhesive 

dental formulations. 

 

 

Scheme 3.4 Phosphonate-containing monomers for binding to hydroxyapatite. 
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3.1.1.3 Hybrid materials from phosphonate-containing molecules binding 

to a metal and initiating a polymerisation 

 

A phosphonate-containing molecule can initially be adhered to a metal surface 

through a P-O-M bond and subsequently used as an initiator for polymerisations. 

The resulting hybrid material (Section 1.4.1.3) combines a metal with a polymer 

via the P-O-M bond forming ability of the phosphonate functional group. For 

example, Zhao and colleagues self-assembled 11-hydroxyundecylphosphonic 

acid (HUPA) (10) onto the surface of a TiO2 film forming an organic linking layer 

on the TiO2 film and presenting a hydroxyl group for further functionalisation 

(Scheme 3.5a).43 From this hydroxyl group, 2-methacryloyloxyethyl 

phosphorylcholine (MPC) was polymerised forming a TiO-poly(MPC) hybrid 

composite material (Scheme 3.5b). The modified TiO surface was effective at 

inhibiting platelet adhesion in vivo, thus improving the physiological stability of the 

TiO2. Antimicrobial polymers (Section 1.1.1.2) can also be grafted from the HUPA 

layer on a HUPA-coated TiO2 implant to form an antimicrobial coating. For 

example, Clevenger patented a method of attaching an atom-transfer radical 

polymerisation (ATRP) initiator to TiO-functionalised HUPA (Scheme 3.5c).44 

From this, an antimicrobial polymer, poly(12-methacryloyloxydodecylpyridinium 

bromide) (poly(MDPB)), was polymerised via ATRP to form a TiO-antimicrobial 

polymer hybrid composite material. 

 

Metallic pigments offer a metallic or pearlescent lustre to a surface, but the metal 

ions in such paint formulations can react with water, acids or bases in the 

formulation, causing discolouration or surface defects.45 Phosphonate-containing 

molecules, such as HUPA, have also been demonstrated to improve the 

passivation, adhesion and dispersion of a metal pigment in a formulation.46 

Phosphonate-containing molecules bound to metal that initiate polymerisations 

may also be used to create protective coatings, ionomer resins, flame retardant 

materials, electronics and drug delivery vehicles.47 
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Scheme 3.5 Reaction scheme for the self-assembly of HUPA on TiO2 (a) and the 
subsequent polymerisation of MPC from the hydroxy group of HUPA (b).43 
Synthesis of TiO-antimicrobial polymer hybrid composite (c).44 BIBB = α-
bromoisobutyryl bromide; bpy = 2,2ʹ-bipyridine; cat. = CuBr and 
pentamethyldiethylenetriamine; OEGBr = oligomeric methyoxy PEG 2-
bromoisobutyrate; TEA = triethylamine. 

 

3.1.2 Drug delivery of a hydrophobic chemotherapy drug 

 

Doxorubicin (Dox) is a widely used chemotherapeutic and has therapeutic activity 

against a wide range of tumours.48 Dox and other chemotherapeutic drugs have 

poor pharmacokinetics, interacting with healthy tissue as well as cancerous 

tissue, thus causing unpleasant and debilitating side effects.49-50 Tumours have 

a more acidic environment than healthy cells and so if the chemotherapeutic can 

be loaded within a polymeric system and released only when it reaches this lower 

pH, the pharmacokinetics are greatly improved (Section 1.4.1).51-53 

 

There are many examples of polymer-based drug delivery vehicles created for 

the delivery of Dox.52,54-56 A cyclic arginine-glycine-aspartic (cRGD) tripeptide has 

been explored to improve a NPs affinity for, and uptake in, cancerous cells.57-59 

In 2019, Gu and co-workers synthesised a PEG-b-polytyrosine amphiphilic block 

copolymer via NCA ROP, followed by conjugation of cRGD to PEG (cRGD-PEG-

b-PTyr) (Figure 3.1).60 Self-assembly of the amphiphilic block copolymer with Dox 

formed a small polymeric NP of 70 nm. As can be seen in Figure 3.1, the NP had 
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an inner core with Dox and PTyr with PEG forming a hydrophilic shell, presenting 

cRGD on the outside for the NP to be adhered to, an taken in by, cancerous cells. 

Dox release in this instance was triggered by an enzyme, proteinase K, degrading 

PTyr. Gu and colleagues demonstrated the cRGD-conjugated NPs had 2.8 times 

better antitumour activity than non-cRGD-conjugated NPs, and overall cRGD-

PEG-b-PTyr exhibited over five times better targeted delivery of Dox than 

clinically used liposomal Dox. Although extremely promising work, the material 

still includes PEG, which has issues and alternatives are desirable (Section 

3.1.3). 

 

 

Figure 3.1 Synthesis and self-assembly with Dox of cRGD-PEG-b-PTyr forming 
a polymeric NP. Reprinted from Ref. 60, copyright (2019), with permission from 
Elsevier. 

 

3.1.3 Alternatives to ubiquitous PEG in drug delivery vehicles 

 

PEG is a very useful and readily available polymer found in many products from 

surfactants to drugs. As seen above and in Section 1.4.1, PEG is frequently used 

in drug delivery vehicles to enhance drug solubilisation, increase efficacy and 

improve pharmacokinetics.61 Unfortunately there are a few issues with PEG, such 

as it is not biodegradable and higher Mw PEG can cause significant tissue 

accumulation in vivo (Figure 3.2a).62-64 Alternative polymers to overcome all or 

some of the problems with PEG in drug delivery have been reported, such as 

poly(2-oxazoline),65 polyglycerols,66 polyzwitterions,67 polyacrylamides68 and 

polyvinylpyrollidiones (Figure 3.2b).69 
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Figure 3.2 (a) Some advantages and disadvantages of PEG, and (b) possible 
alternatives to PEG.63 

 

Poly(amino acid)s (PAAs) are also promising alternatives to PEG due to their 

biocompatibility and biodegradability, as discussed in Section 1.2.1.70-72 

Specifically, polypeptoids, structural mimics of PAAs but with an N-substituted 

glycine unit, are very promising replacements to PEG because they are 

hydrophilic, biodegradable and biocompatible with enhanced physiological 

stability to PAAs.73-77 Specifically, polysarcosine (PSar) is a nonionic polypeptoid 

and is a very promising replacement of PEG because it is biodegradable, highly 

hydrophilic, and has enhanced physiological stability than PAAs.78 Recently, 

Skoulas et al. synthesised a PAA-b-polypeptoid amphiphilic star copolymer of 

PBLG-b-PSar via sequential NCA ROP (Section 1.2.3) (Scheme 3.6).79 The 

authors demonstrated this material as a potential drug delivery vehicle through 

the mucus and epithelial barriers, typically a difficult drug delivery route but very 

advantageous for localised, non-invasive drug delivery to target tissues.80-84 
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Scheme 3.6 Reaction scheme for the synthesis of PBLG-b-PSar from a 
dendrimer to form an amphiphilic star copolymer.79 

 

3.1.4 Summary 

 

Polymers containing the phosphonate functional group have many useful 

applications because of their ability to form P-O-M bonds. Herein, the synthesis 

of two HUPA-PSar polymers is described which have a terminal phosphonate 

group to bind to metal ions, and a hydrophilic, biodegradable and biocompatible 

polymer which is an alternative to ubiquitous PEG. The polymers synthesised are 

amphiphilic and thus can form NPs whereby a drug can be loaded and released 

to improve the drug’s pharmacokinetics. Additionally, the polymers may bind to 

materials with metals to improve their aqueous dispersibility, biocompatibility or 

corrosion resistance, for example, through a P-O-M bond. 

 

3.2 Experimental Details 

 

3.2.1 Synthesis of HUPA-PSar polymers 

 

Three amphiphilic, phosphonate-terminated polymers were synthesised, HUPA-

PSar34, HUPA-PSar95 and HUPA-PSar181 (Scheme 3.7), using a previously 

reported procedure with modifications.54,85 Briefly, into an oven-dried and N2-

flushed Schlenk tube, Sar-NCA (from Section 2.3.1.1) was weighed and 

suspended in anhydrous chloroform (10 mL). Methanesulfonic acid (0.01 g, 0.11 

mmol, 3 eq.) and HUPA (0.01 g, 0.04 mmol, 1 eq.) were added to the Schlenk 

tube and the acid-catalysed initiation reaction stirred at 40 °C with a flow of N2 
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(Scheme 3.7a). After 24 hours, the initiation reaction was complete and N-

ethyldiisopropylamine (0.27 g, 2.09 mmol, 52 eq.) added to propagate the 

polymerisation reaction (Scheme 3.7b). The reaction solution was stirred at 0 °C 

with a flow of N2 for four days after which FTIR spectroscopy confirmed the 

reaction had reached completion by the loss of anhydride peak from Sar-NCA. 

The polymer solution was added dropwise to ice-cold diethyl ether (1:5 v/v) and 

the polymer collected by centrifugation (4,000 r.p.m., 15 minutes), washed by 

dialysis (2,000 Da MWCO) against DI water and lyophilised. 

 

 

Scheme 3.7 Reaction scheme for the acid-catalysed initiation (a) followed by 
base-catalysed propagation (b) of HUPA and Sar-NCA to synthesise HUPA-
PSarn via hydroxyl-initiated NCA ROP. MSA = methanesulfonic acid; DIPEA = N-
ethyldiisopropylamine. 

 

3.2.2 Dox release 

 

A solution of polymer (10 mg) in chloroform (1 mL) was prepared and added 

dropwise to vigorously stirred PBS buffer solution at pH 7.4 (8 mL) simultaneously 

with Dox free base in chloroform (from Section 2.3.4.1, 3 mL, 1 mg mL-1). The 

Dox free base and polymer solution was stirred in the open in the dark overnight 

for the chloroform to evaporate. 

 

Unloaded Dox was removed by dialysis (2,000 Da MWCO) against DI water for 

24 hours. The amount of Dox loaded was determined by analysing an aliquot of 
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the solution outside the dialysis tubing by UV-vis spectrophotometry, using the 

calibration described in Section 2.3.4.2. Three 1 mL aliquots were then taken 

from the red coloured Dox-loaded NP solution inside the dialysis tubing and 

transferred to separate dialysis tubing. One of the aliquots was dialysed against 

fresh PBS buffer solution at pH 7.4, another dialysed against acetate buffer 

solution at pH 6, and the final aliquot dialysed against acetate buffer solution at 

pH 5. The dialysis was conducted with gentle stirring in the dark at 37 °C. At 

regular time intervals, aliquots of the buffer solutions outside the dialysis tubing 

were taken and analysed by UV-vis spectrophotometry to determine how much 

Dox had been released. 

 

3.2.3 HUPA-PSar181 self-assembly with TiO2-NPs to form TiO2-NCs 

 

Firstly, TiO2-NPs were synthesised by adding acetic acid (20 mL), 1-butyl-3-

methylimidazolium tetrafluoroborate (500 μL) and DI water (1.25 mL) to a RB 

flask fitted with a stirrer bar. Titanium (IV) isopropoxide (500 μL) was then added 

with stirring. The reagents were stirred for a further five minutes, sonicated for 30 

s, sealed in a hydrothermal bomb and heated to 200 °C for 24 h. TiO2-NPs were 

then washed with DI water, sonicated and collected by centrifugation (4,500 

r.p.m., 30 minutes). This washing and collection step was repeated until acetic 

acid was removed, and a final washing, sonicating, centrifugating and decanting 

was performed with ethanol. The washed TiO2-NPs were allowed to dry in the 

open overnight (yield = 0.136 g). 

 

Secondly, HUPA-PSar181 (5 mg) and the TiO2-NPs prepared above (5 mg) were 

weighed in a glass vial and suspended in DI water (5 mL) with the aid of an 

ultrasonic bath. The TiO2-NCs were collected by centrifugation (4,000 rpm, 30 

mins), washed with DI water and chloroform before being dried in the open. 

Turbidimetric analyses involved suspending the sample in DI water (either TiO2-

NPs or TiO2-NCs, 5 mg in 5 mL DI water) with the aid of an ultrasonic bath and 

transferring the milky white suspension to a quartz cuvette. The sample was 

loaded into a UV-vis spectrophotometer and the absorbance at 650 nm recorded 

every 60 s for 60 h. 
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3.3 Results and Discussions 

 

3.3.1 NCA ROP initiated from the hydroxyl group on HUPA 

 

3.3.1.1 HUPA-PSar synthesis and characterisation 

 

Phosphonate-terminated amphiphilic polymers, HUPA-PSar34, HUPA-PSar95 and 

HUPA-PSar181 were synthesised as per Scheme 3.7. This reaction scheme is 

different to conventional NCA ROP (Section 1.3.3.2) because it features a 

polypeptoid initiated from a hydroxyl group, thus providing an ester linkage 

between the initiator (HUPA) and polymer (PSar). 1H NMR spectroscopy was 

conducted to confirm polymer synthesis whereby the 14 protons corresponding 

to the middle seven CH2 groups in the HUPA alkyl chain were observed between 

1.1 and 1.4 ppm (Figure 3.3). The peaks between 2.7 and 3.1 ppm are attributed 

to the CH3 protons on PSar whilst the peaks between 3.9 and 4.4 ppm correspond 

with the CH2 protons in PSar. Calculated and expected Sar equivalences are 

provided in Table 3.1 where the actual Sar equivalence was calculated from the 

comparison between the 14 protons from the middle seven CH2 groups on the 

HUPA alkyl chain and the CH3 and CH2 groups in PSar. 13C NMR spectroscopy 

further confirmed polymer synthesis whereby the peak at 36 ppm corresponds 

with the CH3 group on PSar, the peak at 50 ppm corresponds with the CH2 group 

on PSar, whilst the peak at 168 ppm corresponds with the carbonyl C=O group 

on PSar (Figure 3.4). 
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Figure 3.3 1H NMR spectra of HUPA-PSar34 (a), HUPA-PSar95 (b) (500 MHz, 
DMSO-d6) and HUPA-PSar181 (c) (500 MHz, CDCl3). 

 

Table 3.1 Calculated and actual equivalence values, and polymer nanoparticle 
dimensions. 

Polymer 
Equivalence dH 

(nm)b 
PDIb ζ (mV)b 

Theoretical Observeda 

HUPA-PSar34 51 34 267 0.416 11.7 ± 4.40 

HUPA-PSar95 102 95 162 0.393 23.4 ± 5.06 

HUPA-PSar181 244 181 141 0.267 23.4 ± 4.53 

 

 
a Determined from 1H NMR analysis. b Determined from DLS analysis of 1.0 mg mL-1 
aqueous solutions in triplicate. 
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Figure 3.4 13C NMR spectra of HUPA-PSar34 (a), HUPA-PSar95 (b) (126 MHz, 
DMSO-d6) and HUPA-PSar181 (c) (126 MHz, CDCl3). 

 

FTIR spectroscopy was also used to confirm polymer synthesis (Figure 3.5). 

HUPA features a broad -OH peak at 3183 cm-1, CH2 vibrational modes at 2917 

cm-1, 2849 cm-1 and 1467 cm-1, and PO-H stretching bands at 2353 cm-1 in its 

FTIR spectrum. The HUPA-PSar polymers also have CH2 vibrational modes at 

2989 cm-1 and 1495 cm-1, but additionally an amide peak at 1640 cm-1. The 

presence of both CH2 peaks (from HUPA) and a strong amide peak in the 

polymers is further evidence for the polymerisation of PSar initiated from HUPA. 
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Figure 3.5 FTIR spectra of HUPA and the HUPA-PSar polymers. 

 

3.3.1.2 Evidence for hydroxyl-initiated polymerisation rather than 

phosphonate-initiated 

 

Acid-catalysed initiation and base-catalysed propagation is an effective way of 

synthesising PAAs from hydroxyl groups. HUPA, however, has a phosphonate 

group and a hydroxyl group. As described in Section 3.1.1, the phosphonic acid 

group contains a P=O bond and two P-OH bonds; to determine if the 

polymerisation occurs from the terminal hydroxyl group or a P-OH group on the 

phosphonate, 31P NMR spectroscopy was carried out. As shown in Figure 3.6, 

HUPA has a single 31P NMR peak at 29.2 ppm whilst HUPA-PSar95 has a single 

peak at 27.3 ppm. Because these peaks are so close and both within the 

phosphonate group 31P NMR range, it is evidence for the polymerisation being 

conducted from the hydroxyl group of HUPA rather than the P-OH groups. 

Further, if the polymerisation were to have occurred from the phosphonate group, 

forming one P-O-C bond (phosphate monoester), there would be a 31P peak shift 

from 29 ppm to between 0 and 10 ppm, which is not observed. If the 

polymerisation occurred from both P-OH groups, it would form two P-O-C bonds 
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(phosphate diester) and a 31P peak between 0 and -5 ppm would be 

anticipated.86-88 

 

 

Figure 3.6 31P NMR spectra of HUPA and HUPA-PSar95 (202 MHz, DMSO-d6). 

 

As well as the 31P NMR spectroscopy results, a very strong broad peak in the 

polymers FTIR spectrum between 1050-970 cm-1, which would correspond to a 

P-O-C stretch, would be observed if NCA ROP had occurred from the P-OH 

group.89 Because this peak does not appear in the FTIR spectrum of any HUPA-

PSar polymer (Figure 3.5), it can be concluded that the polymerisation exclusively 

occurred from the hydroxyl group on HUPA and not from a P-OH group. NMR 

spectroscopies and FTIR spectroscopy have confirmed successful HUPA-PSar 

polymer synthesis. The amphiphilic polymers’ ability to self-assemble into a NP 

was then investigated. 

 

3.3.2 NP formation, Dox loading and release 

 

3.3.2.1 HUPA-PSar NP formation 

 

The dropping-in method for NP formation was used (Section 2.3.3) and DLS 

analysis revealed the polymers form NPs with hydrodynamic diameters (dH) of 

267, 162 and 141 nm for HUPA-PSar34, HUPA-PSar95 and HUPA-PSar181, 

respectively (Table 3.1 and Figure 3.7a). The NPs displayed PDI values of 0.416, 
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0.393 and 0.267 for HUPA-PSar34, HUPA-PSar95 and HUPA-PSar181, 

respectively (Table 3.1). Zeta potential values (ζ) give an indication on the stability 

of NPs because charged particles repel each other whereas neutral NPs may be 

more likely to aggregate. HUPA-PSar34, HUPA-PSar95 and HUPA-PSar181 had ζ 

values of 11.7 ± 4.40, 23.4 ± 5.06 and 23.4 ± 4.53 mV, respectively, indicating 

the NPs have a slight positive charge and thus all are more likely to form stable 

NPs in solution (Table 3.1). To further probe the long-term stability of HUPA-

PSar95, the DLS sample was retained after initial analysis. After 45 days the 

sample had a dH of 157.3 nm and PDI of 0.297, closely matching the values 

obtained with fresh NPs and thus indicating these NPs are stable for a month in 

solution. Interestingly, as the equivalence of Sar increases, the dH also increases 

in a linear manner; plotting the values graphically potentially allows for the 

prediction of dH from Sar equivalence (Figure 3.7b).79 The smaller dH and PDI 

values, and higher ζ values as the Sar equivalence increases may be ascribed to 

the larger hydrophilic polymer block resisting polymer aggregation, whilst 

enhancing polymer-water interactions. 

