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1 Abstract 
 

Glycan-lectin interactions are central to many cell-surface interactions, such as the recognition and 

binding of bacterial toxin proteins. The use of multivalent polymers with saccharides attached at 

multiple sites along the chain exploits the cluster glycoside effect to enhance lectin affinity in anti-

adhesion therapies. A key target for multivalent anti-adhesion therapy is CTx, the toxin secreted by 

Cholera that adheres to the human epithelial cell surface prior to Cholera infection. CTx has high 

affinity for GM1, a human glycolipid with a chain-end galactose residue and a side-branching sialic 

acid residue. Previous polymer mimics of this ligand have incorporated galactose functionality, 

though the inclusion of a second, side-branching moiety could further enhance binding. 

In this study, GM1-mimics were generated through post-polymerisation modification of RAFT 

polymers. A thiolactone moiety was incorporated in these polymers through the RAFT 

copolymerisation of N-hydroxyethyl acrylamide with N-thiolactone acrylamide (5, 10, 20 and 100 

molar %) to give polymers of narrow dispersity. The thiolactone moiety was opened by treatment 

with either benzylamine or glucosamine to liberate a thiol, which was then modified by radical-

initiated Michael addition of allyl galactose. These modifications were confirmed by a representative 

sample characterised by NMR and DMF-SEC. 

SwissDock modelling was performed on the modified repeat units to test if binding to the CTx active 

site was feasible. The in vitro inhibitory ability of the library of polymers against CTx was assessed 

with fluorescence-linked binding assays. The glucosamine/allyl galactose polymers displayed potent 

inhibitory activity, with lower molar percentages of thiolactone displaying the greater affinity. The 

100% N-thiolactone acrylamide polymers did not show inhibitory activity, however. Further 

processing is required to take into account sugar concentration, and to calculate true IC50 values. 

An additional investigation into protein-polymer conjugates was also begun. Benzylguanine (BG) is a 

versatile end group that interacts with SNAP-tagged proteins. In this investigation, BG-functionalised 

polymers were synthesized by chain-end displacement of a pentafluorophenol group incorporated in 

the RAFT chain transfer agent. These polymers were successfully conjugated to gold nanoparticles 

through their thiol end groups. Further work is required to assess ability to conjugate with SNAP-tag. 
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3 Introduction 
Of particular interest to the biomaterials chemist are new realms in which polymeric materials can be 

modified to interact with biomolecules.1,2 In vivo visualisation of these interactions is also vital to 

understanding the chemical basis for them, and in designing of further small molecules or polymers 

with greater affinity for detrimentally-active molecules.3–6 

3.1 Glycans and Anti-Adhesion Therapy 
Glycans are saccharide chains often found on the surface of human or bacterial cells, or as protein 

modification.7 Thus, they are used in many essential cell-surface interactions such as cell-signalling, 

fertilisation, and even in the recognition and binding of toxins and bacteria (termed adhesion, see 

Figure 1).7–12 Proteins that mediate these processes by binding to the aforementioned glycans are 

termed lectins; often, especially in the case of plant “agglutinins” these interactions result in cell 

aggregation (for example, in the binding of bacterial cells).7,13–15  

 

Figure 1: Adhesion and Anti-adhesion interactions of toxin such as CTx. 

As the interactions are non-covalent, the triggering of downstream signalling cascades require the 

“cluster glycoside” effect, wherein the binding constant is amplified as a sum of the total ligand 

number, and thus is greater than the sum of individual glycan affinities.11,16–18 The use of polymers 

with saccharides attached at multiple sites along the polymeric chain can exploit this effect to enhance 

binding affinity. The use of such glycopolymers to out-compete the binding of toxins to the human 

cell is termed anti-adhesion therapy.5,6,15,19  

Human Epithelium

Adhesion of Toxin to Epithelium

Anti-adhesion Polymers interacting 
with Toxin
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Small molecule inhibitiors have been developed previously for anti-adhesion therapy, with high 

affinity in their binding due to a good fit in the toxin’s sugar binding pocket, utilising structural 

biology studies.15 Further work, however, has often used polymeric materials to benefit from the 

aforementioned cluster glycoside effect.5,6,16,19  

Glycoconjugate anti-infectives have been developed to target a colossal array of lectins such as DC-

SIGN or galectins in HIV therapy and bacterial Shiga toxins.20–22 An important target for multivalent 

anti-adhesion therapy is the toxin CTx, secreted by Vibrio cholera, the cause of 28,000 – 142,000 

deaths every year.23–25 CTx is a multimeric AB5 protein complex, consisting predominantly of 5 B 

subunits that each bind the GM1-gangliosides (lectins) present on the human epithelial cell surface 

(see Figure 2).17,24–27 This binding the first step in a cascade of signalling events resulting in infection 

with Vibrio cholera.  

Richards et al. have developed various anti-adhesive galactose glycopolymers.5,6 These were 

synthesized by tandem post-polymerisation modification in order to finely tune the carbohydrate 

density as well as the polymer chain and linker lengths. From the library of glycopolymers 

synthesized, those with the most affinity for CTx turned out to be those with longer linker lengths in 

order to sit neatly in CTx’s deep galactose-binding pocket.5,26 In addition to this, those with a lower 

density of galactose residues (10% rather than 50%) had a higher affinity. Galactose-functional 

inhibitors have been developed with high CTx affinity, but specificity still poses a challenge to avoid 

interaction with other lectins, such as the mammalian galectins, which could cause unwanted immune 

response.6 
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Figure 2: GM1 ligand binding to CTx protein. 

3.2 Reversible Addition- Fragmentation Atom Transfer Polymerisation for 

Controlled Glycopolymer Structure 
There are various strategies in the polymer chemist’s toolbox for synthesizing glycopolymers with 

controlled structure. For both safety reasons and to enhance understanding the chemical basis of 

biomolecule interactions, we ideally want to introduce only polymeric materials of known length, 

structures and functionality into living systems.28–31  

Reversible Addition-Fragmentation chain Transfer (RAFT) polymerisation is often used for these 

purposes.29–34 This controlled polymerisation method acts to reversibly deactivate the propagating 

radical chain end to effectively lower the radical concentration and reduce termination and transfer 

reactions to zero (see Figure 3). This is typically achieved with sulphur containing compounds 

including dithioesters, trithiocarbonates and xanthates, termed chain transfer agents (CTAs).28,30,35,36 

RAFT is an extremely versatile controlled polymerisation technique as it tolerates a vast array of 

reaction conditions, monomers and functionalities, whilst producing polymers of narrow molecular 

weight distribution.30 The chain transfer agent in this work was selected to be incredibly tolerant of 

acrylamides, and yielding of good control.35 
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Figure 3: Scheme of RAFT Polymerisation technique. 

The use of glycomonomers in polymer synthesis requires protecting group chemistry to avoid 

undesired side reactions involving the sugar moieties. These chemistries therefore introduce 

additional deprotection steps that can lead to lower yields.11,37 Consequently, it follows that post-

polymerisation strategies are often preferred.38,37,39–43 Post-polymerization strategies enable the 

synthesis of a single modifiable polymer scaffold, with one molecular weight distribution, to which a 

range of functionalities can be applied. As avidity (binding strength) changes with polymer size, this 

is essential to avoid confounding the different factors contributing to biological activity. These 

modifications are particularly attractive where 100% functionality is not required (or, in the case of 

this work, even desired). There are several versatile methods frequently implemented in the post-

polymerization glycosylation of polymers (see Figure 4).38,37,39–44  
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Figure 4: Common strategies used in post-polymerisation, partially adapted from reference 39. 