 

SEM microscopy of HUPA-PSar95 confirmed NP formation (Figure 3.7c), and the 

particle size is close to that calculated by DLS (162 ± 75 nm, n=71, Figure 3.7c, 

inset). Small, stable NPs with low PDI values are required for drug delivery 

vehicles, as discussed in Section 1.3. The small dH and PDI of HUPA-PSar181 

made this NP the best candidate to progress to a drug delivery study, where the 

ester link between the HUPA macroinitiator and PSar chain may be exploited to 

impart a degree of pH-stimuli-responsiveness. 
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Figure 3.7  (a) Hydrodynamic diameter (dH) distribution of the HUPA-PSar 
polymers measured by DLS, (b) relationship between equivalence and dH, and 
(c) SEM micrograph of HUPA-PSar95 NPs (scale bar is 2 μm; inset: particle size 
histogram (n=71)). 

 

3.3.2.2 Dox loading and release of the HUPA-PSar NPs 

 

The pH-responsiveness of HUPA-PSar181 was investigated with a Dox release 

study in pH 7.4, 6 and 5 buffer solutions. Dox was loaded into the NPs with a 

loading content of 3% (calculated from Equation (2.5)) and loading efficiency of 

20% by mass (calculated from Equation (2.6)). The release of Dox in PBS buffer 

solution at pH 7.4 and in acetate buffer solutions at pH 6 and 5 was then assayed 

for 168 hours using UV-vis spectrophotometry (Figure 3.8). Stimuli-

responsiveness with respect to pH was demonstrated; only 35% Dox was 

released to pH 7.4 buffer solution after 168 h whereas 72% and 80% Dox was 

released into pH 6 and pH 5 buffer solutions, respectively. The low amount of 

Dox released to physiological pH (7.4) and high amount released to acidic 
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environments renders HUPA-PSar181 a possible drug delivery vehicle which may 

enhance the pharmacokinetics of Dox for the effective, targeted treatment of 

tumours. 

 

 

Figure 3.8 Dox release over time for HUPA-PSar181 in pH 7.4, 6 and 5 buffer 
solutions. 

 

3.3.3 HUPA-PSar conjugation with metals via P-O-M bond 

 

To demonstrate another potential application of the amphiphilic block copolymers 

produced, HUPA-PSar181 was coordinated to titanium dioxide NPs (TiO2-NPs) 

yielding a TiO2-NP-polymer nanocomposite, TiO2-NC (Scheme 3.8). Figure 3.9a 

shows that after washing and drying, the FTIR spectrum corresponding to the 

TiO2-NC contains the same characteristic peaks that are present in the spectra 

corresponding to both TiO2-NPs and HUPA-PSar181. Notably, the characteristic 

C-H peak at 2921 cm-1 is included in the polymer and nanocomposite FTIR 

spectra but not in the TiO2-NP spectrum, indicating polymer conjugation to TiO2-

NPs. The dispersion stability of TiO2-NPs in water is somewhat limited and 

restricts their use in applications that require long-term storage in aqueous 
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formulations without dispersants. Figure 3.9b shows the bare TiO2-NPs have 

poor aqueous compatibility; 50% of the TiO2-NPs aggregated after 25 h, and 

complete aggregation was observed after 60 h. Conversely, TiO2-NCs, remained 

as a homogeneous dispersion for much longer and after 60 h approximately 50% 

of the TiO2-NCs remained in suspension. 

 

 

Scheme 3.8. Self-assembly of HUPA-PSar181 with TiO2-NPs to form TiO2-NCs. 

 

 

Figure 3.9 (a) FTIR spectra of HUPA-PSar181, TiO2-NP and TiO2-NC. (b) 
Turbidimetric analysis from UV-vis absorbance at 650 nm over time for TiO2-NP 
and TiO2-NC in DI water. (c) SEM micrographs of TiO2-NPs and (d) TiO2-NCs 
(both scale bars are 2 μm). 
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TiO2-NPs and TiO2-NCs both have cuboid shapes and similar particle sizes of 

125 ± 13 nm and 124 ± 18 nm (n=54), respectively, as determined by SEM 

microscopy (Figure 3.9c-d). Interestingly, the bare TiO2-NPs have sharp and well-

defined edges, whilst TiO2-NCs have shadowed edges, i.e., a ‘halo’ effect, 

indicating the NPs are coated with an organic material. FTIR, UV-vis and SEM 

analysis confirmed polymer conjugation to the TiO2-NPs, and this polymer 

conjugation was demonstrated to improve the aqueous compatibility of TiO2-NPs 

by 50% over 60 h. 

 

3.4 Conclusions 

 

HUPA, a long alkyl chain with a terminal phosphonate functional group on one 

end and a hydroxyl group on the other was used to initiate ROP of Sar-NCA. 1H 

and 13C NMR spectroscopies were used to confirm the synthesis of HUPA-PSar 

polymers, whilst 31P NMR showed NCA ROP was initiated from the hydroxyl 

group of HUPA rather than a P-OH group. The polymers are amphiphilic whereby 

the HUPA provides hydrophobicity and PSar hydrophilicity, and formed stable 

NPs in aqueous solution with dH of 262, 162 and 141 nm for HUPA-PSar34, 

HUPA-PSar95 and HUPA-PSar181, respectively. NCA ROP initiated from a 

hydroxyl group here provides an ester link between HUPA and PSar which is 

susceptible to acid hydrolysis. Dox was loaded into HUPA-PSar181 NPs and its 

subsequent release over time assayed by UV-vis spectrophotometry. Stimuli-

responsiveness was observed with the NP only releasing 35% Dox over 168 h 

but releasing 72% and 80% Dox at pH 6 and 5, respectively, after 168 h. HUPA-

PSar181 therefore shows promise as a biodegradable and biocompatible, stimuli-

responsive drug delivery vehicle to improve the pharmacokinetics of hydrophobic 

chemotherapy drugs, which does not use the non-biodegradable PEG. 

Additionally, the polymers may form P-O-M bonds, and the aqueous compatibility 

of TiO2-NPs was improved by self-assembly with HUPA-PSar181. Almost all the 

TiO2-NPs crashed out of suspension after 60 h whereas approximately 50% of 

the TiO2-NCs remained homogeneous after 60 h. This ability to for P-O-M bonds 

allows these biodegradable polymers to be useful for applications including 
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corrosion inhibition, fuel cells, metal chelators, dental adhesives and in 

biomaterials. 
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Chapter 4  

Carbon nanodot-containing polymer-calcium carbonate 

nanocomposite as a theranostic doxorubicin delivery vehicle 

 

Preamble 

 

This Chapter is based on work published as: J. V. Rowley, P. A. Wall, H. Yu, M. 

J. Howard, D. L. Baker, A. Kulak, D. C. Green and P. D. Thornton, “Triggered and 

monitored drug release from bifunctional hybrid nanocomposites”, Polymer 

Chemistry, 2022, 13 (1), 100-108. 

 

Abstract 

 

Carbon nanodot-containing calcium carbonate nanoparticles were coated with 

poly(amino acid)s, and the resulting nanocomposites capable of encapsulating a 

chemotherapeutic drug and displaying afterglow. The poly(amino acid) 

component enhanced nanoparticle dispersion in aqueous solution, and can be 

designed to be acid-cleavable to enable the chemotherapeutic, doxorubicin, to 

be released by the incorporation of an ester link within the polymer chain. The 

composited carbon nanodots offer fluorescence and brief afterglow to the 

nanocomposites at physiological pH, but the afterglow is lost when encountering 

acidic solutions (pH 5). The loss of drug molecules, and fluorescence and 

phosphorescence provided by the carbon nanodots, in acidic environments 

ensures the reported materials show promise as early-stage candidates as 

theranostic devices to acidic environments such as tumours. 
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4.1 Introduction 

 

4.1.1 Drug-delivery vehicles 

 

Tumours present a more acidic environment than normal tissue and utilisation of 

this property by drug delivery vehicles presents an attractive method of targeting 

tumours and reducing side-effects associated with chemotherapy (Section 

1.4.1).1 Poly(amino acid)s (PAAs) are particularly well suited for use as drug 

delivery vehicles because of their tailorable functionality and excellent 

biocompatibility, as discussed in Section 1.2.1.2 When synthesised via NCA ROP, 

PAAs of narrow dispersity are produced, whilst polymer degradation results in the 

reformation of non-toxic amino acids and the absence of toxic side-products, 

essential for use in vivo.3-5 Amphiphilic diblock PAAs, where one block is a 

hydrophobic PAA and the other block is a hydrophilic PAA, may be synthesised 

via NCA ROP and self-assemble to form micelles.6 PAA-based NPs may be 

stimuli-responsive for controlled payload release, such as those examples 

described in Section 1.2.3.3. 

 

Polymer-coated inorganic NPs are a class of nanocomposite that have the 

potential to be used for the encapsulation, and subsequent controlled release of, 

guest molecules.7 As discussed in Section 1.4.1.3, NCA ROP can be initiated 

from an inorganic material (‘grafted-from’), or a PAA can self-assemble around, 

or bind to, an inorganic material (‘grafting-to’). Therapeutic-loaded 

nanocomposites have great potential as drug delivery vehicles whereby the 

polymeric shell enhances NP biodistribution and biocompatibility, and prevents 

premature drug metabolism.8 A stimuli-responsive polymeric shell may act as an 

actuator for controlled and targeted drug release in response to a target stimulus, 

such as those stimuli described in Section 1.4. Such controlled release enables 

reduced drug dosage, which consequently mitigates side-effects caused by 

interactions between non-target cells and the therapeutic molecule.9 Polymer-

coated inorganic NPs that possess a stimuli-responsive, degradable, and non-

cytotoxic polymeric shell are therefore highly desirable as potential drug delivery 

vehicles. 
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4.1.2 Theranostics 

 

Drug delivery is often the primary function of stimuli-responsive materials, but the 

ability to track and trace their distribution and function in vivo is also desirable. 

The convergence of diagnostics and therapy in clinical science is called 

‘theranostics’.10 Fluorescent moieties and NPs are currently used for bioimaging, 

as they report immediately and can be detected precisely using inexpensive and 

commonly available microscopic and spectroscopic methods.11 

 

Quantum dots (QDs) are nano-scale semiconducting particles which provide 

stable, sharp and bright fluorescence. They have uses in light-emitting devices,12 

solar cells13 and for fluorescent labelling.14 Unfortunately, however, QDs are 

inherently cytotoxic due to the presence of heavy metals, therefore for any 

biological application, the QDs must be encapsulated or modified in such a way 

as to inhibit their cytotoxicity.15 On the contrary, fluorescent carbon nanodots 

(CNDs) express biocompatibility, low toxicity, chemical stability, good 

photoluminescence, and ease of synthesis.16 Consequentially, CNDs are used 

for a wide-range of applications including bioimaging,17 drug delivery,18 light-

emitting devices19 and as photocatalysts.20-21 

 

Certain CNDs may be composited with a polymer such as poly(vinyl alcohol),22 

polyurethane,23 or an inorganic host material.24 Once suspended within some of 

these host materials, CNDs display bimodal fluorescence and persistent 

afterglow which is visible after the removal of the stimulation source, even at room 

temperature. In bioimaging, the ability to image with the excitation laser switched 

off helps to eliminate noise due to short-lived autofluorescence common to 

biomolecules and live cells;25-26 and thus in theory, time-resolved afterglow 

imaging provides access to more sensitive imaging and detection methods.27 

Recently, Zhou et al. demonstrated fast, convenient and low cost phosphorescent 

NPs for afterglow bioimaging in both living cells and in zebrafish larvae.28 Figure 

4.1a shows the zebrafish larvae under a bright light and a UV light, and when the 

UV source is removed afterglow is observed and fades over time, providing 

bioimaging with a high signal-to-noise ratio and sensitivity. Moreover, afterglow 
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imaging may be conducted ex vivo, for example recent work by Yuan and 

colleagues were able to detect very low levels of phosphorescent porphyrin in 

blood samples (<0.246 ppm) by amplifying the afterglow signal with an afterglow 

reporter molecule (Figure 4.1b).29 

 

 

Figure 4.1 (a) Images of zebrafish larvae under bright field light and under UV, 
followed by time-resolved afterglow imaging after 72, 216 and 288 ms. Reprinted 
(adapted) with permission from ref. 28. (b) Illustration of porphyrin detection with 
afterglow reported in whole blood. Reprinted (adapted) with permission from ref. 
29. Both (a) and (b) are copyright 2021 American Chemical Society. 

 

The targeted delivery of chemotherapeutics is an effective treatment for 

cancerous tumours as it reduces side-effects from the interaction of a drug 

molecule with healthy tissue. When the ability of this tumour-targeting action is 

visualised in real time using readily-available bioimaging, clinicians can monitor 

treatment progress and change their treatment strategy accordingly. CNDs 

display afterglow when composited within a host material, so are well suited for 

reporting the degradation of their afterglow-activating host since their release into 

the external environment eliminates their afterglow behaviour. Tumours present 

an acidic environment, so if the host material for CNDs were degraded by the 

acidic pH, the loss of afterglow would be indicative of the material interacting with 

tumour cells. 
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4.1.3 Calcium carbonate 

 

Calcium carbonate, CaCO3, is a mineral found in abundance in nature and is an 

attractive inorganic biomaterial thanks to its biocompatibility. CaCO3 mainly exists 

in three polymorphs (crystal structures): calcite, aragonite and vaterite, where 

calcite is the more thermodynamically stable30 but vaterite is the most common 

in nature.31 As it is found in nature and even in drinking water (it is the main 

component of lime scale32), CaCO3 is environmentally benign and safe for use in 

vivo, relatively cheap to purchase, and easy to handle. As such, CaCO3 has found 

use in biomaterials due to its sensitivity to acidic environments. When CaCO3 is 

in an acidic environment it degrades into Ca2+, water and CO2 gas (Equation 

(4.1)). This CO2 gas can be clearly seen on ultrasound imaging. For example, 

recently Keum et al.31 used this useful property of CaCO3 to coat stents with 

CaCO3. Normal stents just use mechanical strength to keep the blood vessel 

open, but when coated in CaCO3, CO2 gas was released. The CO2 gas dissolves 

fat (plaques) thus clearing the blockage of fat. They could also watch the 

evolution of CO2 live using ultrasound imaging. 

 

CaCO3 (s) + 2H3O+ (aq) → Ca2+ (aq) + 3H2O (l) + CO2 (g) 
(4.1) 

 

4.1.3.1 CND/CaNP NPs 

 

Recently, persistent afterglow from CNDs was achieved when they were 

incorporated into CaCO3 NPs (CaNP), where the dense internal environment of 

the inorganic crystal promoted long-lifetime afterglow.24 CaNPs with CNDs 

incorporated within (CND/CaNPs) may thus be utilised in bioimaging, however, 

bare CaNPs typically aggregate and recrystalise in aqueous solution and 

therefore require stabilisation.33 
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4.1.3.2 Surface modification of CaNPs 

 

Surface functionalisation of CaNPs with fatty acids,34 an organotitanate coupling 

agent35 or organosilanes36 have been shown to increase the compatibility and 

stability of CaNP dispersions in non-aqueous media. In contrast, there are only a 

few examples of enhanced stability of CaNP suspensions in aqueous media. 

Dong et al. developed a stable PEG-modified CaNP nanocomposite loaded with 

Dox and a photosensitiser, where payload release was triggered by reduced 

solution pH and in situ monitoring was enabled by magnetic resonance imaging 

(MRI).37 Although the material shows great promise as a theranostic agent, PEG 

is associated with the production of anti-PEG antibodies and accelerated blood 

clearance (Section 3.1.3).38 Additionally, MRI is a resource-intensive technique 

for in situ monitoring of drugs, therefore alternative materials are sought to 

improve the compatibility of CaNPs with aqueous media and providing a means 

for tracking the NP in vivo. 

 

Phosphonic acids can be used to modify the surface of metal oxides, such as 

silica nanoparticles in water,39 via a P-O-M bond. Phosphonic acids have also 

been used with CaCO3
40 but the surface functionalisation in terms of degree of 

grafting was little known until in 2012, El Malti et al. grafted phosphonate onto the 

surface of calcite particles where they observed a dense phosphonate monolayer 

on the surface of the calcite particle (Scheme 4.1).41 Since then, more studies 

have been carried out on the surface modification of CaCO3 using phosphonic 

acids42-44 but more work is still required. 
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Scheme 4.1 Representative scheme of the surface modification of calcite 
particles.41 

 

4.1.4 Summary 

 

This Chapter describes the grafting of PAAs to CND/CaNPs which exhibit both 

fluorescence and afterglow. The resulting nanocomposite comprises a polymer 

shell which aids their dispersion in water, and provides the mechanism through 

which drug molecule entrapment and release is achieved.  PAA coatings were 

achieved by both direct polymer growth from a functionalised CND/CaNP surface 

(grafting-from), and grafting pre-formed PAAs to CND/CaNPs through non-

covalent interactions (grafting-to). The latter enabled straightforward polymer 

characterisation, and in both cases polymers that contained ester linking groups 

were grafted onto CND/CaNPs, rendering the polymer shell susceptible to acid-

catalysed hydrolysis. Finally, the potential application of the nanocomposites as 

theranostic devices was initially assessed by observing the pH-controlled 

retention and release of the chemotherapeutic drug Dox, and the pH-responsive 

afterglow behaviour investigated. 
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4.2 Experimental Details 

 

4.2.1 CND/CaNP synthesis and surface-functionalisation with ABPA 

or HUPA 

 

CND/CaNPs were synthesised via the carbonation method as reported 

previously.24 Briefly, CNDs were synthesised by suspending folic acid in DI water 

and adding NaOH until dissolution occurred. The folic acid solution was heated 

to 200 °C in a hydrothermal bomb for twelve hours to yield a stock solution of folic 

acid-derived CNDs. A UV-vis spectrum was obtained showing two plateaus at 

258 nm and 323 nm (Figure 4.2a), and an FTIR spectrum of lyophilised CNDs 

was also obtained: 3250 cm-1 (bm, OH and NH), 1659 cm-1 (m, C=O) and 1579 

cm-1 (s, NH) (Figure 4.2b). Separately, CaCO3 was heated in a furnace at 900 °C 

for 16 h to decompose to CaO. The CaO (0.44 g) was added to degassed and 

distilled DI water (50 mL) with vigorous stirring for 16 h to produce Ca(OH)2. N2 

and CO2 (3:1 v/v) were bubbled through the stirring Ca(OH)2 suspension at a rate 

of 1 L min-1 whilst an aliquot of the CND stock solution (2 mL) was added to the 

mixture. The gas flow was continued until the pH reached 7 when the 

CND/CaNPs were collected by centrifugation (8,000 r.p.m., 10 min), washed with 

ethanol and dried. 

 

 

Figure 4.2 UV-vis (a) and FTIR spectra (b) of CNDs. 
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CND/CaNPs (5 mg) and 4-aminobutylphosphonic acid (ABPA) (5 mg, 0.03 mmol) 

or 11-hydroxyundecylphosphonic acid (HUPA) (5 mg, 0.20 mmol) were weighed 

into a glass vial and suspended in DI water (5 mL) with the aid of an ultrasonic 

bath. The ABPA- or HUPA-functionalised CND/CaNPs were collected by 

centrifugation, washed with DI water and ethanol, and dried in an oven at 50 °C. 

 

4.2.2 Nanocomposite syntheses 

 

4.2.2.1 Synthesis of CND/CaNP-ABPA-PPhe4-b-PSar16 and CND/CaNP-

ABPA-PBLG18-b-PSar16: the grafting-from approach 

 

As a representative example, ABPA-functionalised CND/CaNPs (0.26 g 

CND/CaNPs and 0.06 g, 0.4 mmol, 1 eq. ABPA) were suspended in anhydrous 

DMF (20 mL) and added to an oven-dried, N2-flushed Schlenk tube. The NCA (L-

phenylalanine (Phe)-NCA: 0.37 g, 2.0 mmol, 5 eq. or γ-benzyl-L-glutamate (BLG)-

NCA: 1.77 g, 6.7 mmol, 23 eq., from Sections 2.3.1.2 and 2.3.1.3, respectively) 

were dissolved in anhydrous DMF (20 mL) and also added to the Schlenk tube. 

The polymerisation was stirred at room temperature with a flow of N2 until FTIR 

spectroscopy determined that all NCA had reacted due to the absence of peaks 

corresponding to the anhydride group of the NCA monomer (typically five days). 

Sarcosine (Sar)-NCA (from Section 2.3.1.1) was then dissolved in anhydrous 

DMF (10 mL), added to the Schlenk tube and stirred at room temperature with a 

flow of N2. Once FTIR spectroscopy determined that all NCA had reacted (also 

typically five days), the reaction mixture was reduced to dryness and the resulting 

solid washed three times in chloroform (centrifugation for 30 minutes at 4,500 

r.p.m.). The nanocomposites were collected and dried in a vacuum oven at 45 

°C. 

 

4.2.2.2 Synthesis of CND/CaNP-HUPA-PSar82: the grafting-from approach 
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The NCA ROP initiated from a hydroxyl group was carried out as reported 

previously, with modifications,45 and similarly to that reported in Chapter 3. 

HUPA-functionalised CND/CaNPs (0.02 g CND/CaNPs and 0.02 g, 0.08 mmol, 

1 eq. HUPA) were suspended in anhydrous DMF (25 mL) in a Schlenk tube. The 

milky-white coloured solution was stirred under N2 before Sar-NCA (0.44 g, 3.81 

mmol, 48 eq.) was added. Methanesulfonic acid in anhydrous DMF solution (0.02 

mg mL-1, 1 mL) was added to the Schlenk tube and the reaction stirred under N2 

at 40 °C for 24 h. After initiation, the polymerisation underwent propagation by 

cooling to 0 °C before N-ethyldiisopropylamine in anhydrous DMF (12.5 mg mL-

1, 2 mL) was added. After stirring at 0 °C with a flow of N2 for six days, the 

polymerisation reaction was finished as FTIR spectroscopy determined that Sar-

NCA was no longer present. The nanocomposite was collected by vacuum, 

washed three times in chloroform (centrifugation for 30 minutes each time at 

4,500 r.p.m.) and dried in a vacuum oven at 45 °C. 

 

4.2.2.3 Synthesis of CND/CaNP-HUPA-PSar17 and CND/CaNP-HUPA-

PSar23: the grafting-to approach 

 

Into a sample vial, the HUPA-PSar polymer (Section 3.2.1, 150 mg) and 

CND/CaNPs (50 mg) were weighed and suspended in DI water (10 mL) with the 

aid of an ultrasonic bath for one hour. The nanocomposites were collected by 

centrifugation (4,500 r.p.m., 30 mins.), washed with DI water three times, washed 

with ethanol three times, washed with chloroform three times, and dried in a 

vacuum oven at 45 °C. 

 

4.2.3 Synthesis of polymers for comparison, DLS, and for the 

grafting-to approach 

 

4.2.3.1 Synthesis of ABPA-PPhe8-b-PSar105 and ABPA-PBLG22-b-PSar63 
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ABPA-PPhe8-b-PSar105: briefly, ABPA (10 mg, 0.07 mmol, 1 eq.) and Phe-NCA 

(25 mg, 0.13 mmol, 2 eq.) were dissolved in anhydrous DMF (20 mL) and stirred 

at room temperature with a flow of N2 until FTIR analysis determined there was 

no more Phe-NCA remaining. Sar-NCA (455 mg, 3.96 mmol, 57 eq.) was 

dissolved in anhydrous DMF (7 mL) and added to the reaction mixture with stirring 

and a flow of N2 at room temperature. Once all of the Sar-NCA had been 

exhausted, as determined by FTIR analysis, the amphiphilic block copolymer was 

precipitated and washed in ice-cold diethyl ether (200 mL), collected by centrifuge 

(4,500 r.p.m., 15 mins.), dialysed against DI water (2,000 Da MWCO) and 

lyophilised (yield 62%). ABPA-PBLG22-b-PSar63 was synthesised in a similar 

way: briefly, ABPA (10.6 mg, 0.07 mmol, 1 eq.) was dissolved in anhydrous DMF 

(20 mL) and BLG-NCA (0.45 g, 1.72 mmol, 25 eq.) in anhydrous DMF (10 mL) 

added. After ten days, Sar-NCA (0.80 g, 6.93 mmol, 99 eq.) in anhydrous DMF 

(10 mL) was added to the reaction mixture. After eleven days the polymer was 

precipitated in diethyl ether, collected by centrifuge, dialysed and lyophilised 

(yield 64%). 

 

4.2.3.2 Synthesis of HUPA-PSar polymers HUPA-PSar93, HUPA-PSar17 and 

HUPA-PSar23 

 

HUPA-PSar95: into a N2-flushed, oven-dried Schlenk tube, Sar-NCA (0.47 g, 4.07 

mmol, 102 eq.) was dissolved in anhydrous chloroform (10 mL) with stirring. 

Methanesulfonic acid (0.01 g, 0.12 mmol, 3 eq.) was added together with HUPA 

(0.01 g, 0.04 mmol, 1 eq.) and the reaction mixture stirred with a flow of N2 at 40 

°C for 24 h. Propagation was then started by cooling the reaction mixture to 0 °C 

and adding N-ethyldiisopropylamine (0.27 g, 2.09 mmol, 52 eq.). After being 

stirred at 0 °C with a flow of N2 for four days the polymerisation reaction was 

complete as determined by FTIR spectroscopy. The polymer was precipitated by 

adding dropwise into ice-cold diethyl ether (1:5 v/v), collected by centrifuge, 

dialysed and lyophilised (yield 84%). HUPA-PSar17 and HUPA-PSar23 were 

synthesised in the same manner as HUPA-PSar95 above. 
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4.2.3.3 Synthesis of CaNP-ABPA-PBLG18-b-PSar16 with no CNDs, and DLS 

analysis of such 

 

CaNPs were synthesised as above (Section 4.2.1) but without the CND solution 

being added. The CaNPs were collected by centrifugation, washed and dried. 

FTIR νmax (solid): 1396 cm-1 (s), 872 cm-1 (s) and 712 cm-1 (m). Surface-

functionalisation and polymer grafting of these CaNPs was conducted in the 

same manner as that described for the nanocomposite including CNDs (Section 

4.2.2.1). CaNP-ABPA was synthesised by suspending CaNPs (5 mg) and ABPA 

(5 mg) in DI water with the aid of an ultrasonic bath. These were then washed 

and dried. CaNP-ABPA-PBLG18-b-PSar16 was synthesised by suspending 

ABPA-functionalised CaNPs in anhydrous DMF and adding BLG-NCA in 

anhydrous DMF. After seven days FTIR spectroscopy determined there was no 

more monomer remaining, so Sar-NCA was added in anhydrous DMF. After a 

further seven days Sar-NCA had been consumed too and the nanocomposite 

collected in vacuo, washed and dried. FTIR νmax (solid): 3301 cm-1 (w, N-H), 2934 

cm-1 (w, C-H), 1646 cm-1 (m, amide) and 1415 cm-1 (m, calcite). 

 

For DLS analysis, the samples were added to a volume of PBS buffer solution at 

pH 7.4 to form a 0.1 mg mL-1 suspension. Samples were suspended by placing 

in an ultrasonic bath for 15 minutes prior to analysis. DLS analyses were 

conducted in triplicate. The CaNP-polymer nanocomposite suspension was 

retained and re-suspended and analysed four days later by DLS. 

 

4.2.4 Dox release study 

 

To load the nanocomposites (3 mg) with Dox, the nanocomposites were firstly 

added to DMF (1 mL). PBS buffer solution at pH 7.4 (10 mL) was stirred 

vigorously whilst the nanocomposite in DMF solution was added dropwise 

simultaneously with the Dox free base in chloroform solution (Section 2.3.4.1). 

The mixture was stirred vigorously overnight in the dark for the chloroform to 

evaporate, and the Dox-loaded nanocomposites transferred to dialysis tubing 
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(2,000 Da MWCO) and dialysed in the dark against PBS buffer solution at pH 7.4 

at 37 °C until the excess Dox was removed. The concentration of Dox in the 

solution outside the dialysis tubing was quantified by HPLC against a calibration 

curve of known concentrations (Section 2.3.4.3). Dox loading efficiency was 

calculated from Equation (2.6). 

 

After dialysis, the solutions inside the dialysis tubing were split in two, with half 

dialysed against fresh PBS buffer solution at pH 7.4, and the other half dialysed 

against acetate buffer solution at pH 5, both at 37 °C in the dark. Aliquots were 

taken at various time intervals and analysed by HPLC for cumulative Dox release 

quantification. The buffer solutions outside the dialysis tubing were replaced with 

fresh buffer solutions after each analysis by HPLC. 

 

4.2.5 Afterglow lifetime analysis (stroboscopy) 

 

Afterglow lifetimes were estimated using a stroboscopic method. Videos of 

afterglow were obtained with a Canon EOS 7D SLR camera in video mode (25 

fps) with a Canon ER 100 mm f/2.8 Macro USM lens. Whilst being recorded, the 

samples were irradiated with UV light at 365 nm, and the UV lamp switched off 

after a few seconds. The video recording continued for a few seconds after the 

UV lamp was switched off in order to capture afterglow. Individual frames of the 

video were obtained using VirtualDub software, and the frames analysed in 

ImageJ software. Afterglow lifetimes were obtained by plotting the mean grey 

values against time with a 0.04 s interval. 
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4.3 Results and Discussion 

 

4.3.1 CND/CaNP synthesis and functionalisation 

 

CND-loaded CaNPs (CND/CaNPs) were produced using a carbonation method 

to near-complete yields. Raman microscopy and pXRD confirmed that the 

CND/CaNPs produced were of the calcite polymorph of CaCO3 (Figure 4.3a-b). 

Near-spherical NPs were synthesised with average diameters of 54 ± 14 nm as 

determined by SEM analysis (Figure 4.3c, averaged over 126 particles), and 

which was in suitable agreement with the value obtained from analysing the 

pXRD pattern with the Scherrer equation (62 ± 8 nm, Equation ((4.2)).46 The 

CND/CaNPs displayed bright blue fluorescence under UV radiation (365 nm) and 

a green afterglow visible for ~1 s (τ = ~0.25 s) after the excitation source was 

removed (Figure 4.3d). 

 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 (𝑛𝑚) =
Κλ

𝛽 cos 𝜃
 (4.2) 

 

ABPA and HUPA were used to prepare CND/CaNP surfaces for modification by 

NCA ROP.41 Both molecules feature phosphonic acid groups which interact with 

the CaNP, whilst the amine or hydroxyl groups act as an initiator for subsequent 

ROP (Scheme 4.2). Following functionalisation, the CND/CaNPs were washed 

with water and ethanol to remove excess ABPA or HUPA. FTIR analysis 

confirmed successful functionalisation of the CND/CaNPs; the distinctive bands 

of calcite were found at 1397 cm-1, 871 cm-1 and 713 cm-1, in the spectra of ABPA- 

and HUPA-functionalised CND/CaNPs (Figure 4.4a). Additionally, HUPA-

functionalised CND/CaNPs possess C-H stretching peaks at 2924 cm-1 and 2850 

cm-1 corresponding with the eleven CH2 groups of HUPA. SEM analysis of the 

surface-functionalised CND/CaNPs showed that their morphology and 

dimensions are not altered by surface-functionalisation (Figure 4.4b). 
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Figure 4.3 Raman spectrum (a), pXRD pattern (b), SEM micrograph (c, inset: 
particle diameter distribution from this micrograph calculated from 126 particles), 
and normalised afterglow lifetime of CND/CaNPs (d, inset: photos of blue 
fluorescence and green afterglow after irradiating at 365 nm). 

 

 

Scheme 4.2 Surface-functionalising CND/CaNPs with ABPA or HUPA. 
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Figure 4.4 (a) FTIR spectra of CND/CaNPs and ABPA- or HUPA-functionalised 
CND/CaNPs, and (b) an SEM micrograph of ABPA-functionalised CND/CaNPs 
(scale bar is 200 nm). (c) Particle size distribution of CaNPs, ABPA-functionalised 
CaNPs and a CaNP-polymer nanocomposite on day zero and after four days, 
and (d) bar graph comparing the same. 

 

DLS analysis is frequently utilised to measure the size distribution profile of NPs 

in solution using the collective scattered light intensity fluctuations by all particles 

over time.47 Fluorescence, however, causes interference and noise, therefore 

DLS is generally not considered an appropriate sizing technique for fluorescent 

samples, such as CND/CaNPs.48 Nonetheless, the size of non-functionalised and 

functionalised NPs in suspension was assessed using CaNPs which were not 

composited with CNDs, and thus did not fluoresce. Non-functionalised and 

ABPA-functionalised CaNPs possess hydrodynamic diameters of 248.4 ± 13.65 

nm and 224.9 ± 33.86 nm, respectively, in PBS buffer solution at pH 7.4 (Figure 

4.4c). Figure 4.4d shows that the hydrodynamic diameter of the CaNP does not 

change once functionalised with ABPA. 
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4.3.2 CND/CaNP-PAA nanocomposite synthesis 

 

4.3.2.1 Nanocomposite synthesis via the ‘grafting-from’ approach 

 

Initially, amphiphilic block copolymers consisting of hydrophobic PPhe or PBLG 

and hydrophilic PSar (CND/CaNP-ABPA-PPhe4-b-PSar16 and CND/CaNP-

ABPA-PBLG18-b-PSar16) were synthesised via simple, catalyst-free, sequential 

NCA ROP from ABPA-functionalised CND/CaNPs (grafting-from approach, 

Scheme 4.3a, Section 1.4.1.3). 

 

 

Scheme 4.3 Grafting-from approach to yield nanocomposites CND/CaNP-ABPA-
PPhe4-b-PSar16 and CND/CaNP-ABPA-PBLG18-b-PSar16 (a), and CND/CaNP-
HUPA-PSar82 (b). The ester link which renders CND/CaNP-HUPA-PSar82 more 
susceptible to acid hydrolysis is highlighted in yellow. 
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PSar was also grafted from HUPA-functionalised CND/CaNPs (CND/CaNP-

HUPA-PSar82) to yield an amphiphilic block copolymer in which the alkane chain 

of HUPA acted as the hydrophobic component. NCA ROP proceeded from the 

hydroxyl group of HUPA, producing an ester link (highlighted in yellow in Scheme 

4.3b) within the block copolymer chain that may be exploited for acid-mediated 

polymer cleavage and subsequent guest molecule release (Scheme 4.3b). The 

nanocomposites produced by the grafting-from approach are summarised in 

Table 4.1, entries 1-3. 

 

Table 4.1 Summary of nanocomposite materials synthesised. 

 Approach Material 

1 Grafting-from CND/CaNP-ABPA-PPhe4-b-PSar16 

2 Grafting-from CND/CaNP-ABPA-PBLG18-b-PSar16 

3 Grafting-from CND/CaNP-HUPA-PSar82 

4 Grafting-to CND/CaNP-HUPA-PSar17 

5 Grafting-to CND/CaNP-HUPA-PSar23 

 

4.3.2.2 Characterisation of nanocomposites from the grafted-from 

approach 

 

1H NMR spectra were obtained to characterise polymeric surface coatings in 

comparison with spectra from similar unbound polymers, in terms of structure and 

monomer repeat units, formed in the absence of CND/CaNPs. Prior to all 

analyses, the CND/CaNP-polymer nanocomposites were suspended and 

extensively washed in chloroform, and then collected as a pellet by centrifugation. 

The supernatants were combined, dried, and the composition also analysed. 

Successful polymer grafting is indicated by the presence of both polymer and 

CND/CaNP in the pellet, whereas unbound polymer was present in the 

supernatant. This ensures that all the peaks assigned to the polymer arise from 

the CND/CaNP-conjugated polymer, as opposed to unbound polymer. 

Comparing the integrals of the protons with protons corresponding to the initiator 
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(ABPA or HUPA) with the protons corresponding to the polymer allowed for 

quantification of polymer equivalents, and hence average polymer Mw values to 

be determined. These calculations are provided in Table 4.2, and more thorough 

analysis of the spectra provided below. 

 

Table 4.2 Comparison between the integrals of initiator protons to polymer 
protons to calculate polymer equivalents and molecular weight. 

Polymer or 

nanocomposite 

Initiator Polymer 

E
q

u
iv

a
le

n
c

e
 

Mw (kg 

mol-1) 

L
a
b
e

l 

In
te

g
ra

l 

L
a
b
e

l 

In
te

g
ra

l 

#
 o

f 
H

 

a
to

m
s
 

ABPA-PPhe8-b-PSar105 
d 6 

a 37.58 5 8 
8.8 

ABPA-PPhe8-b-PSar105 c 314.70 3 105 

CND/CaNP-ABPA-PPhe4-
b-PSar16 

d 6 
a 20.53 5 4 

1.9 
CND/CaNP-ABPA-PPhe4-
b-PSar16 

c 47.79 3 16 

ABPA-PBLG22-b-PSar63 
d 6 

a 109.06 5 22 
9.4 

ABPA-PBLG22-b-PSar63 c 187.92 3 63 

CND/CaNP-ABPA-
PBLG18-b-PSar16 

d 6 
a 89.72 5 18 

5.2 
CND/CaNP-ABPA-
PBLG18-b-PSar16 

c 46.93 3 16 

HUPA-PSar95 c 14 b 286.23 3 95 7.0 

CND/CaNP-HUPA-PSar82 c 14 b 246.95 3 82 6.1 

 

Figure 4.5a-b display the 1H NMR spectra of both bound nanocomposite 

CND/CaNP-ABPA-PPhe4-b-PSar16 and an unbound polymer analogue ABPA-

PPhe8-b-PSar105. Each spectrum featured a peak between 7.34 and 7.12 ppm 

which was assigned to the aromatic groups of the PPhe block. The peak between 

4.50 and 3.92 ppm corresponds to the proton of the amide group present in both 

polymer blocks, and peaks between 2.90 and 2.73 ppm correspond to the protons 

of the methyl group bonded to the tertiary amine of each PSar repeat unit. The 

1H NMR spectra of CND/CaNP-ABPA-PBLG18-b-PSar16 and the unbound 

polymer analogue ABPA-PBLG22-b-PSar63 both contained an aromatic peak 

between 7.37 and 7.20 ppm corresponding with the aromatic protons of the PBLG 

block (Figure 4.5c-d). The peak between 5.12 and 5.00 ppm corresponds to the 

non-aromatic protons of the benzyl protecting group of each BLG repeat unit, and 

peaks between 2.95 and 2.71 ppm correspond to the methyl group of each PSar 
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repeat unit. This analysis, following extensive material washing, confirms that 

both PPhe4-b-PSar16 and PBLG18-b-PSar16 are bound to the CND/CaNPs. 

 

 

Figure 4.5 1H NMR spectra of ABPA-PPhe8-b-PSar105 (a, 500 MHz, DMSO-d6), 
CND/CaNP-ABPA-PPhe4-b-PSar16 (b, 600 MHz, DMSO-d6), ABPA-PBLG22-b-
PSar63 (c, 500 MHz, DMSO-d6), and CND/CaNP-ABPA-PBLG18-b-PSar16 (d, 600 
MHz, DMSO-d6). Key peaks corresponding to PAA protons denoted. 