All these methods are viable for introduction of galactose or other sugar moieties, and have, crucially, 

been successfully implemented in previous anti-adhesion work with Cholera.5,6 In this work, however, 

the introduction of a second modification was attempted to potentially enhance affinity through the 

exploitation of both the N-acetyl neuraminic acid and galactose binding sites present on CTx. “Click” 

chemistry is desirable for its versatility (allowing the application of many functionalities to one 

polymer scaffold), facility and high yields. 

3.3 Modifiable N-Thiolactone Acrylamide Polymers 
A polymeric mimickry of the structure of GM1 (CTx’s chosen ligand) requires a linker with galactose 

at the end, and N-acetyl neuraminic acid at a shorter branch.26 The usage of a doubly modified side 

chain rather than a random heteropolymer allows control over the spacing of the added functionalities 

to enhance affinity (see Figure 5). 
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Figure 5: Structure of GM1-ganglioside, and “ideal” doubly-modified polymer. 

A method widely implemented by the Du Prez group is the use of N-thiolactone monomers: of interest 

to this study would be the N-thiolactone acrylamide (TLa) monomer.45–52,36,53 These monomers have 

been used in various RAFT copolymerisations: with N-isopropyl acrylamide to enable fine-tuning of 

its cloud point, for example.45,53 Subsequently to their copolymerisation, the thiolactone ring can be 

opened by treatment with a primary amine, which liberates a thiol moiety. The aminolysis step can 

introduce one new moiety, whilst Michael addition at the subsequently-released thiol can introduce a 

second.45,53 

Due to the depth of the CTx binding pocket, galactose functionality should be added to the thiol (at 

the end of the longer side chain), with various functionalities explored for addition at the aminolysis 

stage.26 This work will attempt copolymerisation with N-hydroxyethyl acrylamide (HEA) as poly-N-

hydroxyethyl acrylamide (pHEA) is a polymer shown previously to be well-tolerated in the human 

body; essential in work leading to internal use.34,54 
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In order to functionalise the TLa units of the polymer, amino- and allyl moieties are required (see 

Figure 6). The former, amino-sugars, are facile to synthesize with ammonium salts and just the 

relevant reducing sugar in solution in air.55,56 The latter can be achieved simply through the use of 

boron trifluoride as a catalyst for nucleophilic attack of an alcohol on the acetyl-protected galactose 

sugar’s anomeric position using an alcohol, again in air.34,57 

 

Figure 6: Synthesis of allyl and amino-sugars. 

CTx inhibition of the modified polymers may be assessed through a fluorescence-linked assay 

previously used to determine binding of the polymers to CTx relative to GM1.5 

3.4 Gold Nanoparticles as a Scaffold for Protein-Polymer Conjugates 
Gold nanoparticles (AuNPs) have been widely used in the visualisation of polymer-protein 

interactions.3,4,58 The coating of colloidal AuNPs with glycopolymers both enhances stability of the 

particles in buffer and can confer functionality; polymers synthesized by RAFT with a thiol-

containing CTA have a thiol end group that readily links to the gold surface.34,58 

Of interest in this work is the potential linkage of a protein tag (SNAP-tag, specifically) through 

benzylguanine (BG) functionality on AuNPs.59 Previous work by Richards et al. utilised 

poly(pentafluorophenyl methacrylate) polymers (the pentafluorophenol, PFP, group conferred by a 

PFP-CTA) as a scaffold due to the facile conversion of the PFP group into a desired water soluble 

amine.5 SNAP-tag is an extensively tag that can be fused to a protein or other molecule via a BG 

functionality.59–65 BG-functional AuNPs (prepared through addition of an amino BG) would then link 

to the desired protein via the SNAP-tag.59,61 
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related loci, with proteins similar to phage tail and base plate proteins, and putative effector (toxin) 

proteins.66–69 The phage-like activity of these “Photorhabdus virulence cassettes” (PVCs) has been 

verified through insecticidal activity in the Wax Moth, using mutagenesis to prove that this was due to 

the PVCs.69  

Current work underway in the Waterfield group involves replicating the components of the PVCs 

separately so that the loading of them and their binding can be specifically modified. Figure 8 shows 

the visible structure of the PVCs. In particular, the tail-fibres have been implicated in their specific 

cell binding.66,69,70 Upon their conjugation to a SNAP-tag, these products could be conjugated to a 

polymer delivery system to enhance specific binding (see Figure 8). 

  

Figure 7: Transmission electron micrographs of PVC products from Reference 64.  

(A) Relaxed PVC, showing only the outer “syringe-like” sheath (arrow). (B) Contracted PVC product, 

showing extrusion of the syringe needle (white arrow) from syringe sheath (black arrow). 

 

Figure 8: Conjugation of modified polymers to proteins via AuNPs and SNAP-tag. 
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AuNPs have characteristic optical properties that mean they can be detected label-free.3,71 UV-Vis 

measurements can detect their size, shape and degree of aggregation; the latter leading to an intense 

colour change that can be seen by eye.3 Test AuNPs functionalised by BG and then SNAP-tag could 

therefore be detected by a simple UV-Vis experiment with immobilised SNAP-tag-antibody on a 

microplate.3  
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4 Aims  

• To investigate novel RAFT glycopolymer-based materials for use in cholera toxin anti-

adhesion. 
• To develop alternative strategies for detection of polymer-protein interaction using a UV-

visible-active poly(3-hexylthiophene-2,5-diyl) scaffold. 

• To use SNAP-tag protein and gold nanoparticles as a potential basis on which to form 

protein-polymer conjugates. 

 

5 Objectives 
• To use RAFT polymerisation techniques to produce polymers and copolymers for use in 

various protein-polymer interactions. 

• To use post-polymerisation modification techniques to add protein-interacting functionalities 

to the synthesized polymers and copolymers. 

• To assess the binding affinity of pHEAA/pTLa polymers and copolymers to the GM-1 

adhesion cholera strain. 

• To develop a detectable protein binding system using sugar-modified P3HT polymer. 

 

6 Milestones for year 1 
• Literature survey over previous work in the areas of cholera toxin inhibition, PVC syringes 

and thiolactone acrylamide. 

• Investigate the use of doubly-modified polymers in the inhibition of cholera toxin, 

including the synthesis of modifiable polymers with different quantities of thiolactone 

monomer units and their post-polymerisation modification with neuraminic acid and 

galactose using aminolysis and thiol-ene “click” chemistries respectively.  

• Assessment of polymer binding to the CTx cholera toxin strain, both for the doubly 

modified polymers and some control polymers I will synthesize using the same chemistries. 

• Synthesis of dyed RAFT polymers for use in the PVC syringe project. These will then be 

attached to the head of the syringe using a SNAP-tag; though this work is unlikely to occur 

this year. 

• Presentation of work at a conference. 
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7 Results and Discussion 
The GM1-ganglioside binds to cholera toxin (CTx) with high affinity and specificity due to the 

presence of both a chain-end galactose, and a side-branch sialic acid residue. The sialic acid has little 

affinity itself for CTx but binds an allosteric site enhancing affinity. An aim of this work is to produce 

doubly modified polymers as multivalent GM1 mimics, with two sugars in the correct spacial pattern. 

The thiolactone group can be used to introduce two differing functionalities through the aminolysis of 

the ring and a  thiol-ene (‘click’) step (see Figure 9). These functionalities can further mimic GM1 

through their spacing – with the thiol-ene modification at the chain end (as with GM1’s galactose) and 

the aminolysis as a side-branch (as with GM1’s sialic acid). 