 

PSar grafting from HUPA-modified CND/CaNPs was also confirmed by 1H NMR 

spectroscopy, with unbound HUPA-PSar95 used as a reference (Figure 4.6). Both 

spectra contained a peak between 4.33 and 3.92 ppm corresponding to the CH2 

group of the Sar repeat unit, a peak between 2.92 and 2.73 ppm corresponding 
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to the methyl group of the Sar repeat unit, and peaks between 1.24 and 1.07 ppm 

corresponding with the CH2 groups in HUPA.  

 

 

Figure 4.6 1H NMR spectra of CND/CaNP-HUPA-PSar82 (a) and HUPA-PSar95 
(b) (500 MHz, DMSO-d6). 

 

13C NMR spectroscopy also confirmed successful nanocomposite synthesis 

(Figure 4.7). 13C NMR peaks corresponding to the polymeric component are 

present in all spectra. In contrast, the peak at 168.21 ppm, corresponding to 

calcite,49 appears exclusively in the spectra obtained from CND/CaNP-polymer 

nanocomposites. 
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Figure 4.7 13C NMR spectra of ABPA-PPhe8-b-PSar105 (a, 125 MHz, DMSO-d6), 
CND/CaNP-ABPA-PPhe4-b-PSar16 (b, 100 MHz, solid-state), ABPA-PBLG22-b-
PSar63 (c, 125 MHz, DMSO-d6), CND/CaNP-ABPA-PBLG18-b-PSar16 (d, 100 
MHz, solid-state), CND/CaNP-HUPA-PSar82 (e, 125 MHz, DMSO-d6), and 
HUPA-PSar95 (f, 125 MHz, DMSO-d6). 
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As shown in Figure 4.3a, calcite features characteristic peaks at 1086 cm-1 and 

711 cm-1 in its Raman spectrum. Raman spectra obtained from these 

CND/CaNP-polymer nanocomposites also contained these peaks, in addition to 

a characteristic aromatic peak at 1002 cm-1 which suggests that polymer grafting 

caused no structural changes to the calcite core (Figure 4.8a, i-ii). The dried 

supernatant from the washing process revealed a Raman spectra comparable to 

those obtained from free polymer and featured no peaks corresponding to calcite, 

further confirming that chloroform washing successfully removed unbound 

polymer from polymer-grafted CND/CaNPs (Figure 4.8a, iii). 

 

 

Figure 4.8 (a) Raman microscopy spectra of CND/CaNP-ABPA-PPhe4-b-PSar16 
(i) and CND/CaNP-ABPA-PBLG18-b-PSar16 (ii) and the dried supernatant from 
washing CND/CaNP-ABPA-PPhe4-b-PSar16 (iii). (b) FTIR spectra of 
CND/CaNPs, ABPA-PPhe8-b-PSar105 free polymer, CND/CaNP-ABPA-PPhe4-b-
PSar16, HUPA-PSar95 free polymer and CND/CaNP-HUPA-PSar82. 

 

FTIR spectroscopy was used for additional characterisation of the CND/CaNP-

polymer nanocomposites (Figure 4.8b). The spectra of all materials revealed the 

characteristic calcite peaks at 1397 cm-1, 871 cm-1 and 713 cm-1, and an amide 

peak in the spectra of polymer-grafted NPs. Once more, thorough washing with 

chloroform prior to FTIR, Raman and 13C NMR analyses confirmed that the 

polymer remains grafted to the CND/CaNPs. 

 

4.3.2.3 Synthesis and characterisation of nanocomposites from the 

grafting-to approach 



107 
 

The capability of PAAs featuring a terminal phosphonate group to graft to 

CND/CaNPs via ionic interactions was then investigated: the grafting-to approach 

(Section 1.4.1.3). For the grafting-to approach, the polymers were synthesised 

and then self-assembled with the CND/CaNPs, forming P-O-M bonds between 

the polymers and CND/CaNPs, whereas the grafting-from approach involved 

firstly self-assembling CND/CaNPs with the polymer initiator (ABPA or HUPA), 

and then subsequent NCA ROP. Two phosphonate-bearing PSar polymers were 

synthesised via NCA ROP initiated from the hydroxyl group of HUPA: HUPA-

PSar17 and HUPA-PSar23. 1H NMR (Figure 4.9a-b), 13C NMR (Figure 4.9c-d) and 

FTIR (Figure 4.9e) spectroscopies confirmed successful polymer synthesis. This 

grafting-to approach enables straightforward polymer analysis by NMR 

spectroscopy prior to grafting, as the polymers are soluble in common NMR 

solvents (e.g. DMSO-d6 and CDCl3) before being grafted to an inorganic NP. The 

polymers were then introduced to CND/CaNPs as an aqueous solution and 

suspended using an ultrasonic bath. After one hour, the nanocomposite samples 

were processed and analysed as described above (Table 4.1, entries 4-5). FTIR 

spectra of both chloroform-washed nanocomposites featured characteristic broad 

peaks attributed to calcite (1397 cm-1, 871 cm-1 and 713 cm-1) and the amide from 

the polymer (1634 cm-1, Figure 4.9f) confirming nanocomposite self-assembly. 

Meanwhile, FTIR analysis indicated that unbound polymer was washed away and 

retained in the chloroform supernatant, as expected (Figure 4.9g). 
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Figure 4.9 1H NMR spectra of HUPA-PSar17 (a) and HUPA-PSar23 (b) (500 MHz, 
CDCl3), 13C NMR spectra of HUPA-PSar17 (c) and HUPA-PSar23 (d) (125 MHz, 
CDCl3), and FTIR spectra of the HUPA-PSar polymers (e), CND/CaNP-HUPA-
PSar nanocomposites (f) and dried supernatants (g). 

 

4.3.2.4 TGA analysis of the nanocomposites 

 

The extent of polymer grafting to CND/CaNPs was explored using TGA analysis 

(Figure 4.10). The thermal decomposition of CND/CaNPs occurred with a single 
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weight loss step between 600 °C and 700 °C, leaving a yield of 58% at 800 °C 

which corresponds to the loss of one formula unit CO2 per formula unit CaCO3. 

In contrast, pure polymers ABPA-PPhe8-b-PSar105 and HUPA-PSar95 showed a 

dominant weight loss step which started between 250 °C and 350 °C and was 

completed at ~550 °C. Negligible char remained at 800 °C. Therefore, it was 

possible to determine the extent of polymer grafting by comparing the weight loss 

at lower (attributed to the polymer) and higher (attributed to CND/CaNPs) 

temperatures. 

 

 

Figure 4.10 TGA thermograms of CND/CaNPs, some CND/CaNP-polymer 
nanocomposites, and polymer analogues. 

 

TGA data showed that the total organic material mass of CND/CaNP-ABPA-

PPhe4-b-PSar16 (grafting-from approach) and CND/CaNP-HUPA-PSar23 

(grafting-to approach) was 27% and 12%, respectively, suggesting that the 

grafting-to approach enabled more efficient polymer attachment to CND/CaNP 

surfaces (Table 4.3). Consequentially, nanocomposites formed by the grafting-

from approach were advanced to controlled therapeutic release studies. 
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Table 4.3 Summary of TGA data. The furnace temperatures recorded at 95%, 
90% and 60% weight loss, and the char yields at 800 °C. 

Sample 
Temperature at wt.% (°C) Char yield at 

800 °C (wt.%) 95% 90% 60% 

CND/CaNP 634 662 723 58 

CND/CaNP-ABPA-PPhe4-b-
PSar16 

246 281 410 31 

ABPA-PPhe8-b-PSar105 234 246 271 2 

CND/CaNP-HUPA-PSar23 219 300 659 46 

HUPA-PSar95 122 155 238 3 

 

4.3.3 Nanocomposites as drug release vehicles 

 

4.3.3.1 Dispersion stability of the nanocomposites 

 

Drug delivery vehicles intended for intravenous injection must form a stable 

dispersion for extended shelf-life prior to administration, and disperse in aqueous 

solution such as the bloodstream, post-administration. DLS analysis would allow 

the hydrodynamic diameter to be measured, but discussed previously is the 

unsuitability of CND/CaNPs to be sized by DLS due to fluorescence causing 

interference (Section 4.3.1). CaNPs were synthesised without CNDs, and thus 

do not fluoresce or present afterglow, but may be sized using DLS. A 

nanocomposite was formed of these non-fluorescent CaNPs, CaNP-ABPA-

PBLG18-b-PSar16, using the grafting-from technique, and its hydrodynamic 

diameter measured by DLS as being 219.1 ± 50.94 nm in PBS buffer solution at 

pH 7.4 (Figure 4.4c-d). The same sample was re-analysed on DLS four days 

later, and Figure 4.4d shows the hydrodynamic diameter is still within error of the 

first measurement (274.2 ± 68.08 nm). This brief study demonstrates these 

nanocomposites may be stable in aqueous environments such as the 

bloodstream, and thus potentially suitable for utilisation as a drug delivery vehicle. 

 

The effect of polymer grafting on enhancing the dispersibility and suspension 

stability of CND/CaNPs in water was then tested by time-resolved turbidimetry 
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studies. This analysis involved monitoring the absorbance at 450 nm every 60 

seconds. Upon NP aggregation, the aggregates sank to the bottom of the cuvette 

and thus the clear (less turbid) solution results in a reduction in absorbance, 

monitored over time. Only 11% CND/CaNPs remained homogeneously 

dispersed in water after four hours, whereas 34% of CND/CaNP-ABPA-PPhe4-b-

PSar16 and 82% of CND/CaNP-HUPA-PSar23 remained homogeneously 

dispersed in water after four hours (Figure 4.11). The increased stability of the 

suspension was attributed to the introduction of a hydrophilic PSar shell to the 

CND/CaNP surface. The difference in suspension stability enhancement 

between the two classes of nanocomposite may be linked to the differences in 

PSar chain length, and the extent of polymer grafting. Nonetheless, polymer 

grafting enhances the stability of CND/CaNP dispersions in water. 

 

 

Figure 4.11 Kinetic UV-vis absorbance of CND/CaNPs and CND/CaNP-polymer 
nanocomposites in water over four hours. All suspensions/solutions were at a 
concentration of 0.1 mg mL-1 and absorbances were taken every 60 s at 450 nm. 

 

4.3.3.2 pH-responsive Dox delivery 

 

Owing to the nanocomposites improved suspension stability over CND/CaNPs, 

CND/CaNP-ABPA-PPhe4-b-PSar16 and CND/CaNP-HUPA-PSar23 were 
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assessed for their ability to both retain and selectively release the 

chemotherapeutic Dox. The nanocomposites were suspended in pH 7.4 buffer 

solution and loaded with Dox as per Section 2.3.4 to 82% and 72% efficiency, 

respectively. Dox-loaded nanocomposite suspensions were then dialysed 

against pH 7.4 buffer solution while the Dox concentration in the surrounding 

dialysis medium was assayed over time by HPLC (Figure 4.12). Negligible Dox 

(0.0-0.1%) was released after 168 h from both nanocomposites, suggesting 

excellent retention of Dox under physiological pH conditions. It was also inferred 

that both the polymer shell remained intact and attached to the NP core, 

preventing Dox release, and the CND/CaNP core was protected from dissolution 

into the surrounding medium. 

 

 

Figure 4.12 (a) Cumulative amount of Dox released over time for CND/CaNP-
ABPA-PPhe4-b-PSar16 in PBS buffer solution at pH 7.4 (■) and acetate buffer 
solution at pH 5 (●). (b) Cumulative amount of Dox released over time for 

CND/CaNP-HUPA-PSar23 in PBS buffer solution at pH 7.4 (◆) and acetate buffer 

solution at pH 5 (◄). Inset: buffer solutions outside the dialysis tubing of 
CND/CaNP-HUPA-PSar23 at pH 5 (left) and 7.4 (right) after 168 h. 

 

To test the capability for the nanocomposites to release Dox as triggered by a 

solution pH change, Dox-loaded nanocomposite suspensions were also dialysed 

against a pH 5 acetate buffer solution. Only moderate Dox release from 

CND/CaNP-ABPA-PPhe4-b-PSar16 was anticipated due to the inability of acid to 

hydrolyse the polymer at such pH; Dox release may instead be driven by its 

enhanced solubility in the acidic environment, enabling some escape from the 

NP. In addition, some degradation of the CaNP core may be anticipated. 
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Accordingly, only 9.6% of the loaded Dox was released (Figure 4.12a). In 

contrast, Dox release from CND/CaNP-HUPA-PSar23 was anticipated to be 

significant due to the presence of the acid-cleavable ester link between the HUPA 

and PSar blocks within the polymer shell. Studies revealed that 74.9% of the 

loaded Dox was released when the nanocomposites were maintained within pH 

5 acetate buffer solution (Figure 4.12b). The pH-triggered release of Dox from 

both nanocomposites was mostly completed within the first 24 h of the 

experiment, indicating a restricted ‘burst release’ because of an initial large rate 

of release before reaching equilibrium. Furthermore, the release of Dox was also 

clearly demonstrated by the colourless-to-pink colour change observed in pH 5 

acetate buffer dialysis medium, attributed to increasing Dox concentration. In 

contrast, no colour change was observed when pH 7.4 PBS buffer solution was 

used as the dialysis medium (Figure 4.12b, inset). 

 

4.3.3.3 pH-responsive afterglow 

 

The ability to trace the activity of a drug delivery vehicle in real time is desirable 

for ensuring the therapeutic reaches the target site. Here, the nanocomposites 

feature a CND/CaNP core which exhibits a green afterglow after UV stimulation 

when intact, but loses this ability when dissolved and the CNDs are instead in 

aqueous solution. Therefore, introducing the nanocomposites to an acidic 

environment would not only trigger Dox release, it may enable nanocomposite 

tracing by the loss of afterglow behaviour due to the dissolution of the CaNP core 

and release of CNDs. Stroboscopy studies showed that the nanocomposite 

CND/CaNP-ABPA-PPhe4-b-PSar16 retained afterglow when suspended in pH 7.4 

PBS buffer solution (Figure 4.13a). Afterglow was also retained after the 

nanocomposites were recovered from solution and dried (Figure 4.13b). To 

determine afterglow retention in acidic solution, the same nanocomposites were 

suspended in pH 5 acetate buffer solution, stirred for 24 h and then dried. No 

afterglow was observed for any nanocomposite tested, which may be ascribed to 

some degradation of the CaNP core and subsequent release of CNDs (Figure 

4.13c). This pH-responsive degradation of afterglow may provide a mechanism 

for composite tracing by the loss of afterglow. It should be noted, however, that 
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for effective transmission of light through living tissue, and thus for tracing in vivo, 

excitation with red light and emission in red/near-IR are required. Further, an 

optimised quantum yield is required to account for dilution, although ways of 

amplifying afterglow are an active area of research.29 Nonetheless, the 

combination of pH-responsive afterglow and Dox release may offer a system for 

identifying and eliminating cancerous cells and tumours simultaneously. 

 

 

Figure 4.13 Images determining the presence of afterglow of CND/CaNP-ABPA-
PPhe4-b-PSar16 in PBS buffer solution (a), CND/CaNP-ABPA-PPhe4-b-PSar16 
following removal of solution and drying (b), and CND/CaNP-ABPA-PPhe4-b-
PSar16 after being suspended in pH 5 acetate buffer solution (c). The normalised 
afterglow lifetime of CND/CaNP-ABPA-PPhe4-b-PSar16 following removal from 
solution is also presented (right). Afterglow was triggered by irradiating the 
samples with UV light at 365 nm for a few seconds beforehand. 

 

4.4 Conclusions 

 

CND/CaNPs were synthesised and successfully surface-functionalised with 

amphiphilic block copolymers via a grafting-to or grafting-from approach. The 

reported grafted-from nanocomposites were synthesised by firstly functionalising 

CND/CaNPs with ABPA or HUPA, presenting an amine or hydroxyl group, 

respectively, to initiate NCA ROP. Alternatively, HUPA-PSar block copolymers 

were synthesised and grafted to CND/CaNPs by the terminal phosphonate 

functional group forming P-O-M bonds with CaNPs: the grafting-to approach. 

These synergistic CND/CaNP-polymer nanocomposites had good compatibility 

with aqueous media whilst retaining fluorescence and afterglow. The 
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nanocomposites were loaded with Dox at high efficiency and Dox release studies 

revealed that an acidic environment was able to promote Dox release, particularly 

when an ester link was incorporated within the polymer chain. The selectivity of 

the nanocomposites to release Dox in an acidic environment, but retain Dox when 

stored in a non-acidic environment, was significant and a key requirement for 

controlled drug delivery. Additionally, the nanocomposites demonstrated 

afterglow in pH 7.4 solution for approximately 1 s, but do not display afterglow 

when stored in an acidic environment. This could be optimised further as a tracing 

mechanism by seeking the loss of afterglow in target cells. With further 

optimisation, the simultaneous pH-responsive Dox delivery and pH-triggered loss 

of afterglow may enable these materials to be theranostic devices. 
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Chapter 5  

Novel route to PEG-block-polyalanine: tin-catalysed ring-

opening polymerisation of alanine anhydride 

 

Abstract 

 

For the first time, stannous octoate-catalysed ring-opening polymerisation of 

alanine anhydride, a cyclic dipeptide of alanine, is reported initiated from PEG 

methyl ether. The synthesised PEG-block-polyalanine amphiphilic copolymers 

had high equivalences up to 36 alanine units, offering an alternative route to 

polyalanine synthesis avoiding alanine-N-carboxyanhydride. Uniform and stable 

nanoparticles were formed when the block copolymer was dispersed in aqueous 

solution, as evidenced by DLS and SEM. The nanoparticles were able to load the 

potent chemotherapeutic, doxorubicin (Dox), with efficiency up to 43%. Dox 

release studies were performed and PEG-b-polyalanine20 released only 20% Dox 

at physiological pH (7.4) but released 73% Dox in acidic environments (pH 5). 

This stimuli-responsiveness with respect to pH offers these biocompatible 

polymers potential for use as drug delivery vehicles for chemotherapeutics. 

 

5.1 Introduction 

 

L-Alanine (Ala, 1) is a proteinogenic α-amino acid, as discussed in Section 1.2.1, 

whereby the R group is a simple CH3 group. Figure 1.2 shows Ala as a 

hydrophobic amino acid, and as such the homopolypeptide of Ala, polyalanine 

(PAla), is also hydrophobic. PAla forms β-sheet structures with high crystallinity 

and possess outstanding mechanical properties.1 For example, silks from spiders 

and silkworms have excellent physical properties and contain relatively large 

equivalents of Ala in the protein chain (up to 22 residues, but typically 6-7).2 On 

an equal weight basis, spider silks out-perform man-made materials including 

steel and Kevlar,3-4 and it is understood that Ala contributes significantly to these 

excellent mechanical properties.2,5-6 It has been shown that a general increase in 
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the amount of residues of Ala in a block in silk protein improves its toughness.5,7 

The synthesis of PAla, and copolymers thereof, is therefore a promising avenue 

to explore for synthetic fibres with record-breaking properties, or for biomaterials 

where rugged properties are required. 

 

5.1.1 Problems encountered synthesising PAla via NCA ROP 

 

Section 1.2.2 described common routes to synthesise poly(amino acid)s (PAAs), 

namely solid-phase peptide synthesis, NCA ROP or protein biosynthesis. NCA 

ROP (Section 1.3.3) allows PAAs to be synthesised reliably with low dispersity 

and relatively easily; however high Mw PAla is difficult to synthesise via NCA ROP 

due to its low solubility in common solvents. This low solubility leads to PAla 

precipitating from solution prematurely during NCA ROP, inhibiting propagation 

and resulting in low equivalence.8-9 

 

Moreover, PAla synthesis via NCA ROP requires the monomer Ala-NCA, 

frequently synthesised via the Fuchs-Farthing approach (Section 1.3.3.1). This 

reaction requires phosgene generation, which is of lethal toxicity and evolves 

highly corrosive HCl.10 There are alternative methods of synthesising NCAs 

avoiding phosgene, such as using diphenyl carbonate,11 or including mercapto 

analogues to NCAs, N-thiocarboxyanhydrides, but these still have other inherent 

issues such as a lower reactivity than NCAs.12-14 Other routes have been 

explored to synthesise PAla, such as that by Baker and Numata who reported 

the synthesis of PAla via chemoenzymatic synthesis from alanine ethyl ether.15 

These other routes are also not straightforward and so an alternative route to high 

Mw PAla avoiding phosgene is urgently sought. 

 

5.1.2 ROP of alanine anhydride 

 

The carboxylic acid functional group of one Ala molecule may react with the 

amine group of another under thermal treatment, forming a dipeptide which can 
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cyclise via a condensation reaction forming alanine anhydride, a cyclic dipeptide 

of Ala (3,6-dimethyl-2,5-piperazinedione, cyclo(Ala-Ala), 2) (Scheme 5.1a).16-17 

Alanine anhydride is an example of a 2,5-diketopiperazine (3), which may also 

be synthesised on fused silica NPs,18-20 and are also found in nature.21-22 

 

 

Scheme 5.1 Synthesis of alanine anhydride (a) and the synthesis of poly(lactide-
co-Ala) (b). 

 

Sn(Oct)2 (stannous octoate, tin (II) 2-ethylhexanoate) is a highly effective catalyst 

for the ROP of L-lactide, and is low cost and stable on storage (Section 1.3.2.1).23-

24 Although Sn(Oct)2 is slightly toxic to humans, as all soluble tin compounds are, 

it is approved by the US FDA as a food preservative.24-25 Noomhorm and Tokiwa 

previously reported the synthesis of poly(lactide-co-Ala) via the ROP of L-lactide 

with alanine anhydride.26 The authors used Sn(Oct)2 as the catalyst with the ROP 

carried out in bulk, at 195 °C, and in sealed ampules (Scheme 5.1b), however 

only low Mw polymers were obtained (5,130 Da). 

 

5.1.3 PEG-b-PAla block copolymers 

 

PAla copolymerised with PEG holds many useful potential applications, as the 

excellent mechanical properties of PAla can be combined with the useful 

properties of PEG in biomedicine such as biocompatibility and hydrophilicity 

(Section 1.4). For example, implants and implant coatings require both 

biocompatibility and good mechanical properties.27 Jeong et al. synthesised a 
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PEG-b-PAla7-azobenzene-PAla7-b-PEG triblock copolymer via NCA ROP 

followed by coupling with the azobenzene chromophore.28 Although the authors 

demonstrated the copolymers stimuli-responsiveness to light and temperature, 

offering a potential drug delivery vehicle,29 low equivalences of Ala (seven) was 

reported and laborious synthesis of Ala-NCA was required, hindering its 

commercialisation. Other PEG-PAla copolymers have been previously reported 

for synthetic spider silk30 and tissue engineering, however only low Ala 

equivalencies are reported and/or low equivalence values and laborious Ala-NCA 

synthesis is required.31-35 

 

5.1.4 Summary 

 

PAla is an attractive polymer to synthesise with high equivalence due to its high 

mechanical strength and crystallinity, yet is still a biodegradable and 

biocompatible PAA. Copolymers of PAla are also highly sought after, but it is 

difficult to obtain PAla with a high equivalence and without requiring Ala-NCA. To 

the best of this authors knowledge, the example by Noomhorm and Tokiwa of the 

synthesis of poly(lactide-co-Ala) is the only example of alanine anhydride ROP. 

More work is required to improve the equivalences and copolymerise with 

different monomers to form different polymer architectures. It is hypothesised that 

Sn(Oct)2 may catalyse the ROP of alanine anhydride initiated from the terminal 

hydroxyl group of PEG, forming a PEG-b-PAla block copolymer. This hypothesis 

was investigated in this Chapter, and is the first report of alanine anhydride ROP 

initiated from PEG, enabling the inclusion of an ester link between the amphiphilic 

polymer blocks that is acid sensitive, and consequentially may be used for the 

acid-triggered release of guest molecules. 
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5.2 Experimental Details 

 

5.2.1 Synthesis of PEG-b-PAla copolymers 

 

The ROP of alanine anhydride was initiated from PEG methyl ether (5,000 Da 

Mw), catalysed by Sn(Oct)2, and conducted in anhydrous dioxane at reflux. As a 

representative example (Table 5.1, record 1), PEG methyl ether (5,000 Da Mw, 

0.5070 g, 0.1 mmol, 1 eq.) and alanine anhydride (0.2802 g, 2.0 mmol, 39 eq.) 

were weighed into an oven-dried, N2-flushed, 3-necked RB flask. The reagents 

were suspended in anhydrous dioxane (30 mL) before Sn(Oct)2 (0.05 mL, 0.06 

g, 0.2 mmol, 2 eq.) was added via syringe. The suspension was stirred under N2 

and heated to reflux. After being heated at reflux for ~30 minutes, all reagents 

were dissolved and a colourless solution formed. After being heated to reflux with 

stirring under N2 for six days, the reaction solution was cooled and the solution 

added dropwise to ice-cold diethyl ether (1:5 v/v). On addition to diethyl ether, a 

white precipitate formed which was collected by centrifugation (4,500 r.p.m., 30 

minutes), washed three times in diethyl ether and dried in a vacuum oven at 40 

°C overnight. To ensure no unreacted alanine anhydride was collected, the 

sample was re-dissolved in dioxane at room temperature (alanine anhydride does 

not dissolve in dioxane at room temperature), and the solution added dropwise 

to ice-cold diethyl ether. A white precipitate formed again which was collected by 

centrifugation (4,500 r.p.m., 30 minutes), washed three times in diethyl ether and 

dried in a vacuum oven at 40 °C. 

 

5.2.2 Catalyst loading on kinetics investigation 

 

To investigate the effects of catalyst loading on the kinetics of the reaction, two 

reaction systems were set up with different catalyst loadings. Each reaction was 

performed in the same manner as the dioxane method above (Section 5.2.1) with 

PEG methyl ether (5,000 Da Mw, 0.5070 g, 0.1 mmol, 1 eq.) and alanine 

anhydride (0.2801 g, 2.0 mmol, 39 eq.) in anhydrous dioxane (30 mL). To both 

reactions, Sn(Oct)2 was added by syringe but with different amounts: to the first 
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0.05 mL (0.06 g, 0.2 mmol, 2 eq.) was added, and to the second 0.1 mL (0.1 g, 

0.3 mmol, 3 eq.) was added. The reactions were stirred under N2 and heated at 

reflux. At various time intervals the reactions were cooled to room temperature 

and stirring stopped. On cooling, a precipitate settled to the bottom of the reaction 

flask and a 1 mL aliquot of the dioxane solution was taken, with care to avoid 

disturbing and re-suspending the unreacted alanine anhydride. Stirring was then 

continued and the ROP reaction heated to reflux again. The dioxane aliquots 

collected were added to ice-cold diethyl ether (15 mL) and a white precipitate 

formed on addition. These precipitates were collected by centrifugation (4,500 

r.p.m., 10 minutes), washed three times with diethyl ether and dried in a vacuum 

oven at 40 °C before 1H NMR analysis. 

 

5.2.3 NP formation and Dox release 

 

5.2.3.1 NP formation 

 

PEG-b-PAla NPs were formed using the ‘dropping-in’ method (Section 2.3.3). 

Briefly, the polymer was dissolved in chloroform (1 mL, 10 mg mL-1) and added 

dropwise to a RB flask fitted with DI water (10 mL) under vigorous stirring. The 

mixture was stirred vigorously overnight in the open for the chloroform to 

evaporate, resulting in an aqueous polymer NP solution of concentration 1 mg 

mL-1. 

 

5.2.3.2 Dox loading 

 

Dox-loaded NPs were formed in the same manner as above (Section 5.2.3.1) but 

with Dox free base (Section 2.3.4.1) in situ. To remove excess Dox, the Dox-

loaded NP solution was transferred to dialysis tubing (2,000 Da MWCO) and 

dialysed against PBS buffer solution at pH 7.4. Aliquots of the PBS buffer solution 

outside the dialysis tubing were analysed by UV-vis spectrophotometry to 
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determine the amount of Dox leaching, and hence amount loaded, as per Section 

2.3.4.2. 

 

5.2.3.3 Dox release 

 

Each Dox-loaded NP solution was split into two, with one half transferred to 

dialysis tubing and the other half transferred to separate dialysis tubing. One of 

these halves was dialysed against fresh PBS buffer solution at pH 7.4 whilst the 

other was dialysed against acetate buffer solution at pH 5. Dox release dialysis 

was conducted in the dark and incubated at 37 °C. Aliquots of the solution outside 

the dialysis tubing were taken and transferred to poly(methyl methacrylate) 

cuvettes for UV-vis spectrophotometry analysis for the amount of Dox releasing 

to be quantified as per Section 2.3.4.2. Once analysed, aliquots were returned to 

their respective buffer solutions. 

 

5.3 Results and Discussion 

 

5.3.1 Copolymer synthesis 

 

A series of PEG(5,000)-b-PAla block copolymers were synthesised with the food-

grade Sn(Oct)2 as a catalyst (Table 5.1) (Scheme 5.2). Alanine anhydride 

dissolves in dioxane at elevated temperatures, but not at room temperature. After 

conducting the polymerisation reaction in dioxane at reflux, the colourless 

solution was cooled to room temperature and no alanine anhydride precipitated, 

indicating complete monomer consumption. To ensure there was no remaining 

alanine anhydride in the product, the collected polymer was re-dissolved in 

dioxane and precipitated in diethyl ether. 1H NMR spectra of the washed 

polymers confirmed synthesis (Figure 5.1), and actual polymer equivalents were 

calculated by comparing the methyl ether CH3 peak on PEG at 3.37 ppm with the 

PAla CH peak at 4.10 ppm.  
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Scheme 5.2 Reaction scheme for the Sn(Oct)2-catalysed synthesis of PEG-b-
PAla. 

 

Table 5.1 List of polymers synthesised with their expected and actual 
equivalence of Ala. 

 Solvent Initiator Ala equivalents Equivalence 

(%)a 

Yield 

(%) 
Calculated Actualb 

1 Dioxane PEG(5,000) 38.9 36.0 93 54 

2 Dioxane PEG(5,000) 19.7 20.3 103 100 

3 Dioxane PEG(5,000) 9.9 3.9 39 92 

 

 

Figure 5.1 1H NMR spectra of the PEG(5,000)-b-PAla copolymers (500 MHz, 
CDCl3). 

 
a 100% * actual/expected equivalence. b Calculated from 1H NMR spectroscopy. 
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13C NMR spectra confirmed the synthesis of the block copolymers (Figure 5.2). 

The 13C NMR peaks at 169 ppm correspond with the carbonyl C=O group of PAla, 

the peak at 71 ppm corresponds with the CH2 groups of PEG, the peaks at 51 

ppm are corresponding with the CH group of PAla, and finally a peak at 20 ppm 

corresponds with the CH3 group of PAla. 

 

 

Figure 5.2 13C NMR spectra of the PEG(5,000)-b-PAla copolymers (125 MHz, 
CDCl3). 

 

Polymer synthesis was also confirmed by FTIR spectroscopy (Figure 5.3a) with 

all copolymers possessing a peak at 2881 cm-1 corresponding with the C-H 

functional groups in the structures of both PEG and PAla, and a peak at 1681 cm-

1 corresponding with the amide group in PAla. The crystallinity of the polymers 

were investigated on pXRD. As can be seen in Figure 5.3b, the copolymers are 

semicrystalline and they contain a peak with 2θ = 11.5°, which is present in all 

copolymers, but not PEG(5,000). 
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Figure 5.3 (a) FTIR spectra and (b) pXRD patterns of the PEG-b-PAla polymers. 
Insert: close-up of pXRD pattern. 

 

The effect of catalyst loading on the time to reach 100% equivalence was 

investigated with two different catalyst loadings: a 1.5:1 and 3.0:1 catalyst/initiator 

molar ratio. The equivalence was tracked by taking an aliquot of the 

polymerisation reaction mixture at pre-determined time intervals and analysing 

the collected sample with 1H NMR spectroscopy. Figure 5.4 shows that when the 

catalyst loading is doubled, the time it takes to reach 100% equivalence reduces 

from nine days to approximately three days. The pseudo-first order behaviour is 

consistent with Sn(Oct)2-catalysed ROP reactions of other systems.36-38 This 

conclusion demonstrates the tunability of the reported method to suit the 

application, as although a shorter polymerisation time is often desired, a 

significant molar amount of Sn(Oct)2 catalyst could be undesirable for a 

biomedical application. 
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Figure 5.4 Equivalence over time for the synthesis of PEG(5,000)-b-PAla with 
different catalyst loadings. 

 

5.3.2 Polymer NP formation 

 

The amphiphilic block copolymers were able to self-assemble using the 

‘dropping-in’ method of NP formation (Section 2.3.3), whereby the polymers were 

dissolved in chloroform, added dropwise to PBS buffer solution under vigorous 

stirring, and the chloroform allowed to evaporate. Table 5.2 and Figure 5.5a show 

the hydrodynamic diameter (dH) of the NPs formed and their PDI values, 

determined by DLS. The PDI values reveal that the NPs are uniform in size. In 

order to determine if there was any observable trend in particle size with 

equivalence, the two parameters were plotted in Figure 5.5b which shows there 

is no obvious trend and the NPs are all in the 100 nm size order. The NPs were 

dried and imaged by SEM, whereby Figure 5.5c-d shows the NPs are globular in 

shape and in the nano scale. Analysis of the SEM images shows PEG(5,000)-b-

PAla36 forms NPs with an average particle size of 52 ± 10 nm (n = 32) and 

PEG(5,000)-b-PAla4 has average particle sizes of 76 ± 14 nm (n = 32). As 

expected, the NP diameters are smaller from analysis of the SEM images 

compared to the dH values calculated from DLS because of shrinkage from drying 

and being under a high vacuum in the SEM chamber. 
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Table 5.2 Hydrodynamic diameters (dH) and PDI values of the PEG(5,000)-b-
PAla polymers measured by DLS. 

 Polymer Hydrodynamic diameter (dH) (nm) PDI 

1 PEG(5,000)-b-PAla36 85.27 ± 15.97 0.282 

2 PEG(5,000)-b-PAla20 122.5 ± 41.16 0.291 

3 PEG(5,000)-b-PAla4 95.78 ± 20.67 0.290 

 

 

Figure 5.5 (a) dH sizes of the PEG-b-PAla polymers determined from DLS, and 
(b) dH plotted against equivalence for the copolymers. (c) SEM images of 
PEG(5,000)-b-PAla36 (scale bar 1 μm) and (d) PEG(5,000)-b-PAla4 (scale bar 2 
μm). 

 

5.3.3 Dox release study of the polymers 

 

The polymers produced possess an ester bond between the PEG and PAla block 

which is susceptible to acid hydrolysis. This ester functional group can be 

exploited to provide the polymer NPs with stimuli-responsiveness with respect to 

pH. A study on the pH-responsiveness of two of the NPs was carried out. PEG-
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b-PAla4 and PEG-b-PAla20 NPs were formed using the dropping-in method 

(Section 5.3.2) but in the presence of Dox. Any excess Dox was washed away 

and Dox loading quantified using UV-vis spectrophotometry as per Section 

2.3.4.2. The Dox loading content and efficiency were calculated from Equations 

(2.5) and (2.6), respectively, and are shown in Table 5.3. PEG-b-PAla20 has a 

Dox loading efficiency of 43%, and PEG-b-PAla4 a loading efficiency of 27%. This 

difference may be due to more Ala units in PEG-b-PAla20, enabling increased 

interaction with Dox. 

 

Table 5.3 Dox loading content and efficiency for PEG-b-PAla4 and PEG-b-PAla20. 

Polymer NP Dox loading content (%) Dox loading efficiency (%) 

PEG-b-PAla4 5 27 

PEG-b-PAla20 9 43 

 

The Dox-loaded NPs were then dialysed against PBS buffer solutions at pH 7.4 

and acetate buffer solutions at pH 5. Aliquots were taken at various time points 

and the amount of Dox released over time monitored using UV-vis 

spectrophotometry (Figure 5.6). PEG-b-PAla4 released 78% Dox in pH 5 buffer 

solution but only 29% in pH 7.4 buffer solution, whilst PEG-b-PAla20 released 

73% in pH 7.4 buffer solution but only 20% in pH 7.4 buffer solution, after 96 

hours. These polymers therefore display stimuli-responsiveness with respect to  

pH, releasing significantly less Dox when stored in pH 7.4 solution compared to 

when stored in pH 5 solution. 
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Figure 5.6 Dox release study over time for PEG-b-PAla4 and PEG-b-PAla20 in pH 
7.4 and pH 5 over 96 hours tracked by UV-vis spectrophotometry. 

 

5.4 Conclusions 

 

The ROP of alanine anhydride was initiated by the alcohol group of PEG methyl 

ether using Sn(Oct)2 as the catalyst for the first time. The synthesis of PEG-b-

PAla was confirmed by 1H NMR, 13C NMR and FTIR spectroscopies. Moreover, 

1H NMR revealed high equivalencies of Ala in the copolymer, and the amphiphilic 

copolymer was able to self-assemble and form stable NPs with small PDI values, 

as evidenced from DLS and SEM analysis. The potent chemotherapeutic Dox 

was loaded into the NPs with good efficiency. A release study of the loaded Dox 

was performed in buffer solutions of pH 7.4 (physiological pH) and pH 5, which 

revealed that the NPs displayed stimuli-responsiveness with respect to pH. Only 

20-29% of the loaded Dox was released at pH 7.4, but 73-78% of loaded Dox 

was released at pH 5. This ability to extensively release Dox in acidic 

environments, and restrictively release Dox at physiological pH, offers these 

polymers potential as targeted drug delivery vehicles. Additionally, the reported 

synthesis of PAla avoiding intermediates such as Ala-NCA makes it easier for the 
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commercialisation of the polymer, introducing its high crystallinity and 

outstanding mechanical strength to industry. 
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Chapter 6  

Antimicrobial Dye-Conjugated Polyglobalide-Based Organogels 

 

Preamble 

 

This Chapter is based on work published as: J. V. Rowley, P. Wall, H. Yu, G. 

Tronci, D. A. Devine, J. J. Vernon and P. D. Thornton, “Antimicrobial Dye-

Conjugated Polyglobalide-Based Organogels”, ACS Applied Polymer Materials, 

2020, 2 (7), 2927-2933. 

 

Abstract 

 

Disperse dyes bearing an alcohol group were firstly modified to present a pendant 

thiol group via a Steglich esterification. Secondly, the straightforward colouration 

of polyglobalide by the covalent grafting of a thiol-modified dye to afford a 

coloured polyester is reported. The coloured polymer could form physical 

organogels, and upon covalently cross-linking formed chemical organogels in a 

range of food-grade oils, and the fragrant and antimicrobial molecule 2-

phenylethanol. Antimicrobial testing of the 2-phenylethanol-swollen chemical 

organogels revealed significant antimicrobial activity against both 

Staphylococcus aureus and Escherichia coli. The materials reported offer a range 

of potential applications, particularly as simple and cost-effective antimicrobial 

gels. 