 

Figure 9: Scheme for synthesis of doubly modified GM1 mimic. 

7.1 Synthesis of Doubly-Modified Polymers 
N-hydroxyethyl acrylamide (HEA) / N-thiolactone acrylamide (TLa) copolymers were synthesized 
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Polymers were characterised by DMF-SEC and 1H-NMR. These data are shown in Table 1; 
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low, and the molecular weights obtained by SEC were comparable to those from conversion. 

Reactivity ratios for TLa and HEA are not known, so there may be some composition drift in the 

polymer; but as both are methacrylamides, the R values should be relatively similar. 

Table 1: Characterisation data of PFP- and BG-pHEAs. 

Polymer 
% 

TLa 

Conversion 

(1H-NMR) 
[M]:[CTA] DPa Mn(theo)

a Mn(SEC) 
Mw/Mn 

(SEC) 

pNIPAM 0 72.5 100 72.5 8,209 10920 1.16 

pHEA 0 82.6 75 62.3 7,051 13904 1.08 

pHEA-co-

Tla 
5 

95.2 (HEA) 

99.5 (TLa) 

47.5 (HEA) 2.5 

(TLa) 

35.7 (HEA) 

1.9 (TLa) 
4,402 8585 1.16 

pHEA-co-

Tla 
10 

93.2 (HEA) 

98.2 (TLa) 

45 (HEA) 5 

(TLa) 

34.2 (HEA) 

3.9 (TLa) 
4,540 8912 1.13 

pHEA-co-

Tla 
20 

76.3 (HEA) 

84.0 (TLa) 

80 (HEA) 20 

(TLa) 

61.1(HEA) 

16.8 (TLa) 
9,650 9201 1.26 

pTLa 100 50 59.9 35.4 3,315 5240 1.11 

a: Determined by experimental conversion x ([M]:[CTA]) 

 

Figure 10: Scheme for synthesis allyl and amino galactose sugars. 

Amino and allyl galactose were required for the aminolysis and thiol-ene modifications of the TLa 

polymers respectively (see Figure 10). The amination of galactose by ammonium carbonate is a 

convenient method to aminate reducing sugars with no protecting group chemistry required. To obtain 

allyl galactose, boron trifluoride was used to activate the anomeric acetate on galactose pentaacetate, 

with allyl alcohol as the nucleophile with neighbouring group participation to promote beta 

configuration. The synthesis of the amino and allyl galactose was successful, and confirmed by 1H-

NMR (see Figures S3 and S4) . 

With the library of TLa-containing polymers to hand, and the reactive sugars, the post-polymerisation 

was conducted. A representative sample of 100 % TLa was used to verify successful modification of 
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the TLa-containing homo- and copolymers – this representative sample was modified with 

glucosamine and allyl galactose tetraacetate. A molecular weight increase was observed whilst a low 

polydispersity was maintained, showing that undesirable side reactions such as disulfide formation 

(which would increase Mw) did not occur (determined by DMF-SEC using PMMA standards, see 

Figure S5, Table 2). The presence of glucose/galactose sugar peaks by 1H-NMR also suggested 

successful modification (see Figure S6) but was not quantified in this case, as this was a test reaction. 

Table 2: SEC Data for modified pTLa. 

Polymer Mn(SEC) Mw(SEC) Mw/Mn 

(SEC) pTLa 5776 6466 1.12 

pTLa (modified with glucosamine and 

allyl galactose tetraacetate) 
6260 7043 1.13 

 

 

Figure 11: Scheme for synthesis of benzylamine/glucosamine and allyl galactose-modified 

polymers. 

In this investigation, the 5, 10, 20 and 100% TLa polymers were all modified with 

glucosamine/benzylamine through aminolysis, followed by thiol-ene addition of allyl galactose 

tetraacetate, and deprotection (see Figure 11). All modified TLa polymers except for the 

homopolymer were soluble in water, which is essential for all the biological assays. The change in 

solubility, wherein the modified polymers were soluble in water after the deprotection step but not 

before, also suggested a successful modification. Infrared spectroscopy confirmed all the TLas as ring 

opened. 
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7.2 Inhibitory activity of Doubly-modified Polymers 
In order to test for interaction between the modified polymers and CTx protein, docking studies were 

undertaken using the SwissDock online server. The server gave potential binding sites for the 

proposed ligands (a single repeat unit of the modified polymer were used for this), with their predicted 

binding energy (negative energies being more energetically favourable). The proposed dockings were 

narrowed down to those where the substrate was within the binding site, facing such that the polymer 

chain would be outside of the active site. The most energetically favourable dockings for the 

galactosamine/benzylamine-allyl galactose functionalized repeat units are shown in Figure 12. These 

predictions are not conclusive, and are not necessarily the best predictors of high affinity, as they do 

not take into account solubility, multivalency or the packing of the polymer chain.  

 

Figure 12: Swiss-Dock binding outputs for glucosamine/allyl galactose and benzylamine/allyl 

galactose.  

These outputs had predicted energy of -1.25 and -3.41 kJ mol-1 respectively. In each case, the ligand’s 

galactose residue can be seen clearly in the binding pocket occupied by the GM1 ligand. The second 
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residue (glucose/benzyl) sits slightly outside of this pocket. The repeat unit backbone sits outside of 

the active site. Images were generated using UCSF Chimera. 

Supported by the docking results, the library of polymers was then used to probe the impact of the 

double-functional polymers on their ability to inhibit CTx function. Fluorescence-linked sorbent 

assays were undertaken (see Figures 13-15). In these assays, polymer and CTx-FITC solutions were 

incubated to allow polymer to bind to the toxin’s active site. This solution was then applied to 

microplates with GM1 on their surface. If the polymers have increased affinity towards CTx, this 

prevents the CTx binding to its native GM-1 ligand. Therefore, post-washing, a decrease in 

fluorescence relative to controls with no polymer present indicated more activity.  

 

Figure 13: Fluorescence-linked sorbent assays to assess inhibitory activity of modified polymers. 

Effective binding curves showing inhibitory activity have sigmoidal shapes, with a lower fluorescence 

plateau (at higher polymer concentration) where the polymer has inhibitory activity, and a higher 

fluorescence plateau where inhibition is no longer occurring (at the lower polymer concentrations). 

The binding curves for polymers that do not have this shape signify that they do not have 

concentration-dependent inhibitory activity.  In these binding assays, 5, 10 and 20% TLa 

glucosamine-modified polymers were found to have extremely potent inhibitory activity, whilst the 

benzylamine-modified polymers did not. The benzyl polymers also may have aggregates at higher 

concentrations, causing precipitation onto the plate and the higher fluorescence signals. The 5 and 

10% loadings were more active than the 20% loading, whilst 100% TLa loading did not show 

inhibitory activity. This activity with the 100% TLa polymers may have been due to its low water 

solubility, requiring significant amounts of DMSO in the buffer . To fully understand this interaction 

further, processing is required to take into account the total sugar concentration – low-density 

polymers at equal mass concentration have fewer sugars, so this must be corrected. Affinities will be 

calculated in the near future using bilayer interferometry, which is being installed soon.  
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Figure 14: Fluorescence-linked CTx-FITC binding curves for the polymers modified with 

glucosamine.  

IC50 values for glucosamine/allyl galactose-modified polymers: 5% TLa = 0.020 mg/mL; 10% TLa = 

0.028 mg/mL; 20% TLa = 0.040 mg/mL. 

 

Figure 15: Fluorescence-linked CTx-FITC binding curves for the polymers modified with 

benzylamine. 