 

6.1 Introduction 

 

As previously discussed in Section 1.1, commodity polymers such as 

polyethylene and PET are typically non-biodegradable and the monomers 

originate from a non-renewable source. Globally, approximately 8.3 billion metric 

tonnes of polymer is manufactured.1 In 2017 approximately 40% of polymers 
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produced were classified as being non-biodegradable and from a non-renewable 

source.2-3 Additionally, inefficient colouration of commodity polymers because of 

the lack of suitable chemical functionality leads to coloured wastewater, an 

aesthetic, ecological and environmental issue (Section 1.1.3).4-5 Consequentially, 

there is an urgent demand for the creation of renewable and degradable polymers 

that can be efficiently and permanently coloured and applied commercially.6-8 

 

6.1.1 Polyglobalide (PGl) 

 

Aliphatic polyesters have significant potential for use in numerous artifacts in 

sectors ranging from packaging to personal care products due to their 

degradability9 and biocompatibility.10-13 Additionally, many aliphatic polyesters 

can be created from renewable sources, such as sweet corn harvested to 

produce poly(lactic acid).14 However, such polyesters often lack chemical 

functionality to enable chemical conjugation to the polymer backbone, restricting 

post-polymerisation functionalisation which may add value to the polymer. 

 

Polyglobalide (PGl) is a noncytotoxic, potentially biodegradable, aliphatic 

polyester that has potential use within a biomedical setting.15-17 Polymer 

synthesis is achieved by the enzymatic ROP (Section 1.3.2.2) of globalide (11/12-

pentadecen-15-olide), a 16-membered cyclic lactone with two constitutional 

isomers: a C=C double bond at the eleven position and the other at the twelve 

position. Globalide is primarily used in the fragrance industry due to its musky 

fragrance and ability to release the aroma slowly.18-19 Similar unsaturated cyclic 

macrolactones may be obtained from a renewable source, for instance, the 

essential oil from Angelica archangelica.20-21 Crucially, globalide contains a C=C 

double bond which is transferred to the polymer and may be used for post-

polymerisation functionalisation.22-24 
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6.1.2 Covalent dyeing of PGl 

 

Reactive dyes that present thiol functionality are highly desirable owing to their 

capability to covalently couple to materials that present reactive C=C double 

bonds via efficient thiol-ene click chemistry reactions.25 For example, Hayashi 

and Thornton chemically modified C.I. Disperse Red 1 (DR1) via a Steglich 

esterification reaction with 3-mercaptopropionic acid (1), yielding a thiol-bearing 

analogue (2, DR1 3-mercaptopropionate) (Scheme 6.1a).26 Hayashi and 

colleagues used this chemistry to covalently conjugate DR1 to the C=C double 

bonds in linseed oil (Scheme 6.1b), for coloured, bio-derived, molecules which 

can potentially be applied as coatings.27 This conversion from a disperse dye to 

a reactive dye holds promise for the efficient colouration of (macro)molecules that 

present C=C double bonds, such as PGl. Polymers coloured in this way will likely 

possess enhanced colour fastness compared to polymers coloured by a 

nonreactive dye that interacts with the substrate through non-covalent 

interactions. 

 

 

Scheme 6.1 (a) Conversion of DR1 into thiol-bearing DR1 and (b) covalent 
conjugation of DR1 to linseed oil.26-27 DCC = N,Nʹ-dicyclohexylcarbodiimide; 
DMAP = 4-(dimethylamino)pyridine; AIBN = 2,2ʹ-azobis(2-methylpropionitrile); 
EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide. 
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6.1.3 Antimicrobial Organogels 

 

The C=C double bonds of PGl may also be exploited for covalent cross-linking to 

yield a non-soluble material. The lack of polarity of PGl ensures that chemically 

cross-linked PGl may readily swell, but not dissolve, in a range of organic 

solvents, enabling the creation of organogels. Organogels are similar to 

hydrogels (Section 1.4.2) whereby the dispersant is an organic solvent or oil 

instead of an aqueous solution,28 and have application in dye effluent removal,29 

oil spillage clean-up,30 cosmetics,31 and fluorescent displays.32 Organogels are 

increasingly being employed as biomaterials due to their inherent stability, ease 

of preparation and capability to  deliver  guest molecules in a controlled 

manner.33-37 

 

Organogels that aid the treatment of ailments caused or exacerbated by bacterial 

infection are extremely promising, and organogels with antimicrobial activity 

against Escherichia coli,38-40 Bacillus subtilis,39, 41-43 Staphylococcus aureus,44 

and Candida albicans45 have been reported. Recently, Chen and Zhang 

developed a facile method of fabricating organogels of alginate, soy protein and 

corn oil.46 Firstly, the authors formed an alginate/soy protein emulsion and 

conjugated the reagents via the Maillard reaction. On freeze-drying, an aerogel 

was obtained, and dipping the aerogel template into corn oil formed an organogel 

(Figure 6.1). Thymol, a strong antiseptic, was dissolved in the corn oil (5% thymol 

concentration) and the release of thymol from the organogel showed maximum 

antimicrobial efficiency of 53.9% against E. coli and 43.0% against S. aureus after 

24 h. 

 

 

Figure 6.1 Conjugation of alginate/soy protein via the Maillard reaction and 
organogel formation from the resulting aerogel by oil adsorption.46 
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6.1.4 Summary 

 

In this Chapter, the straightforward synthesis and colouration of PGl using thiol-

modified DR1 and C.I. Disperse Blue 3 (DB3) is described to yield two 

permanently coloured polyesters. DR1 and DB3 were selected as two disperse 

dyes commonly used industrially, while the thiol-ene reaction was pursued to 

achieve coloured polymers and coloured covalently cross-linked polymer 

networks in one-step. Additionally, extensive cross-linking prevents the polymer 

from melting, rendering its use in recyclable packaging, which undergoes 

washing between use in warm solutions that may melt linear PGl, more feasible. 

The resulting thermoset polymers were able to form organogels when 

independently dispersed in a range of food-grade oils and the antimicrobial 

compound 2-phenylethanol. Finally, the antimicrobial activity of 2-phenylethanol-

swollen organogels was tested against S. aureus and E. coli. It is envisioned that 

such materials hold great promise as potential biomaterials, rheology modifiers 

for personal care products, and antimicrobial gels. 

 

6.2 Experimental Details 

 

6.2.1 Synthesis of PGl 

 

Globalide was polymerised as previously described (Scheme 6.2).47 Briefly, 

globalide (2.11 g, 8.81 mmol) and CALB (recombinant lipase B from Candida 

antarctica immobalised on Immobead 150, recombinant from yeast) (0.44 g, 

≥2,000 U g-1) were dissolved in anhydrous toluene (4.6 mL) in a Schlenk tube 

and stirred at 60 °C for four hours under a N2 flow. To quench the reaction, DCM 

(10 mL) was added and CALB removed by vacuum filtration. The filtrate was 

added dropwise to ice-cold methanol (30 mL) to precipitate PGl, which was 

collected by vacuum filtration, washed with methanol, and dried in vacuo to yield 

an off-white crystalline polymer (yield 69%). FTIR (νmax, solid): 2918 cm-1 (C-H), 

2850 cm-1 (C-H) and 1731 cm-1 (ester). 
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Scheme 6.2 Reaction scheme for the CALB-catalysed ROP of globalide to 
synthesise PGl. 

 

6.2.2 Synthesis of DR1 3-mercaptopropionate (2) and DB3 3-

mercaptopropionate (3) 

 

DR1 3-mercaptopropionate (2) was synthesised as previously reported (Scheme 

6.1a).26 Briefly, DR1 (1.04 g, 3.30 mmol), 4-dimethylaminopyridine (DMAP) (3 

mg, 0.03 mmol), and 3-mercaptopropionic acid (1) (1.49 mL, 16.50 mmol) were 

mixed in anhydrous DCM (100 mL) and stirred at 0 °C under a N2 flow. Over a 

ten minute period, a solution of N-Nʹ-dicyclohexyl-carbodiimide (DCC) (3.41 g, 

16.50 mmol) in anhydrous DCM (30 mL) was added dropwise to the DR1 mixture 

and the reaction allowed to stir at 0 °C for two hours. HCl (0.5 M, 300 mL) was 

then added, forming a white precipitate, which was removed by filtration. The 

organic layer was washed with NaHCO3 and then water, while the aqueous layer 

was washed with DCM before the organic layers were combined and dried over 

MgSO4. The solution was concentrated by rotary evaporator and purified by 

column chromatography (DCM) monitored by TLC (DCM). The eluents collected 

were precipitated in ice-cold hexane and collected by centrifugation (4,500 r.p.m., 

15 min) as a red crystalline product (yield 68%). 

 

1H NMR (400 MHz, CDCl3): δ 8.26 ppm (dt, Ar adjacent NO2), δ 7.85 ppm (tt, Ar), 

δ 6.74 ppm (dt, Ar), δ 4.28 ppm (t, CH2 adjacent COO), δ 3.64 ppm (t, CH2 

adjacent amine), δ 3.47 ppm (q, CH2 adjacent amine), δ 2.68 ppm (t, CH2 

adjacent C=O ester), δ 2.59 ppm (t, CH2 adjacent thiol), δ 1.20 ppm (t, CH3). 13C 

NMR (100 MHz, CDCl3): δ 171.5 ppm (ester), δ 156.7 ppm (Ar-N<), δ 151.2 ppm 

(Ar-N=N), δ 143.9 ppm (Ar-NO2), δ 126.3 ppm (Ar), δ 124.7 ppm (Ar), δ 122.7 

ppm (Ar), δ 111.5 ppm (Ar), δ 61.6 ppm (-COO-), δ 48.8 ppm (C-N), δ 45.7 ppm 

(C-N), δ 38.4 ppm (-C-COO-), δ 19.6 ppm (C-SH), δ 12.3 ppm (C-C-N). 
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An analogous method was used to synthesise DB3 3-mercaptopropionate (3) 

(Scheme 6.3). DB3 (978 mg, 3.30 mmol), DMAP (3 mg, 0.03 mmol), and 1 (1.50 

mL, 16.50 mmol) were combined with anhydrous DCM (80 mL). To this stirring 

DB3 mixture, a solution of DCC (3.41 g, 16.50 mmol) in anhydrous DCM (30 mL) 

was added dropwise over a ten minute period at 0 °C under a N2 flow. After a 

further two hours of stirring at 0 °C, HCl (0.5 M, 200 mL) was added and the white 

precipitate that formed was removed by filtration. The filtrate was washed and 

purified as per the procedure above, yielding a fine blue powder (yield 9%). 

 

 

Scheme 6.3 Reaction scheme for the Steglich esterification of DB3 with 3-
mercaptopropionic acid to afford DB3 3-mercaptopropionate (3). 

 

6.2.3 Dyeing of PGl with DR1 3-mercaptopropionate or DB3 3-

mercaptopropionate 

 

PGl (120 mg, 0.01 mmol), 2 or 3 (12 mg, 0.04 mmol), and 2,2ʹ-azobis(2-

methylpropionitrile) (AIBN) (30 mg, 0.18 mmol) were dissolved in anhydrous THF 

(5 mL) and stirred at 60 °C under a N2 flow (Scheme 6.4). After ~46 h, DCM (8 

mL) was added and the solution added dropwise to ice-cold methanol (40 mL) to 

precipitate coloured product (red for 2 or blue for 3), which was collected by 

centrifugation (4,500 r.p.m., 15 mins). The dyed polymer was then washed with 

methanol until the washings became colourless (yield 75%). 
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Scheme 6.4 Thiol-ene coupling of PGl with 2 or 3 to yield PGl that is dyed red 
(left inset, photo of collected red PGl) or blue (right inset, photo of collected blue 
PGl). 

 

6.2.4 PGl organogels 

 

6.2.4.1 Physical PGl organogels 

 

To PGl (50 mg), a collection of food-grade solvents (2-phenylethanol, safflower 

oil, linseed oil, olive oil, and corn oil) were independently added, and the 

suspensions sonicated to ensure thorough mixing. The mixtures were taken to 

and just beyond the point of maximum gelation, and the maximum point of 

gelation for each solvent was recorded. 

 

6.2.4.2 Rheological analysis of gels formed 

 

Rheological data were obtained on a TA Instruments AR1500ex rheometer fitted 

with a 40 mm 3° steel cone and operating an oscillation procedure at 25 °C with 

a constant strain rate of 0.05%. 

 

6.2.4.3 Cross-linking PGl 
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Various PGl organogels were synthesised that contained various amounts of 2,2ʹ-

(ethylenedioxy)diethanethiol (EDT) cross-linkers. As a representative example, 

PGl (300 mg, 0.01 mmol), EDT (0.5 mL, 3.07 mmol), and AIBN (50 mg, 0.30 

mmol) were dissolved in anhydrous THF (10 mL) in a 15 mL sample vial. After 

being left to stir gently with a magnetic stirrer bar at 60 °C under a flow of N2 for 

~26 h, a colourless gel had formed. The cross-linked polymer was dialysed 

against DI water (2,000 Da MWCO) and lyophilised. 

 

Coloured cross-linked PGl was synthesised in a one-pot procedure. For example, 

PGl (290 mg, 0.01 mmol), 3 (1 mg, 0.003 mmol), and AIBN (50 mg, 0.30 mmol) 

were dissolved in anhydrous THF (8 mL). EDT (0.5 mL, 3.07 mmol) was then 

added to the blue-coloured THF solution at which point simultaneous cross-

linking and dye conjugation reactions occurred by stirring at 60 °C under a flow 

of N2. The coloured, cross-linked, PGl was dialysed against DI water (2,000 Da 

MWCO) and lyophilised. 

 

6.2.4.4 Cross-linked PGl gelation 

 

Coloured, cross-linked PGl (122 mg) was weighed into a small glass vial, and 2-

phenylethanol was added until it no longer caused the cross-linked PGl to swell. 

The point before turning the vial upside down and the solvent that could be 

decanted were taken to be the maximum amount of solvent required to gel (730 

mg). The degree of swelling was calculated to be 497.0 % by Equation (6.1). 

 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 = 100% ∗
(𝑠𝑤𝑜𝑙𝑙𝑒𝑛 𝑚𝑎𝑠𝑠 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠
 (6.1) 

 

6.2.5 Antimicrobial activity testing of the cross-linked organogels 

 

6.2.5.1 Initial sampling 
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The antimicrobial activity of the 2-phenylethanol-swollen organogels were tested 

against E. coli National Collection of Type Cultures (NCTC) 11954 and S. aureus 

NCTC 8532 strains.  Organogels with concentrations of 84, 72, 60, and 48 mg 

mL-1 in 2-phenylethanol were generated in both a colourless and blue-coloured 

formulation by casting in Corning 24-well plates. A cross-linked polymer (10 mg) 

in the absence of a solvent was tested as a control. The polymer-containing 

plates were UV-sterilised for 30 min at 254 nm prior to antibacterial testing. 

Polymer-free bacterial cultures acted as positive (growth) controls, while sterile 

broths functioned as negative controls. 

 

Bacteria were cultured on Colombia blood agar (CBA) plates supplemented with 

5% oxalated horse blood in 5% (v/v) CO2 at 37 °C for 18 h. Single colonies were 

inoculated into 5 mL of brain heart infusion (BHI) broths, which were incubated at 

37 °C while agitated at 150 r.p.m. (Thermo Scientific MaxQ 4450). Optical 

densities (OD600) of overnight cultures were measured to estimate the viable 

count of the undiluted suspension (based on calibration curve data). Inocula (500 

μL) were added to polymer-containing wells and incubated overnight at 37 °C 

with gentle agitation (70 r.p.m., MaxQ 4450). Samples from these cultures were 

serially diluted in PBS solution and viable bacteria populations enumerated on 

incubated CBA, as previously discussed. All experiments were performed in 

biological triplicate with plate enumerations implemented on four separate 

occasions. 

 

6.2.5.2 Statistical analysis 

 

Statistical analysis was performed using IBM SPSS Statistics 25, and groups 

were compared by the Kruskal-Wallis test with the Bonferroni adjustment; *p < 

0.05, **p < 0.01. 
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6.3 Results and Discussion 

 

6.3.1 Polymer and dye synthesis 

 

PGl was synthesised by the CALB enzyme-catalysed ROP of globalide. To 

maintain the activity of lipase B, the temperature of the reaction was limited to 70 

°C. An off-white crystalline solid was produced and confirmed to be PGl by 1H 

(Figure 6.2a) and 13C NMR (Figure 6.2b) spectroscopy. APC analysis revealed 

the PGl produced has a Mn of 30,000 Da and a Ð of 1.38 (Figure 6.3a), whilst 

DSC analysis found the PGl to have a melting point of 45 °C (Figure 6.3b). 

 

 

Figure 6.2 1H (a, 500 MHz, CDCl3) and 13C (b, 125 MHz, CDCl3) NMR spectra of 
PGl. 
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Figure 6.3 APC chromatogram (a) and DSC thermogram (b) of PGl. 

 

Thiol-bearing DR1 (DR1 3-mercaptopropionate) (2) and DB3 (DB3 3-

mercaptopropionate) (3) were synthesised by Steglich esterification. The 

synthesis of 2 was confirmed by FTIR spectroscopy, and two further products 

that may be used for the colouration of PGl were also obtained from the reaction, 

DR1 bis(3-mercaptopropionate), and DR1 tris(3-mercaptopropionate) (Figure 

6.4). All spectra reveal peaks corresponding to an S-H thiol stretch at 2563 cm-1 

and a C=O ester stretch at 1721 cm-1. The UV-vis absorbance spectrum of DR1 

was near identical to those of 2 (Figure 6.4b), DR1 bis(3-mercaptopropionate) 

(Figure 6.4c), and DR1 tris(3-mercaptopropionate) (Figure 6.4d). DR1 revealed 

a maximum absorbance at 486 nm, whereas the thiol-functionalised derivatives 

had maximum absorptions at 476 nm, representing a hypsochromic shift. 
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Figure 6.4 (a) FTIR spectra of DR1 3-mercaptopropionate, DR1 bis(3-
mercaptopropionate) and tris(3-mercaptopropionate); UV-vis absorbance 
spectra of (b) DR1 and DR1 3-mercaptopropionate, (c) DR1 bis(3-
mercaptopropionate), and (d) DR1 tris(3-mercaptopropionate). 

 

1H NMR spectroscopy was employed to analyse 2, DR1 bis(3-

mercaptopropionate) (Figure 6.5a), and DR1 tris(3-mercaptopropionate) (Figure 

6.5b). The latter is particularly informative as the integration values of the peaks 

at 3.09 and 3.05 ppm have increased by a factor of two, confirming the successful 

formation of DR1 tris(3-mercaptopropionate). This trimer was not reported in the 

work by Hayashi and Thornton.26 Yields of 41.4%, 20.1%, and 6.6% were 

obtained for 2, DR1 bis(3-mercaptopropionate), and DR1 tris(3-

meracptopropionate), respectively (68.1% yield of the coloured material overall). 

All three products are suitable for use as a reactive dye in thiol-ene coupling 

reactions as they each contain a thiol group and azobenzene chromophore. 
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Figure 6.5 1H NMR spectra of DR1 bis(3-mercaptopropionate) (a) and DR1 tris(3-
mercaptopropionate) (b) (400 MHz, CDCl3). 

 

1H NMR spectroscopy was also used to confirm successful synthesis of 3 (Figure 

6.6a). Notably, the peak at 1.60 ppm, which corresponds to the thiol proton, is 

absent from the 1H NMR spectrum of unmodified DB3. In addition, peaks at 2.73 

and 3.13 ppm that originate from conjugated 3-mercaptopropionate are present 

in the spectrum of 3 but are lacking in that of DB3. FTIR analysis of 3 revealed a 

weak peak corresponding to the S-H thiol stretch at 2567 cm-1 and a peak 

representing the C=O ester stretch at 1739 cm-1 (Figure 6.6b). The UV-vis 

absorbance spectrum of 3 revealed maximum absorbance values of 554, 594, 

and 641 nm that are comparable to the spectrum of DB3, which has maximum 

absorbance values of 559, 599, and 646 nm (Figure 6.6c). Similar to that which 

occurred in the synthesis of 2, the maximum absorbance values of DB3 

hypsochromically shifted after esterification. 