7.3 Synthesis of SNAP-tag-able Gold Nanoparticles 
An additional part of the PhD is the generation of complex hybrid materials combining synthetic and 

expressed protein components, described here. Benzylguanine (BG) is a versatile conjugation group 

with a SNAP-tagged protein. The aim of this investigation is to produce BG-functionalised gold 

nanoparticles (AuNPs) in order to conjugate them to SNAP-tagged proteins (see Figure 16). This 

requires the synthesis of BG-functionalised polymers by RAFT, which can in turn be conjugated to 

AuNPs through the thiol RAFT end group.  

In this work, pentafluorophenyl 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid was used as 

a chain transfer agent for RAFT polymerisation of HEA. This end group was replaced by an amino 
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benzylguanine functionality through a facile displacement reaction. The polymer was then conjugated 

to AuNPs through the thiol end group, requiring only incubation with AuNP citrate solution. 

 

Figure 16: Scheme for synthesis of AuNP-protein conjugate. 

N-hydroxyethyl acrylamide with a pentafluorophenol (PFP) end group was successfully polymerised 

at a variety of degrees of polymerisation and conversion in order to produce a variety of chain lengths. 

As some of the Mn/Mw data are too high, these experiments need to be repeated (see Table 3).  

Table 3: Characterisation data of PFP- and BG-pHEAs. 

Polymer 
Conversion (1H-

NMR) 
[M]:[CTA] DPa Mn(theo)

a Mn(SEC) 
Mw/Mn 

(SEC) 

PFP-

pHEA 

95.23 100 95.23 11,493 15057 1.33 

95.62 50 47.81 6,035 10563 1.15 

42.83 25 10.71 1,763 4072 1.08 

BG-

pHEA 

- 100 95.23 11,493 19421 1.22 

- 50 47.81 6,035 12960 1.23 

- 25 10.71 1,763 5087 1.25 

a: Determined by experimental conversion x ([M]:[CTA]) 

The existence of the PFP end group was verified by 19F-NMR and FTIR (see Figure S7). These 

characterisations also show the loss of the PFP group after benzylguanine (BG) functionalization (see 

Figure S7). 

AuNPs were coated with the PFP- and BG-functionalised pHEA by a simple mixing procedure. Their 

size and stability was investigated by dynamic light scattering (DLS), shown in Figure 17. The 
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increase in size by DLS signifies a successful coating of the AuNPs with polymer. The distributions 

with second, higher radius, peaks (or only higher radius peaks) than would be expected for the 15 or 

40 nm AuNPs have aggregated due to instability (see DP25 BG-pHEA coated 15 nm AuNPs in 

particular). Aggregation can also be seen by eye as a change in colour from red to blue (see Figure 

S8). 

This data suggested that the longer chain lengths of polymer, and larger nanoparticle sizes, were the 

most stable; potentially due a more thoroughly covered AuNP surface. The BG-functionalised 

nanoparticles were shown to be larger and less stable than those with the smaller, PFP, end group. 

This could be due to the difference in packing of the polymers close to the AuNP surface with the 

different end groups and the relative hydrophobicity of the BG groups. 

 

Figure 17: DLS characterisation of polymer-conjugated AuNPs. 

7.4 Conclusions 
In summary, doubly modified, low dispersity pTLa polymers were synthesized through facile post-

polymerisation modification of the thiolactone ring. Fluorescence-linked binding assays showed that 

5, 10 and 20% TLa-loaded polymers modified with glucosamine and allyl galactose had inhibitory 

activity with the CTx protein. These polymers could thus prove to be potential lead structures for new 

anti-infective treatments 

In addition to this work, BG-functionalised polymers were functionalised by the displacement of a 

RAFT CTA’s PFP end group with amino-benzylguanine. These were conjugated to AuNPs, with 
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longer polymer chain length and greater AuNP sizes proving to be most stable. This work aims to 

produce BG-functionalised AuNPs in order to conjugate them in the future to SNAP-tagged proteins 

to enable them to instil further functionality to the proteins. 
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8 Future work 
• Further investigate double modification of TLa-containing polymers for CTx assays, 

potentially attempting further functionalisations or using dialysis for purification rather than 

precipitation. This work may lead to further Fluorescence-linked sorbent assays. 

• Complete RCA control fluorescence plate assays.  

• Synthesis of SNAP-conjugated AuNPs to determine whether this is feasible for the 

Photorhabdus work. These should be tested via fluorescence assays with SNAP-antibody. If 

this succeeds, generate AuNP-protein conjugates via a SNAP-tag. Potentially also test 

specific binding of these conjugates to cells. 

• Synthesize P3HT-sugar conjugates via alkyne-azide coupling. The first step will be to 

assess bromide displacement by azide with a large alkyne that could be detected by MALDI. 

My sugar-alkyne could then be added and deprotected. These conjugates, should also be 

tested for any binding activity with proteins. This will depend strongly on solubility in 

appropriate solvent. 

• Perform binding assays of polymers to proteins on Octet device. 

• Presentation of work at a conference. 
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9 Materials and Methods 

9.1 Materials 
Ultra-pure water with resistance < 18 Ω, was obtained from a Milli-Q© Integral Water Purification 

System. All chemicals were purchased from Sigma-Aldrich and used as supplied unless otherwise 

stated. 15 and 40 nm citrate-stabilised gold colloid solution was purchased from BBI solutions. N-

acetylneuraminic acid, D-galactosamine HCl, GM1-ganglioside and 6-((4-(aminomethyl)benzyl)oxy)-

7H-purin-2-amine were purchased from Carbosynth. Toluene-d8 was purchased from Fisher Scientific 

(all other deuterated solvent used (methanol, chloroform, water) were purchased from Sigma-

Aldrich). n-Hexane, THF, DMF and ethyl acetate were purchased from Fisher. The cholera toxin used 

in assays was Cholera toxin B subunt, FITC onjugate, lyophilized powder from Sigma-Aldrich. 

P3HT-Br polymer was synthesized by Paul Topham’s Group in Aston University, Birmingham. 

HEPES buffer stock solution was prepared with the following concentrations, and adjusted to pH 7.5 

using the minimum volume required of 0.1 M HCl(aq) and 0.1 M NaOH(aq): 10mM HEPES, 0.15 M 

NaCl, 0.1 mM CaCl2 and 0.01 mM Mn2+. 

9.2 Analytical Methods 
1H, 13C and 19F-NMR spectra were obtained using a Bruker DPX-400 or Bruker DPX-300 NMR 

Spectrometer; all chemical shifts are reported in ppm (δ) relative to residual non-deuterated solvent. 

Mass spectrometry was carried out in pure methanol or water on the Agilent 6130B ESI-Quad 

instrument using electrospray in positive mode. MALDI mass spectrometry was conducted on a 

Bruker Ultraflex Autoflex Speed MALDI TOF instrument, using DCTB (trans-2-[3-(4-tert-

Butylphenyl)-2-methyl-2-propenylidene]malononitrile) as the matrix (10 mg/mL in acetonitrile); the 

layer method was utilised for all MALDI preparations.75 FTIR spectroscopy was carried out on a 

Bruker Vector 22 FTIR spectrometer with a Golden gate diamond attenuated total reflection cell. SEC 

(GPC) measurements were carried out on a Varian 390-LC MDS system equipped with a PL-AS 

RT/MT2 autosampler, a PL-gel 3 µm (50 x 7.5 mm) guard column, two PL-gel 5 µm (300 x 7.5 mm) 

mixed-D columns held at 30°C and the instrument equipped with a differential refractive index and a 

Shimadzu SPD- M20A diode array detector. SEC samples were filtered through PTFE syringe filters 

0.22 microM, 13 mm, from Gilson Scientific. Tetrahydrofuran (with 2% Triethylamine) or 

Dimethylformamide eluent was used at 1mL.min-1 flow rate. Data were analysed using Agilent GPC 

software and molecular weight determined relative to narrow molecular weight PMMA standards 

(200 - 1.0 x 106 g.mol-1). Nanoparticle size was determined using Dynamic Light Scattering (DLS), 

performed on a Malvern Instruments Zetasizer Nano- ZS with 4mW HeNe laser 632.8 nm. UV/Vis 

spectroscopy and fluorescence plate readings were performed on a BioTek Synergy HT Microplate 

Reader. 
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9.3 Synthetic Methods 

9.3.1 Synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DMP/DDMAT) 

 

Dodecane thiol (4.75 mL, 19.8 mmol) was added dropwise to a stirred suspension of K3PO4 (4.02g, 

18.9 mmol) in acetone (60 mL). The reaction vessel was placed in an ice bath. Carbon disulfide (3.20 

mL, 53.0 mmol) was added and the solution turned bright yellow, but was still cloudy. After stirring 

for ten minutes, 2-bromo-2- methylpropionic acid (3.00 g, 18.0 mmol) was added and a precipitation 

of KBr was noted.  The ice bath was removed after 10 minutes and the reaction was left stirring at 

room temperature for 16 hours. Solvent was removed in vacuo and the residue was extracted into 

DCM (2 x 50 mL) from 1 M HCl (100 mL). The organic extracts were further washed with water 

(100 mL) and brine (100 mL) and dried over MgSO4. Recrystallisation from n-hexane yielded a bright 

yellow solid (1.80 g, 27.5%). 

 

1H NMR (400 MHz, CDCl3) δppm: 3.28 (2H, t, JHH=7.5, H6); 1.66 (6H, s, H3/4); 1.10-1.25 (20H, 

alkyl, H7-16); 0.79 (3H, m, H17). 

13C NMR (400 MHz, CDCl3) δppm: 220.86 (C5); 178.04 (C1); 55.51 (C2); 37.08 (C7); 31.92 (C6); 

29.64, 29.57, 29.46, 29.35, 29.12, 28.98, 27.82 (C8-15); 25.23 (C3/4); 22.70 (C16); 14.13 (C17). 

FTIR (solid, νmax/cm
-1

): 2910 (CH2); 1710 (C=O); 1440 (C-C); 1305 (C-O); 1070 (S-(C=S)-S).  

ESI-MS, positive mode (m/z): 365.2 (M+H+, expected 365.63), 387.1 (M+Na+, expected 387.61).  

9.3.2 Synthesis of N-Thiolactone Acrylamide 
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D,L-homocysteine thiolactone hydrochloride (7.04 g, 45.6 mmol) was dissolved in 1:1 dioxane: water 

(100 mL). The reaction vessel was transferred to an ice bath, and sodium hydrogen carbonate (19.2 g, 

228 mmol) was added whilst stirring. After 30 mins stirring, acryloyl chloride (7.45 mL, 91.2 mmol) 

was added dropwise. The reaction was stirred for 16 hours at room temperature. The reaction was 

extracted into ethyl acetate (200 mL) from brine (200 mL). The organic layer was dried over Na2SO4, 

filtered and concentrated in vacuo to yield a white solid (5.57 g, 71.3%). 

 

1H NMR (400 MHz, CDCl3) δppm: 6.35 (1H, m, H7); 6.17 (1H, m, H8, trans); 5.73 (1H, m, H8, cis); 

4.61 (1H, s, H1); 3.41 (1H, m, H3); 3.3 (1H, m, H3); 3.02 (1H, m, H2); 1.99 (1H, qd, JHH=12.5(x3), 

6.9, H2). 

13C NMR (400 MHz, CDCl3) δppm: 165.83 (C), 129.93 (CH, C1), 127.73 (CH2, C3), 59.59 (CH, C6), 

32.07 (CH2, C7), 27.70 (CH2, C3). 

FTIR (solid, νmax/cm
-1

): 3290 (N-H); 2900 (CH2); 1680 (C=O); 1560 (N-H); 1405 (C-C stretch in 

ring); 1210 (C-N aliphatic); 1005 (=C-H bend); 930 (N-H wag).  

ESI-MS, positive mode (m/z): 194.0 (M+Na+, expected 194.20), 365.0 (2M+Na+, expected 365.41) 

9.3.3 Synthesis of b-D-galactose pentaacetate 

 

Sodium acetate trihydride (2.06 g, 20.2 mmol) was ground by mortar and pestle and stirred in a 60oC 

oil bath. D(+)-galactose (2.00 g, 11.1 mmol) was added, and a condenser was attached to the reaction 

vessel. Acetic anhydride (10 mL, 106 mmol) was added dropwise. The reaction was refluxed for 10 

minutes, after which it was cooled to room temperature and left stirring overnight. Ethanol (22 mL) 
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was added to evolve acetic acid. The mixture was concentrated in vacuo, extracted into DCM (40 mL) 

and washed with warm water (2 x 40 mL). The organic layer was dried over MgSO4, filtered and 

concentrated in vacuo. Ethanol (25 mL) was added, as was a few spatulas of activated charcoal, and 

the reaction was refluxed for 20 mins, cooled, filtered and recrystallized in ethanol to yield white 

crystals (1.30 g, 30%).76 

 

1H NMR (300 MHz, CDCl3) δppm: 5.72 (1H, d, JHH=8.2, H1); 5.45 (1H, br s, H4); 5.36 (1H, t, 

JHH=9.3 x 2, H2); 5.11 (1H, m, H3); 4.17 (2H, m, H6); 4.07 (1H, m, H5); 2.19, 2.15, 2.07, 2.02 (15H, 

4 x s, acetyl groups). 

13C NMR (300 MHz, CDCl3) δppm: 92.17 (CH, C1), 71.12 (CH, C4), 70.88 (CH, C2), 67.82 (CH, 

C3), 66.79 (CH, C5), 61.03 (CH2, C6), 20-21 (CH3, Acetyls). 

FTIR (solid, νmax/cm
-1

): 2973 (CH2); 1765 (C=O); 1374 (C-H); 1210 (C-O stretch); 957 (=C-H 

bend); 900 (C-H “oop”). 

ESI-MS, positive mode (m/z): 413.1 (M+Na+, expected 413.33) 

9.3.4 Synthesis of 1-b-allyl-D-galactose 

 

Beta-D-galactose pentaacetate (2.00 g, 5.13 mmol) was dissolved in DCM (40 mL). Allyl alcohol 

(0.425 mL, 6.25 mmol) was added whilst stirring in an ice bath. Boron trifluoride dietherate (1.35 mL, 

7.11 mmol) was added dropwise. 20 minutes later, the reaction was taken out of the ice bath and 

stirred for 16 hours. Anhydrous potassium carbonate (1.08 g, 7.24 mmol) was added whilst stirring. 