148 
 

 

Figure 6.6 1H NMR (400 MHz, CDCl3) (a), FTIR (b) and UV-vis absorbance (c) 
spectra of DB3 3-mercaptopropionate. 

 

6.3.2 Covalent conjugation of PGl with DR1 3-mercaptopropionate 

(2) and DB3 3-mercaptopropionate (3) 

 

2 and 3 were used to covalently dye PGl via thiol-ene coupling. After dyeing, the 

coloured polymer was washed thoroughly with methanol, a solvent that readily 

solubilises both modified dye molecules, until the washings were colourless to 

ensure any dye remaining was covalently bound to PGl. 1H NMR analysis 

confirmed the successful conjugation of 2 (Figure 6.7a) and 3 (Figure 6.7b) to 

PGl. Based on comparing the integrals of peaks corresponding to the methylene 

group adjacent to the terminal hydroxyl group of PGl (f for 2 or e for 3) with peaks 
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corresponding to the aromatic groups of 2 (a-c) and 3 (a & b), dye conjugation to 

PGl was found to be ~2% for both dyes. 

 

FTIR analysis of the polymer dyed with 2 revealed peaks that are attributed to 

PGl, and additional peaks at 1604 cm-1, corresponding to the azobenzene group 

on 2, and 1520 cm-1, representing the NO2 asymmetric stretch of 2 (Figure 6.7c). 

The FTIR spectrum of PGl dyed with 3 contains the peaks that are attributed to 

PGl plus an additional peak at 1677 cm-1, which corresponds to the aromatic 

ketone of 3 (Figure 6.7c). It was found that the melting transition of PGl increased 

slightly from 45 °C for linear PGl (Figure 6.3b) to 51-52 °C for dyed PGl (Figure 

6.7d). This increase in the melting point is likely due to restricted polymer flexibility 

as a result of the conjugated pendant groups. 
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Figure 6.7 Analysis of PGl dyed with 2 and 3. 1H NMR (400 MHz, CDCl3) spectra 
of (a) 2-dyed and (b) 3-dyed PGl; (c) FTIR spectra of the dyed PGl; and (d) DSC 
thermogram of 2- and 3-dyed PGl. 
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6.3.3 PGl-based physical organogels 

 

The capability of linear PGl to form physical organogels via organic solvent 

uptake was assessed using various nonaqueous solvents as the continuous 

phase (Table 6.1). 2-Phenylethanol was selected as it is a fragrant and 

antimicrobial molecule, and so, any gel formed has a potential application as a 

perfumed, antimicrobial gel.48 The gel swollen in 2-phenylethanol was a physical 

gel, whereby the elastic modulus (Gʹ) exceeds the viscous modulus (Gʹʹ) at higher 

angular frequency owing to relative freedom of the polymer chains within the 

physically cross-linked network (Figure 6.8). The other oils tested are certified 

food grade, and so, gels formed have potential in vivo application. In all cases, 

self-supporting materials were formed with the lowest and highest quantity of 

polymer (disperse phase) required for organogel formation being when corn oil 

(11.3% PGl) and 2-phenylethanol (24.8% PGl) were used as the continuous 

phase (Table 6.1). 

 

Table 6.1 Minimum weight percentage of PGl required to form a self-supporting 
organogel in various continuous phases. 

Weight % of polymer required for gel formation 

2-Phenylethanol Safflower oil Linseed oil Olive oil Corn oil 

24.8 15.5 20.8 21.1 11.3 
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Figure 6.8 Elastic (Gʹ) and viscous modulus (Gʹʹ) against angular frequency for 
PGl swollen in 2-phenylethanol. 

 

6.3.4 PGl-based cross-linked chemical organogels 

 

PGl was covalently cross-linked with EDT using thiol-ene coupling. Successful 

PGl cross-linking was confirmed by DSC analysis; the thermogram produced 

revealed an exothermic peak at 123 °C that is attributed to cross-linker 

degradation and lacked the sizable endothermic melting point at 45 °C that linear 

PGl possesses (Figure 6.9a). Such thermal stability is advantageous for using 

the materials in applications in which it must retain structural integrity at elevated 

temperatures, for instance, as a recyclable polymer that undergoes washing in 

hot liquids between uses. The cross-linked polymer was robust when handled. 

 

The cross-linked polymer also holds great potential to form an organogel with 

increased mechanical properties when swollen in an organic continuous phase. 

Once more, 2-phenylethanol was probed to determine if it can form a chemical 

organogel that includes a fragrant antimicrobial molecule as the continuous 

phase (Table 6.2). Figure 6.9b demonstrates the solid-like behaviour of the 
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covalent gel, whereby values of the storage modulus are significantly increased 

with respect to those of the loss modulus, regardless of the angular frequency. 

The rheogram also shows the significantly increased storage modulus of this 

organogel compared with the non-cross-linked organogel (Figure 6.8). THF was 

also used to create organogels owing to its ability to readily solubilise linear PGl, 

rendering it ideal to demonstrate PGl cross-linking by organogel formation as 

linear PGl dissolves in THF, whereas cross-linked PGl should swell in THF. 

 

 

Figure 6.9 (a) DSC thermogram for PGl cross-linked with EDT. (b) Average (n=6) 
elastic (Gʹ) and viscous (Gʹʹ) modulus against angular frequency for PGl cross-
linked with EDT and swollen in 2-phenylethanol. 

 

Table 6.2 PGl:EDT ratio, weight loss % of PGl in the organogels formed, and the 
solvent loss rate (mL h-1) of the organogels created in THF or 2-phenylethanol. 

Sample 

Polymer:Cross-linker 

ratio 

THF 2-Phenylethanol 

% PGl 
Solvent 

loss 
% PGl 

Solvent 

loss 

1 1:0.11 15 0.3 11 0.07 

2 1:0.22 19 0.29 16 0.06 

3 1:0.44 21 0.24 22 0.05 

4 1:0.85 23 0.24 20 0.04 

 

In general, as the PGl:EDT ratio converges to parity, the weight percentage of 

PGl in the organogels formed increases. This was anticipated as reduced gel 
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swelling typically corresponds to increased cross-link density. Organogels formed 

using 2-phenylethanol had a solvent loss rate, determined by organogel mass, of 

0.07 mL h-1 over 24 h, which proved to be much lower to that of THF. 2-

Phenylethanol retention capability provides the material with potential use as an 

antimicrobial gel that provides prolonged fragrance release; control over solvent 

loss ensures that the material does not dry prematurely. SEM analysis revealed 

that such structures possessed a porous morphology and so may also be feasibly 

deployed as scaffolds for a three-dimensional cell culture owing to the non-

cytotoxic components of the material (Figure 6.10a). The porous morphology is 

also relevant when aiming to achieve an uptake of an antibacterial compound 

within the pores rather than only in the polymer-free volume. 

 

 

Figure 6.10 (a) SEM micrograph of PGl cross-linked with EDT (scale bar 
represents 10 μm). (b) 3-dyed PGl cross-linked with EDT and dispersed in 2-
phenylethanol. (c) Average (n=7) elastic (Gʹ) and viscous (Gʹʹ) modulus against 
angular frequency for PGl cross-linked with EDT, covalently dyed with 3 and 
swollen in 2-phenylethanol. 

 

PGl was simultaneously dyed with 3 and cross-linked with EDT to yield a polymer 

that may form a blue organogel (Figure 6.10b). 3-dyed and EDT-cross-linked PGl 

expanded to 497% of the original polymer mass when dispersed in 2-

phenylethanol. Figure 6.10c demonstrates that this dyed organogel is stronger 

than the non-cross-linked organogel (Figure 6.8) as the Gʹ value is much greater 

than the Gʹʹ value. However, the Gʹ value is less than that of the nondyed 

organogel (Figure 6.9b) (Gʹ of ~17,000 P and ~10,250 Pa for the non-dyed and 

dyed organogels, respectively). 
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6.3.5 Antimicrobial activity of the chemical organogels 

 

Finally, the antimicrobial activity of the blue-coloured and uncoloured chemically 

cross-linked 2-phenylethanol-swollen PGl-based organogels was assessed 

versus S. aureus and E.coli. Preliminary testing revealed comparable 

antimicrobial activity for all concentrations tested (Figure 6.11a-b); therefore, 

subsequent experiments focused only on the gel with the lowest solvent 

concentration (84 mg mL-1). Figure 6.11c-d shows the bacterial viability following 

incubations of S. aureus and E. coli in the positive growth control with the 2-

phenyethanol-free PGl control and the coloured/non-coloured organogels. The 

antimicrobial effect of coloured and non-coloured PGl in the absence of 2-

phenylethanol was minimal, but when swollen to form an organogel, the material 

displayed clear antimicrobial capabilities. As expected, there was no marked 

difference in the antimicrobial activity between cross-linked PGl dyed with or 

without 3, although some difference was found when assessed against S. aureus. 

 

Additionally, OD600 readings were made of the suspensions incubated with the 

organogels. For S. aureus, the OD600 values for both the colourless and dyed 84 

mg mL-1 organogel were reduced by >95% compared with the positive growth 

control (Figure 6.11e). Similarly, the OD600 values for both E. coli organogels 

decreased by >97% from the positive growth control (Figure 6.11f), further 

demonstrating the pronounced antimicrobial capabilities of the reported 

organogels. 
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Figure 6.11 Antimicrobial activities of the dyed and non-dyed cross-linked PGl 
organogels in 2-phenylethanol. Preliminary testing against a range of 
concentrations for S. aureus (a) and E. coli (b); subsequent experiments probing 
the bacterial viability at 84 mg mL-1 for S. aureus (c) and E. coli (d); OD600 
readings of suspensions incubated with S. aureus (e) and E. coli (f). 
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6.4 Conclusions 

 

The thiol modification of DR1 and DB3 was carried out to yield two reactive dyes 

that are able to colour (macro)molecules that posses C=C double bonds through 

covalent coupling. PGl, a biocompatible and potentially biodegradable polyester, 

was both coloured by such dyes and cross-linked via a one-step thiol-ene 

reaction to yield a nonsoluble polymer that lacks a melting point. Cross-linked 

PGl was used as the gelating component for various food-grade solvents, 

including the fragrant, food-grade molecule 2-phenylethanol. Chemically cross-

linked PGl-based organogels that have 2-phenylethanol as the continuous phase 

demonstrate a predominantly elastic behaviour with an increased storage 

modulus with respect to both the loss and storage modulus of the 2-

phenylethanol-swollen linear polymer. Such organogels display excellent 

antimicrobial activity against S. aureus and E. coli, regardless of dye conjugation 

to the cross-linked network. Consequentially, the PGl-based, 2-phenylethanol-

containing organogels reported are highly promising candidates to be employed 

for the prolonged release of a fragrant molecule and as antimicrobial gels. 
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Chapter 7  

Covalent colouration of an amphiphilic polyester by in situ 

chromophore creation for advanced laundry formulations 

 

Preamble 

 

This Chapter is based on work published as: J. V. Rowley, J. Exley, H. Yu, G. S. 

Mircale, A. S. Hayward and P. D. Thornton, “Covalent polyester colouration by in 

situ chromophore creation”, Chemical Communications, 2020, 56 (47), 6360-

6363. 

 

Abstract 

 

Limited quantities of N-phenyldiethanolamine included in the step-growth 

polymerisation reaction mixture afforded an amphiphilic block copolymer of PET-

PEG with an aromatic amine capable of sequential diazotisation and azo coupling 

reactions. Uniquely, the chromophore is created only upon successful polymer 

modification with a non-coloured molecule, 2-amino-3,5-dinitrothiophene (in situ 

colouration), which confirms successful polymer adaption and ensures that 

coloured waste is not produced. The method of permanent colouration, which 

may feasibly by applied for the colouration of a wide-range of step-growth 

polyesters, yielded a polymer capable of preventing indigo dye deposition onto a 

range of fabrics, offering potential use within advanced laundry formulations. 

 

 

 

 

 

 



161 
 

7.1 Introduction 

 

7.1.1 Traditional methods of dyeing PET and associated issues 

 

Polyesters such as PET are the most widely used material in the textiles industry.1 

PET is the most important synthetic fibre in terms of production volume because 

of its excellent properties including high tensile strength, low cost, good barrier 

properties and high thermal stability (Section 1.1.1).2-3 PET, and other commodity 

polymers produced by step-growth polymerisations, are coloured in order to add 

value, but the polymers lack suitable chemical functionality to enable efficient 

dyeing.4-7 Consequentially, PET is commonly dyed using disperse dyes and 

frequently necessitates the inclusion of dispersants, carriers, thickeners, and 

reducing agents as auxiliaries to achieve effective polymer colouration, as 

discussed in Section 1.1.3.8-10 PET colouration is difficult to achieve and the 

process is typically conducted in aqueous solution at 130 °C under pressure.1 

Colour is imparted by the disperse dyes being dissolved in the PET, with dye-

fibre affinity generally involving van der Waals interactions, dipolar forces, 

hydrogen bonding, and potentially π-π interactions between aromatic groups on 

the dye and PET repeat units.11 

 

Coloured wastewater is produced in the dyeing process that creates acute 

aesthetic, ecological and environmental problems.12-15 Globally, the textile 

industry consumes approximately 460,000 metric tonnes of dyes and pigments 

annually.16 Between 10-25% material loss is incurred during conventional textile 

dyeing, and 2-20% of this is directly discharged as effluent into the environment, 

equating to 9,200-92,000 metric tonnes released into the environment every 

year.17-18 As disperse dye molecules do not covalently bind to the polymer 

substrate, long-term colouration is restricted by the disassociation of non-bound 

dye molecules over time.19 

 

Covalently grafting dye molecules provides permanent substrate colouration,20-21 

and covalent colouration of step-growth polymers may proceed using dye 
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molecules that form the terminal group of polymers,22 or by incorporating a 

difunctional dye within a step-growth polymerisation.23 Recently, Hu et al. 

incorporated C.I. Disperse Blue 60 (DB60) within a step-growth polymerisation 

reaction of sulfonated waterborne polyurethane (SWPU), forming a dark purple-

coloured SWPU-DB60 conjugate (Scheme 7.1).24 Because the dye is bound to 

the polymer chain, the material demonstrated excellent colour fastness, with 

8.7% and 34.1% dye migration for SWPU-DB60 and SWPU + DB60, respectively. 

The authors used this coloured polymer to impart colour onto polyester fabrics. 

However, such methods use a dye molecule that may be transferred to coloured 

effluent and/or are restricted by the extent of dye incorporation possible. 

Consequentially, straightforward methods to covalently include dye molecules 

within step-growth commodity polymers that lack pendant functional groups, in 

the absence of coloured effluent generation, are urgently sought. 

 

 

Scheme 7.1 Step-growth polymerisation process for the synthesis of SWPU-
DB60.24 



163 
 

7.1.2 Soil release polymers (SRPs) and optical brighteners in 

advanced laundry formulations 

 

Polyesters may be employed within laundry detergent formulations as soil 

release polymers (SRPs), which aid the diffusion of water into the soil-fabric 

interface, decrease soil adsorption onto fabric surfaces, and reduce soil 

redeposition onto fabrics.25-28 These materials are advantageous in all laundry 

care formulations, and crucial for low temperature laundering.29 SRPs must be 

amphiphilic to fulfil this role;30 the hydrophile ensures the dispersibility of the SRP 

in aqueous solution, whilst the lipophile facilitates the interaction of the SRP with 

the soil prior to soil removal from the garment.31 

 

As white fabric ages it adopts a yellow shade that remains following laundering.32-

34 Attempts have been made to counter this discolouration by the addition of trace 

quantities of blue dye, typically ultramarine blue.32 In modern times, such agents 

have adopted the synonymous terms optical brighteners and fluorescent 

whitening agents, with their primary purpose being the absorption of UV light and 

the fluorescence of blue light.35-37 Optical brighteners coupled to SRPs are a 

desirable prospect for use in advanced laundry formulations. The use of a 

polymeric dye delivery vehicle may increase efficiency, homogeneity, and the 

level of control over the dye interaction with the fabric surface.32,38-40 However, 

common dye-SRP approaches tend to yield high percentages of unattached dye 

either because the disperse dye used has not been able to react with the SRP, 

or has undergone hydrolysis prior to conjugation with the SRP (Figure 7.1).41 

Consequentially, coloured wastewater is produced and the diffusion of dyes from 

fabric over time is a likely prospect. 
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Figure 7.1 Diagrams showing (a) the difference between dyeing polyester fabric 
using a disperse dye, and (b) dyeing polyester fabric with a disperse dye coupled 
to a SRP. 

 

7.1.3 Summary 

 

Combining a blue dye that acts as an optical brightener with a SRP yields a 

material that holds great promise for application in advanced laundry 

applications. Such active ingredient may prevent fabric staining and 

discolouration, and simultaneously impart brilliance to white fabrics. However, the 

permanent and extensive colouration of polymers that inherently lack repeat unit 

functionality is challenging. Additionally, the non-covalent coupling of dye 

molecules to a polymer backbone results in inevitable non-coupling of dye 

molecules, leading to coloured wastewater and high lightfastness of the coloured 

material. 

 

Reported is the permanent colouration of an amphiphilic PET-PEG copolymer 

through innovative in situ chromophore creation. The simple addition of limited 

quantities of N-phenyldiethanolamine to the step-growth polymerisation reaction 

mixture yields a polymer that contains an aromatic amine capable of undergoing 

sequential diazotisation and azo coupling reactions. Resultantly, the polymer only 

becomes coloured following chromophore formation upon azo bond formation, 
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and the successful conjugation of a non-coloured molecule. Although the 

effectiveness of the polymers created within the context of laundry detergent 

active ingredients is demonstrated, the following novel method of polymer 

colouration has wide-ranging potential for the effective colouration of a wide 

variety of commodity step-growth polyesters. 

 

7.2 Experimental Details 

 

7.2.1 Synthesis of P1 

 

Into a 3-necked RB flask, PEG monomethyl ether (3,000 Da, 9.99 g, 3.33 mmol, 

1.5 eq.), dimethyl terephthalate (3.60 g, 18.54 mmol, 8.2 eq.), ethylene glycol 

(1.12 g, 18.04 mmol, 8.0 eq.), N-phenyldiethanolamine (0.41 g, 2.26 mmol, 1.0 

eq.), antimony trioxide (0.03 g, 0.10 mmol, 0.04 eq.), calcium acetate 

monohydrate (0.03 g, 0.17 mmol, 0.08 eq.) and butylated hydroxytoluene (0.02 

g, 0.09 mmol, 0.04 eq.) were weighed. A magnetic stirrer bar was fitted and the 

bulk polymerisation reaction stirred and heated to 210 °C. The flask was fitted 

with a distillation apparatus and the polymerisation reaction was conducted with 

a flow of N2 over seven days (Scheme 7.2). The crude polymer was purified by 

dialysis (2,000 Da MWCO) against DI water and P1 collected by lyophilisation 

prior to analysis (yield 72%). 
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Scheme 7.2 Reaction scheme for the step-growth synthesis of P1. 

 

7.2.2 Simulated dye transfer inhibition of P1 

 

A GyroWash TestWise Touch laundrometer was used to assess the capability of 

P1 to reduce dye transfer from an indigo test fabric to a range of test fabrics, and 

thus its suitability as a SRP. A 0.1 mg mL-1 solution of P1 in DI water (50 mL) was 

prepared and transferred to a laundry test capsule along with a multifibre swatch. 