30 minutes later, the reaction was filtered and washed with water (2 x 50 mL) and brine (50 mL). The 

organic layer was dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by 

column chromatography on silica using an eluent comprising 2:3 ethyl acetate: 40 – 60 oC petroleum 

ether to yield a yellow oil (1.02 g, 51.2%) 
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1

H NMR (300 MHz, CDCl3) δppm: 5.88 (1H, m, H8); 5.41 (1H, d, JHH=3.2, H1); 5.34 (1H, m, H4); 

5.28 (1H, m, H2); 5.17 (1H, m, H9); 5.05 (1H, m, H3); 4.5 (2H, m, H6); 4.15 (2H, m, H7); 4.13 (1H, 

m, H5); 2.15, 2.06, 2.05, 1.99 (15H, 4 x s, acetyl groups) 

13

C NMR (300 MHz, CDCl3) δppm: 117.61 (CH2, C9), 100.12 (CH, C8), 70.96 (CH, C1), 70.67 (CH, 

C4), 70.04 (CH2, C7), 69.01 (CH, C2), 67.07 (CH, C3), 61.30 (CH2, C6), 30.94 (CH, C5), 20-21 

(CH3, Acetyls). 

FTIR (solid, νmax/cm
-1

): 3027 (O-H); 2920 (CH2); 1754 (C=O); 1495 (C-H); 1220 (C-O stretch); 

705 (C-H). 

ESI-MS, positive mode (m/z): 411.1 (M+Na+, expected 411.36) 

9.3.5 Synthesis of 1-amino-b-D-galactosamine 

 

D(+)-Galactose (1.0 g, 5.6 mmol) and ammonium carbonate (5.5 g, 57 mmol) were dissolved in water 

(25 mL). This was stirred at room temperature for 3 days, with 40 mg per mg of ammonium carbonate 

added over the course of the reaction to maintain saturation. The reaction was then freeze-dried to 

remove the ammonia, and subsequently stirred in warm methanol (40 mL) to evolve CO2. A white 

powder was obtained through concentration in vacuo (0.650 g, 54%). 
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1

H NMR (400 MHz, D2O) δppm: 3.94 (1H, d, JHH=8.8, H1); 3.84 (1H, d, JHH=3.3, H4); 3.64 (2H, m, 

H2/3); 3.56 (2H, m, H6); 3.30 (1H, m, H5). 

13

C NMR (400 MHz, D2O) δppm: 85.49 (CH, C1), 75.96 (CH, C4), 73.39 (CH, C2), 71.97 (CH, C3), 

68.96 (CH2, C6), 61.16 (CH, C5). 

FTIR (solid, νmax/cm
-1

): 3000 (O-H); 1615 (N-H); 1505 (C-C in ring); 1312 (C-O); 999 (O-H). 

ESI-MS (m/z): 381.1 (2M+Na+, expected 381.33). 

9.3.6  (Unsuccessful) Synthesis of Amino-Sialic Acid 
Sialic acid (N-acetyl neuraminic acid) (1.0 g, 3.2 mmol) and ammonium carbonate (3.1 g, 32 mmol) 

were dissolved in water (30 mL). This was stirred at room temperature for 3 days, with 40 mg per mg 

of ammonium carbonate added over the course of the reaction to maintain saturation. The reaction 

was then freeze-dried to remove the ammonia, and subsequently stirred in warm methanol (40 mL) to 

evolve CO2. A white powder was obtained through concentration in vacuo. As this reaction was 

unsuccessful, no successful characterisation data is available. Although some mass spectra suggested 

the possible presence of the desired product, no conclusive NMR or IR data supported this. 

9.3.7 General Procedure for Polymerisation of N-hydroxyethyl acrylamide (HEA) 

 

The following procedure describes a reaction with a theoretical degree of polymerisation (DP) of 100 

repeat units. 4,4-azobis(4-cyanovaleric acid) (5 mg, 0.018 mmol), 2- (dodecylthiocarbonothioylthio)-

2-methylpropanoic acid (CTA, 32 mg, 0.088 mmol) and N-hydroxyethyl acrylamide (1 g, 8.8 mmol) 

were dissolved in 1:1 methanol: toluene (4 mL) in a glass vial with a stirrer bar. Mesitylene (200 µL) 

was added and a sample was removed for 1H-NMR analysis in CDCl3. The reaction mixture was 

degassed by N2 for 30 minutes, sealed and placed in a 70°C oil bath. After 90 minutes, the solution 

was opened to air and quenched in N2(l). The polymer (pHEA) was precipitated three times from 

methanol into diethyl ether to give a light yellow solid.  
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Conversion (NMR): 83.6%; Mn (theoretical): 7051 g.mol
-1

; Mn (SEC) 13904 g.mol
-1

; Mw (SEC) 

14969 g.mol
-1

; Mw/Mn (SEC): 1.08.  

1

H NMR (300 MHz, D4-MeOH) δppm: 4.60-4.90 (br s, H6), 3.55-3.75 and 3.05-3.20 (2 x br s, H5), 

2.00-2.20 and 1.50-1.80 (2 x br s, H1/2). 

FTIR (solid, νmax/cm
-1

) = 3300 (N-H and O-H stretch), 2854 (alkyl C-H stretch), 1641 (amide C=O 

stretch), 1555 (N-H bend), 1443 (alkane), 1225 (C-O stretch), 1060 (C-O stretch).  

9.3.8 General Procedure for Polymerisation of N-isopropyl acrylamide (NIPAM) 

 

The following procedure describes a reaction with a theoretical degree of polymerisation (DP) of 50 

repeat units. 4,4-azobis(4-cyanovaleric acid) (2.5 mg, 0.0089 mmol), 2- 

(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (CTA, 16 mg, 0.044 mmol) and N-isopropyl 

acrylamide (0.25 g, 2.2 mmol) were dissolved in 1:1 methanol: toluene (2 mL) in a glass vial with a 

stirrer bar. Mesitylene (100 µL) was added and a sample was removed for 1H-NMR analysis in 

CDCl3. The reaction mixture was degassed by N2 for 30 minutes, sealed and placed in a 70°C oil bath. 

After 45 minutes, the solution was opened to air and quenched in N2(l). The polymer (pNIPAM) was 

precipitated three times from methanol into diethyl ether to give a light yellow solid.  
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Conversion (NMR): 83.6%; Mn (theoretical): 8209 g.mol-1; Mn (SEC) 10920 g.mol-1; Mw (SEC) 

12704 g.mol-1; Mw/Mn (SEC): 1.16.  

1H NMR (400 MHz, CDCl3) δppm: 6-6.75 (br s, H4), 3.9-4.15 (br s, H5), 2.0-2.5 (br s, H2), 1.5-1.95 

(br m, H1), 1.1-1.4 (br s, H6/7). 

FTIR (solid, νmax/cm-1) = 3200 (N-H); 2900 (CH2); 1650 (C=O); 1550 (N-H bend); 1190 (C-H). 

9.3.9 General Procedure for Copolymerisation of N-hydroxyethyl acrylamide (HEA) and N-
thiolactone acrylamide (TLa) 

 

The following procedure describes a reaction with a theoretical degree of polymerisation (DP) of 50 

repeat units, with 0.9 equivalents HEA and 0.1 equivalents TLa. 4,4-azobis(4-cyanovaleric acid) (2.5 

mg, 0.0089 mmol), 2- (dodecylthiocarbonothioylthio)-2-methylpropanoic acid (CTA, 32 mg, 0.088 

mmol), N-hydroxyethyl acrylamide (0.458 g, 3.98 mmol) and N-thiolactone acrylamide (69 mg, 0.44 

mmol) were dissolved in 1:1 methanol: toluene (3 mL) in a glass vial with a stirrer bar. Mesitylene 

(100 µL) was added and a sample was removed for 1H-NMR analysis in CDCl3. The reaction mixture 

was degassed by N2 for 30 minutes, sealed and placed in a 70°C oil bath. After 2 hours, the solution 

was opened to air and quenched in N2(l). The polymer (pHEA-co-pTLa) was precipitated three times 

from methanol into diethyl ether to give a light yellow solid. The characterization below is from a 

theoretical 20% TLa copolymer.  

O
HN

S
HO

O

S
C12H25

S

1
2

3

4
5

6
7

HN

O S

OO
HN

OH

ACVA, DMP, 
1:1 MeOH:Toluene

N2 atmosphere, 2 hours HN

O S

OO
HN

OH

S
HO

O
S

C12H25

S



Laura Wilkins   Supervisor: Prof. Matthew I. Gibson 

 
----- CONFIDENTIAL ----- 

34 

 

For 5% TLa: Conversion (NMR): 95.2%; Mn (theoretical): 4402 g.mol-1; Mn (SEC) 8585 g.mol-1; 

Mw (SEC) 9958 g.mol-1; Mw/Mn (SEC): 1.16. For 10% TLa: Conversion (NMR): 93.2%; Mn 

(theoretical): 4540 g.mol-1; Mn (SEC) 8912 g.mol-1; Mw (SEC) 10079 g.mol-1; Mw/Mn (SEC): 

1.13. 

1H NMR (300 MHz, D4-MeOH) δppm: 7.9-8.15 (br s, N-H (H4/11)); 4.75-4.90 (br s, H6/14); 3.6-3.8 

and 3.05-3.20 (2 x br s, H5/13); 2.55-2.7 (br s, H12 (this peak is less visible in 5 or 10% TLa 

copolymer)), 2.00-2.40 (the left should of this peak is less visible in 5 or 10% TLa copolymer) and 

1.50-1.85 (2 x br m, H1/2/8/9). 

FTIR (solid, νmax/cm-1) = 3300 (N-H and O-H stretch); 2854 (alkyl C-H stretch); 1641 (amide C=O 

stretch); 1555 (N-H bend); 1443 (alkane); 1225 (C-O stretch); 1060 (C-O stretch, peak has a 

shoulder); 920. 

9.3.10 (Unsuccessful) General Procedure for Copolymerisation of N-isopropyl acrylamide 
(NIPAM) and N-thiolactone acrylamide (TLa) 

The following procedure describes a reaction with a theoretical degree of polymerisation (DP) of 50 

repeat units, with 0.9 equivalents NIPAM and 0.1 equivalents TLa.  4,4-azobis(4-cyanovaleric acid) 

(2.5 mg, 0.0089 mmol), 2- (dodecylthiocarbonothioylthio)-2-methylpropanoic acid (CTA, 16 mg, 

0.044 mmol), N-isopropyl acrylamide (0.225 g, 7.96 mmol) and N-thiolactone acrylamide (32.5 mg, 

0.884 mmol) were dissolved in 1:1 methanol: toluene (2 mL) in a glass vial with a stirrer bar. 

Mesitylene (100 µL) was added and a sample was removed for 1H-NMR analysis in CDCl3. The 

reaction mixture was degassed by N2 for 30 minutes, sealed and placed in a 70°C oil bath. After 2 

hours, the solution was opened to air and quenched in N2(l). The polymer (pNIPAM-co-pTLa) was 

precipitated three times from methanol into diethyl ether to give a light yellow solid. As this reaction 

was unsuccessful, no successful characterisation data is available. 
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9.3.11 General Procedure for Polymerisation of N-thiolactone acrylamide (TLa) 

 

The following procedure describes a reaction with a theoretical degree of polymerisation (DP) of 50 

repeat units. 4,4-azobis(4-cyanovaleric acid) (2.5 mg, 0.0089 mmol), 2- 

(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (CTA, 16 mg, 0.044 mmol) and N-

thiolactone acrylamide (0.325 g, 2.08 mmol) were dissolved in 1:1 methanol: toluene (2 mL) in a 

glass vial with a stirrer bar. Mesitylene (100 µL) was added and a sample was removed for 1H-NMR 

analysis in CDCl3. The reaction mixture was degassed by N2 for 30 minutes, sealed and placed in a 

70°C oil bath. After 45 minutes, the solution was opened to air and quenched in N2(l). The polymer 

(pTLa) was precipitated three times from chloroform into diethyl ether to give a light yellow solid.  

 

Conversion (NMR): 59.9%; Mn (theoretical): 3315 g.mol
-1

; Mn (SEC) 5240g.mol
-1

; Mw (SEC) 

5835 g.mol
-1

; Mw/Mn (SEC): 1.11.  

1

H NMR (400 MHz, CDCl3) δppm: 7.0-7.25 (br s, N-H (H4)); 4.5-5.0 (br s, H7); 3.15-3.5 (br s, H6); 

2.5-2.7 (br s, H5); 2.0-2.5 and 1.3-1.9 (2 x br m, H1/2). 

FTIR (solid, νmax/cm
-1

) = 3330 (N-H); 2920 (CH2); 1664 (C=O); 1570 (N-H); 1240 (C-N aliphatic); 

1005 (=C-H bend); 920 (N-H wag). 
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9.3.12 Representative Double Modification of TLa-containing copolymer: Aminolysis and 
Thiol-ene “click” 

 

Polymer (100 mg of 5% pTLa copolymer) and amine (eg. 56 mg of glucosamine, 5 equivalents per 

TLa moiety) was dissolved in 1:1 methanol: water (5 mL) and stirred overnight at room temperature. 

Allyl galactose (67.4 mg, 5 equivalents per TLa moiety) and 4,4-azobis(4-cyanovaleric acid) (1.2 mg, 

0.0045 mmol) were added. The reaction mixture was degassed by N2 for 30 minutes, sealed and 

placed in a 70°C oil bath. After 2 hours, the solution was opened to air and quenched in N2(l). The 

reaction mixture was concentrated in vacuo, redissolved in methanol and filtered. The polymer was 

then precipitated three times from methanol into diethyl ether to give a light yellow solid. The 

different precipitation behaviour (all polymers were very difficult to dissolve in solution) was an 

indication of successful modification. The polymer was subsequently dissolved in methanol (5 mL) 

and deprotected with sodium methoxide (0.5 microL of 5.4 M solution in methanol) and precipitated 

three times from methanol into diethyl ether to give a light yellow solid.40,77 
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9.3.13 Representative Double Modification of TLa Homopolymer: Aminolysis and Thiol-ene 
“click” 

 

Polymer (80 mg) and amine (eg. 280 mg of glucosamine, 5 equivalents per TLa moiety) was 

dissolved in 1:1 chloroform: toluene (5 mL) and stirred overnight at room temperature. Allyl 

galactose (318 mg, 5 equivalents per TLa moiety) and 4,4-azobis(4-cyanovaleric acid) (5 mg, 0.017 

mmol) were added. The reaction mixture was degassed by N2 for 30 minutes, sealed and placed in a 

70°C oil bath. After 2 hours, the solution was opened to air and quenched in N2(l). The reaction 

mixture was concentrated in vacuo, redissolved in chloroform and filtered. The polymer was then 

precipitated three times from 1:1 methanol: chloroform into diethyl ether to give a light yellow solid. 

The different precipitation behaviour (all polymers were very difficult to dissolve in solution) was an 

indication of successful modification. The polymer was subsequently dissolved in 1:1 methanol: 

chloroform (5 mL) and deprotected with sodium methoxide (1 microL of 5.4 M solution in methanol) 

and precipitated three times from 1:1 methanol: chloroform into diethyl ether to give a light yellow 

solid.40,77 
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Mn (SEC) 8912 g.mol
-1

; Mw (SEC) 10079 g.mol
-1

; Mw/Mn (SEC): 1.13. 