The multifibre swatch was composed of strips of regenerated cellulose, cotton, 

wool, nylon, polyester and acrylic. An indigo dye bleed was introduced to the 

laundry test capsule in the form of a piece of fabric dyed with indigo dye the same 

size as the multifibre swatch. 25 stainless steel ball bearings were added to the 

laundry test capsule to aid the simulation of the mechanical action of a domestic 

laundry setting. The sample was then washed at 40 °C at a rotation of 40 r.p.m. 

for 30 minutes. 

 

The colour change of the various test fabrics was measured using a Spectraflash 

DataColor spectrophotometer providing L*a*b* colour system values, before and 

after washing in the laundrometer. Measurements were made under D65 lighting. 

The colour difference, ΔE, was calculated from Equation (7.1). The washings in 

the presence and absence of P1 were all performed in triplicate and the average 

ΔE value is presented. 
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∆𝐸 = √(∆𝐿 ∗)2 + (∆𝑎 ∗)2 + (∆𝑏 ∗)2 (7.1) 

 

7.2.3 Synthesis of P2: conjugation of 2-amino-3,5-dinitrothiophene 

to P1 

 

A RB flask was fitted with a magnetic stirrer bar and cooled in ice before sodium 

nitrite (0.48 g, 6.96 mmol) was weighed and dissolved slowly in concentrated 

sulfuric acid (6 mL). To the stirring sodium nitrite solution, a solution of propionic 

acid (3 mL) in acetic acid (18 mL) was added slowly over a 20 minute period with 

stirring at 0 °C. To the stirring solution, 2-amino-3,5-dinitrothiophene (1.2 g, 6.34 

mmol) was added slowly. After 30 minutes of stirring at 0 °C, a solution of P1 (0.5 

g, 0.05 mmol) in DI water (20 mL) was transferred slowly followed by 

concentrated HCl (2 mL). The blue coloured solution was stirred for a further hour 

at 0 °C to ensure the reaction was complete before being washed by dialysis 

(2,000 Da MWCO) and P2 collected by lyophilisation (Scheme 7.3) (yield 60%). 

 

 

Scheme 7.3 Reaction scheme for the colouration of P1 to yield P2. 
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7.2.4 Tests of P2 in laundry applications 

 

7.2.4.1 Test for the extent of blue colour release from P2 and a 

conventional polymer-dye 

 

A conventional polymer-dye38 and P2 were independently dissolved in DI water 

and the deep blue coloured solutions transferred to dialysis tubing. The solutions 

were dialysed against DI water and the extent of release monitored by analysing 

aliquots of the media outside the dialysis membrane on a UV-vis 

spectrophotometer. The amount released was quantified by preparing a 

calibration curve of known concentrations of pure unreacted/monomeric dye 

precursors (Figure 7.2). 

 

 

Figure 7.2 Calibration curves for known concentrations of pure 
unreacted/monomeric dye precursors for a conventional polymer-dye (a) and P2 
(b). 

 

7.2.4.2 Test for the consistency of blue colouration to fabrics 

 

Using the same laundrometer test conditions as Section 7.2.2, a solution of P2 

(0.1 mg mL-1) in DI water (50 mL) was assessed in the presence of test fabric 

using the laundrometer, but in the absence of an indigo dye bleed. The same test 

was performed for a commercial polymer-dye conjugate to determine any 
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difference in fabric colouration when the fabric undergoes simulated laundering, 

independently in the presence of P2 and a patented polymer-dye conjugate.38 

The colour difference of the fabric pre- and post-laundering was calculated using 

Equation (7.1). 

 

7.2.5 Synthesis of P3: sulfanilamide conjugation to P1 

 

Analogous to the synthesis of P2 above (Section 7.2.3), a solution of propionic 

acid (3 mL) in acetic acid (18 mL) was added slowly to a solution of sodium nitrite 

(0.48 g, 6.96 mmol) in concentrated sulfuric acid (6 mL) at 0 °C. Sulfanilamide 

(1.09 g, 6.33 mmol) was added slowly at 0 °C and left to stir for 30 minutes for 

the reaction to complete. A solution of P1 (0.69 g, 0.07 mmol) in DI water (20 mL) 

was then transferred slowly to the sulfanilamide solution followed by concentrated 

HCl (2 mL). The dark red coloured solution was stirred for a further hour at 0 °C 

before being washed by dialysis (2,000 Da MWCO) and P3 collected by 

lyophilisation (Scheme 7.4) (yield 90%). 

 

 

Scheme 7.4 Reaction scheme for the conjugation of sulfanilamide to P1 forming 
P3. 
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7.3 Results and Discussion 

 

7.3.1 Amphiphilic PET-PEG synthesis and capability to be a SRP 

 

To achieve the aim of covalent step-growth polymer colouration, an amphiphilic 

polymer containing central ethylene terephthalate repeat units, terminated by 

hydrophilic PEG blocks (Figure 7.3a),38 was synthesised and modified to include 

an aniline group (Figure 7.3b) (P1). It was envisaged that the aniline group may 

act as a handle for polymer modification by diazonium formation at the site 

marked on Figure 7.3 with a red star, and subsequent azo coupling reactions. 

With the target application of producing a SRP in mind, it was hypothesised that 

the hydrophobicity provided by the central polyester units facilitates soil-polymer 

and/or fabric-polymer interactions, whilst the terminal, hydrophilic PEG units 

enable the polymer to disperse in aqueous solution. 

 

 

Figure 7.3 Conventional38 (a) vs. aniline-containing SRP (P1) (b). 

 

The polymerisation to produce P1 occurred over seven days at 210 °C, far 

exceeding the time required to commercially produce PET. This excess time is 

due to experimental constraints, but it is envisaged that aniline-containing 

polyesters may be readily produced on an industrial scale following a procedure 

analogous to that of commercial PET (Section 1.1.1.1). Successful synthesis of 

the aniline-containing polymer backbone was confirmed by 1H NMR spectroscopy 
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(Figure 7.4a). Peaks corresponding to the protons of PEG are present between 

3.24 and 3.89 ppm, and peaks corresponding to the ethylene glycol group in the 

terephthalate group appear between 4.43 and 4.53 ppm. The protons 

corresponding to N-phenyldiethanolamine are represented by peaks between 

6.63 and 7.17 ppm, 3.90 and 3.95 ppm, and 4.62 and 4.71 ppm whilst peaks 

corresponding to the aromatic groups of the terephthalate group appear between 

7.89 and 8.14 ppm. Theoretically, there are six times as many terephthalate 

groups to N-phenyldiethanolamine groups in the polymer formed, which was 

confirmed by comparing the integrals of the peaks corresponding to N-

phenyldiethanolamine with the integrals of the aromatic protons corresponding to 

the terephthalate group. 

 

 

Figure 7.4 1H NMR spectra (a) (500 MHz, DMSO-d6), FTIR spectra (b), and APC 
chromatogram (c) of P1. 

 

FTIR spectroscopy confirmed the presence of both ester and ether bonds within 

P1 (Figure 7.4b). In addition, aromatic peaks may be assigned within the 
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fingerprint region at 842 cm-1 and 731 cm-1. APC revealed that the polymer 

possessed Mw and Mn values of 10,000 g mol-1 and 7,300 g mol-1, respectively 

(Figure 7.4c). The Ð of step-growth polymers such as PET are ≥ 2,42 but P1 

presented a lower Ð of 1.4 because of the terminal PEG groups bringing more 

uniformity to the system. 

 

To determine the effectiveness of P1 as an SRP, the polymer was tested for its 

capability to inhibit the transfer of indigo dye to a variety of common fabrics. An 

aqueous solution of P1 was prepared and added to a laundrometer together with 

an indigo dye bleed and strips of fabric (cellulose, cotton, wool, nylon, polyester 

and acrylic). Domestic laundry washing was then simulated at 40 °C for 30 

minutes in triplicate. A control simulated wash was also conducted in triplicate 

under the same conditions but without P1. The colour of the fabrics was 

measured using a spectrophotometer providing L*a*b* colour system values 

before and after washing. The colour difference, ΔE, was calculated as per 

Equation (7.1), whereby the lower the change in colour of the fabric after washing, 

the greater the extent of the polymer’s capability to prevent dye transfer to the 

particular fabric type. The minimal addition of P1 to the simulated wash (only 0.1 

mg mL-1 of P1 in 50 mL DI water) vastly inhibited dye transfer to fabric during 

simulated washing, compared to when the polymer was absent (Figure 7.5). Dye 

transfer to nylon, polyester and woollen fabrics was particularly restricted when 

P1 was included in the wash, compared to washes performed in the absence of 

the polymer. Such differences are clearly visible to the human eye. These results 

demonstrate the inclusion of N-phenyldiethanolamine into the polymer backbone 

do not negatively affect P1’s ability as a SRP. 
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Figure 7.5 The colour difference, ΔE, of various fabrics before and after 
simulated washing with an indigo dye bleed in the absence (control) and 
presence of P1. 

 

7.3.2 Colouration of P1 and fabric dyeing ability 

 

Permanent, covalent, colouration of P1 to yield a blue polymer (P2) was achieved 

and the resulting polymer was characterised by 1H NMR spectroscopy (Figure 

7.6a). Peaks corresponding to the protons of PEG are present between 3.41 and 

3.58 ppm, and peaks corresponding to the ethylene glycol group in the 

terephthalate group appear between 4.34 and 4.53 ppm, much like P1 above. 

The protons corresponding to N-phenyldiethanolamine are represented by peaks 

between 7.00 and 7.12 ppm, 3.89 and 4.01 ppm, and 4.61 and 4.70 ppm whilst 

peaks corresponding to the aromatic groups of the terephthalate, N-

phenyldiethanolamine and 2-amino-3,5-dinitrothiophene groups appear between 

7.73 and 8.13 ppm. The FTIR spectrum of P2 (Figure 7.6b) was similar to that of 

P1, but UV-vis absorbance spectrophotometry shows a strong λmax of 640 nm 

(Figure 7.6c). 
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Figure 7.6 1H NMR (500 MHz, DMSO-d6) (a), FTIR (b), and UV-vis absorbance 
spectra (c) of P2. 

 

The extent of blue dye release from the polymer into aqueous solution post-

dyeing was monitored by UV-vis spectrophotometry to determine if the system 

proposed restricts the unwanted release of dye molecules to solution. Using 

readily available materials, the recreation of commercially-available polymer-dye 

material that is suggested as an optical brightener was realised for comparison.38 

This comparative material follows the conventional approach of binding reactive 

dye molecules to an active acceptor site on the polymer, in this case the primary 

alcohol of the PEG block. Dialysis (membrane diffusion) was employed to resolve 

low molecular weight coloured components from both coloured polymers. The 

absorbance spectra of the outer dialysis media were solved against a calibration 

curve (Figure 7.2) to calculate the concentration of rogue dye present in the dye-

polymer raw material. The conventional and novel approaches to coloured SRPs 
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were found to contain unreacted dye contents of 18% and 2.3%, respectively 

(Figure 7.7), emphasising the effectiveness of the proposed method of polymer 

colouration. 

 

 

Figure 7.7 UV-vis absorbance spectra of the media outside the dialysis 
membrane for conventional and this novel approach. 

 

It is important that dyeing moieties, such as optical brighteners, uniformly deposit 

on fabric to avoid discrepancies in the colour delivered (vs. intended) across 

mixed loads containing a variety of fabric types. The dye delivery of P2 and a 

commercially reported polymer-dye conjugate38 were compared by adding the 

optical brighteners independently to a laundrometer with cotton or polyester fabric 

and no dye bleed. The colour difference was calculated as per Equation (7.1) and 

the tests repeated to enable the consistency of dyeing to be quantified. Dye 

delivery to cotton and polyester were more consistent when P2 was employed, 

compared to the conventional polymer-dye conjugate (Figure 7.8a). The same 

laundrometer tests were repeated with mixed washing loads containing cotton, 

polycotton and polyester fabrics, and it was found that P2 delivered significantly 

more consistent dyeing to the range of fabrics compared to the commercially 

reported polymer-dye conjugate (Figure 7.8b). 
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Figure 7.8 (a) Graph comparing the consistency of dye deposition onto cotton 
and polyester for a commercial unmodified polymer-dye and P2. (b) Graph 
comparing the consistency of the shading across a mixed washing load 
containing cotton, polycotton and polyester. 

 

7.3.3 Sulfanilamide conjugation to P1 

 

To demonstrate the versatility that the reported method of polymer colouration 

has, the conjugation of sulfanilamide to uncoloured P1 was done to afford a red 

coloured polymer (P3), confirmed by UV-vis absorbance spectrophotometry in 

water with a λmax of 438 nm (Figure 7.9a). The azo coupling reaction proceeded 

to yield a red solution immediately upon sulfanilamide addition to the polymer-

containing solution (Figure 7.9a inset). The polymer had a similar FTIR spectrum 

to that of P1 (Figure 7.9b vs. Figure 7.4b). 1H NMR spectroscopy (Figure 7.9c) 

was used to confirm successful polymer synthesis, and further demonstrate how 

the inclusion of limited amounts of N-phenyldiethanolamine within a step-growth 

polymerisation reaction enables facile polymer colouration. Figure 7.9c shows 

peaks corresponding to the protons of PEG are present between 3.39 and 3.78 

ppm, and peaks corresponding to the ethylene glycol group in the terephthalate 

group appear between 4.30 and 4.45 ppm. The protons corresponding to N-

phenyldiethanolamine are represented by peaks between 7.00 and 7.51 ppm, 

4.61 and 4.71 ppm, and 3.92 and 4.05 ppm whilst peaks corresponding to the 

aromatic groups of the terephthalate and sulfanilamide groups appear between 
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7.72 and 8.12 ppm. Sulfanilamide has a characteristic secondary amide group 

H2N-SO2- between 4.50 and 4.57 ppm. 

 

 

Figure 7.9 UV-vis absorbance (a), FTIR (b), and 1H NMR (500 MHz, DMSO-d6) 
(c) spectra of P3. Inset = during the conjugation, a red solution formed from which 
a red coloured polymer precipitated. 

 

Crucially, colouration of the polymer only occurred upon the creation of the azo 

group following the covalent coupling of sulfanilamide. The relative ease of P1 

colouration ensured that scaled-up production within an industrial setting is 

anticipated to be straightforward. Additionally, sulfanilamide has presented good 

antifungal activity,43 and as such it is anticipated P3 could also demonstrate 

antifungal activity, but this was not explored. 
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7.4 Conclusions 

 

An innovative method for the colouration of polymers produced by step-growth 

polymerisations involving dicarboxylic acid monomers, for instance polyesters, is 

demonstrated. The incorporation of limited amounts of N-phenyldiethanolamine 

within the step-growth polymerisation process provides a molecular handle for 

prompt polymer colouration by straightforward azo coupling. This mode of 

permanent colouration ensures that a very limited amount of unbound dye 

molecules is expelled from the polymer post-synthesis. Initially, a water-soluble 

polymer that presented a blue hue was created and found to be effective as a 

vehicle as an optical brightener, offering enhanced performance against a range 

of fabric types vs. a commercially reported polymer-dye conjugate. Accordingly, 

the polymer has significant promise for incorporation within advanced laundry 

care formulations to maintain the perception of whiteness of laundered items. The 

versatility of the mechanism of colour creation was demonstrated by the coupling 

of sulfanilamide to the uncoloured polymer, yielding a red polymeric product. It is 

envisaged that the simplistic method of polymer derivatisation and permanent 

colouration reported may be applied to a wide-range of polyesters created by 

step-growth polymerisation. 
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Concluding Remarks and Future Works 

 

This Thesis has described advances in the synthesis and applications of PAAs 

and polyesters. A novel route to the synthesis of PAla with high equivalence was 

proposed avoiding Ala-NCA, and the covalent dyeing of polyesters including PGl 

and PET-containing polymers was described. Advanced uses of PAAs include 

NPs for targeted chemotherapy treatment, a potentially theranostic device, and 

phosphonate-terminated polymers to improve the aqueous compatibility of metal 

NPs. Polyesters for advanced laundry formulations and for antimicrobial 

organogels have also been described in this Thesis. 

 

Chapter 3 described the synthesis of an amphiphilic PSar with a terminal 

phosphonate group. The polymer is able to self-assemble into a polymeric NP 

which can uptake and selectively release Dox to acidic environments. 

Additionally, the phosphonate group allows these polymers to form P-O-M bonds 

with metals, and this was demonstrated by improving the aqueous compatibility 

of TiO2-NPs. Other PSar initiators which possess phosphonate functional groups 

could be investigated, such as ((hydroxy-2-naphthylmethyl)phosphonic acid, or 

bisphosphonates, for example. The applications of the P-O-M bond-forming 

ability could also be investigated further, such as for metal scavenging or 

corrosion inhibition. Chapter 4 further developed the P-O-M bond-forming ability 

to improve the aqueous compatibility of fluorescent and phosphorescent CaNPs 

with amphiphilic PSar-based PAAs. The reported materials show early promise 

as theranostic devices to acidic environments such as tumours, with pH-

responsive Dox delivery and afterglow. Optimisation of these materials to further 

improve the pH stimuli-responsiveness or bioimaging ability with NIR-fluorescent 

CNDs would bring these materials closer to the clinic, as well as cell viability 

assays against healthy cells and tumour cells. 

 

In Chapter 5, PAla was synthesised via ROP of alanine anhydride from PEG 

methyl ether and catalysed by Sn(Oct)2 for the first time. A high equivalence PAla 

was prepared, offering an alternative route to PAla avoiding Ala-NCA, and thus 

the commercialisation of PAla is closer to realisation. The amphiphilic PEG-b-
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PAla polymers were able to self-assemble into NPs and Dox was loaded with 

high efficiency. The NPs were stimuli-responsive with respect to pH, which offers 

these biocompatible polymers potential use as chemotherapeutic delivery 

vehicles. The efficacy of the reported NPs could be tested against live cells. To 

explore the mechanical properties of PAla, the ROP of alanine anhydride by 

Sn(Oct)2 but initiated by other alcohols, such as small molecule alcohols rather 

than macroinitiators, could be investigated. The resulting PAla (with no 

macroinitiator) could then be subjected to mechanical testing such as tension and 

tear strength testing. These large Mw PAla polymers may be spun into fibres and 

potentially woven together for a material with potentially excellent mechanical 

properties and is biodegradable. 

 

Chapter 6 described the straightforward colouration of PGl by the covalent 

grafting of a thiol-modified dye. Chemical organogels were formed upon covalent 

cross-linking, and the 2-phenylethanol-swollen organogel revealed significant 

antimicrobial activity against both S. aureus and E. coli. The biodegradability and 

biocompatibility of PGl and cross-linked PGl needs further exploration in order for 

the materials to be used in practice. In Chapter 7, the addition of limited amounts 

of N-phenyldiethanolamine within the step-growth polymerisation reaction 

mixture of PET-PEG afforded a handle for sequential diazotisation and azo 

coupling reactions. In situ chromophore creation was demonstrated resulting in 

permanent colouration and ensures that coloured wastewater is not produced. 

The dyed PET-PEG copolymer showed potential use in advanced laundry 

formulations as a soil release polymer and an optical brightener. The method of 

permanent colouration may feasibly be applied for the colouration of a wide range 

of step-growth polyesters, and so optimisation of such for different polyesters 

should be investigated. Additionally, other aromatic amines could be explored to 

increase the range of colours possible with this process. Sulfanilamide 

conjugation to the polyester may impart antifungal and/or antimicrobial activity to 

the polymer, which could also be investigated. 
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