Protected polymer (did not perform deprotection step):
1

H NMR (400 MHz, CDCl3) δppm: 4.5-5.0 (br 

s, H7); 3.5-3.75 (2 x br m, very weak, possible sugar moieties); 3.15-3.5 (br s, H6); 2.5-2.7 (br s, H5); 

2.0-2.2 (br strong s, acetyl groups); 2.0-2.5 and 1.3-1.9 (2 x br m, H1/2). 

FTIR (solid, νmax/cm
-1

) = 3290 (N-H); 2900 (CH2); 1655 (C=O); 1527 (N-H); 1055 (C-N aliphatic).   
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9.3.14 Fluorescence-linked sorbent assay for polymer inhibitory activity 

 

384-well high-binding PS plates were incubated for 16 hours with 50 µL of 100 µg.mL-1 GM-1 

glycolipid (in PBS). Unbound glycolipid was removed by washing with water (x3). Polymer solutions 

were made up as serial dilutions (up to 12 dilutions by 2 from 1 mg.mL-1 in water; though 100% TLa 

polymers required initial dissolution in DMSO). CTx-FITC (4 µL of 100 µg.mL-1 in 10mM HEPES 

buffer with 0.15 M NaCl, 0.1 mM CaCl2 and 0.01 mM Mn2+ (pH 7.5)) was added to 36 µL of polymer 

solution. The CTx/polymer solutions were then transferred to the GM-1-coated plates and incubated 

at 37oC for 60 minutes. The wells were then washed (x3) with HEPES buffer. Fluorescence of wells 

was measured at excitation/emission wavelengths of 485/528 nm respectively. All experiments were 

carried out in triplicate, using pure CTx-FITC wells (with no polymer) as controls. The above 

protocol is repeated for RCA-FITC to compare polymer inhibitory activity. 
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9.3.15 Synthesis of pentafluorophenyl 2-(dodecylthiocarbonothioylthio)-2-methylpropionic 
acid (PFP-DMP/PFP-DDMAT)  

 

2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (DMP) (0.500 g, 1.37 mmol), N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) (0.390 g, 2.05 mmol), and 4-

(dimethylamino)pyridine (DMAP) (0.250 g, 2.05 mmol) were dissolved in DCM (50 mL) and stirred 

for 20 minutes under N2. Pentafluorophenol (PFP) (0.780 g, 4.24 mmol) in 5 mL DCM was added. 

The reaction was stirred overnight at room temperature. The reaction was washed with 3 M HCl (100 

mL), 1 M NaHCO3 (100 mL) and brine (100 mL), dried over MgSO4, filtered and then concentrated 

in vacuo to evolve a yellow solid with melting point close to room temperature (0.437 g, 60.2%). 

 

1H NMR (300 MHz, CDCl3) δppm: 3.24 (2H, t, JHH=7.4 x 2, H12); 1.62 (6H, m, H9/10); 1.26 (20H, 

alkyl, H13-22); 0.81 (3H, m, H23). 

19F NMR (300 MHz, CDCl3) δppm: 151.54 (m, F2/6), 157.74 (m, F3/5), 162.3 (m, F4). 

FTIR (solid, νmax/cm
-1

): 2934 (CH2); 1705 (C6F5C=O); 1439 (C-C); 1260 (C-O); 1080 (S-(C=S)-

S).  

9.3.16 General Procedure for Synthesis of PFP-pHEA polymer 
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The following procedure describes a reaction with a theoretical degree of polymerisation (DP) of 50 

repeat units. 4,4-azobis(4-cyanovaleric acid) (5 mg, 0.018 mmol), pentafluorophenyl 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic acid (CTA) (47 mg, 0.088 mmol) and N-

hydroxyethyl acrylamide (1 g, 8.8 mmol) were dissolved in 1:1 methanol: toluene (4 mL) in a glass 

vial with a stirrer bar. Mesitylene (200 µL) was added and a sample was removed for 1H-NMR 

analysis in CDCl3. The reaction mixture was degassed by N2 for 30 minutes, sealed and placed in a 

70°C oil bath. After 90 minutes, the solution was opened to air and quenched in N2(l). The polymer 

(pHEA) was precipitated three times from methanol into diethyl ether to give a light yellow solid.  

Conversion (NMR): 91.7%; Mn (theoretical): 5574 g.mol-1; Mn (SEC) 9264 g.mol-1; Mw (SEC) 

10843 g.mol-1; Mw/Mn (SEC): 1.17.  

1

H NMR (300 MHz, CDCl3) δppm: 8-8.15 (br s, N-H (H4)); 3.4-3.8 and 3.05-3.2 (2 x m, H5); 1.9-

2.35 and 1.4-1.8 (2 x m, H1/2). 

19F NMR (300 MHz, CDCl3) δppm: 155.29, 161.61, 165.67. 

FTIR (solid, νmax/cm
-1

) = 3300 (N-H and O-H stretch); 2854 (alkyl C-H stretch); 1641 (amide C=O 

stretch); 1555 (N-H bend); 1443 (alkane); 1225 (C-O stretch); 1060 (C-O stretch); 950 (C-F peak on 

shoulder of 1060 peak). 

9.3.17 General Procedure for Synthesis of BG-pHEA polymer 

 

PFP-pHEA (90.8 mg, 0.018 mmol) and 6-((4-(aminomethyl)benzyl)oxy)-7H-purin-2-amine (23.8 mg, 

0.088 mmol) were dissolved in DMF (5 mL).  To the stirred mixture, triethylamine (35 µL) was 

added, and the reaction was moved to a 50 oC oil bath for 16 hours. The polymer (BG-pHEA) was 

precipitated three times from methanol into diethyl ether to give a sandy yellow solid. 
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Mn (SEC) 12960 g.mol
-1

; Mw (SEC) 15977 g.mol
-1

; Mw/Mn (SEC): 1.23. 

1

H NMR (300 MHz, D4-MeOH) δppm: 4.8-5 (br s, H6), 3.44-3.85 and 3.05-3.22 (2 x br s, H5), 1.94-

2.35 and 1.31-1.86 (2 x br s, H1/2). 

19F NMR (300 MHz, CDCl3) δppm: no peaks visible. 

FTIR (solid, νmax/cm
-1

) = 3300 (N-H and O-H stretch); 2854 (alkyl C-H stretch); 1641 (amide C=O 

stretch); 1555 (N-H bend); 1443 (C-H alkane); 1225 (C-O stretch); 1060 (C-O stretch) (C-F shoulder 

on 1060 peak is no longer present). 

9.3.18 General Procedure for Synthesis Polymer-Coated Gold Nanoparticles (PFP-pHEA- or 
BG-pHEA-AuNPs) 

 

1 mg of polymer (either PFP-pHEA control polymers or BG-pHEA polymer) was added to 1 mL of 

gold nanoparticles (either 15 or 40 nm) in a 1.5 mL Eppendorf tube. This was left, covered with foil, 

for 60 minutes. The solution was centrifuged at 10,000 rpm, for 10 minutes, supernatant removed, and 

the pellet re- dispersed in 1 mL water. The nanoparticles were washed in this manner a further 3 times 

before being re-dispersed in a final volume of 1 mL distilled water and stored in the fridge until 

required.  
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9.3.19 Synthesis of 1-b-propargyl-D-galactose 

 

Beta-D-galactose pentaacetate (2.00 g, 5.13 mmol) was dissolved in DCM (40 mL). Propargyl alcohol 

(0.36 mL, 6.25 mmol) was added whilst stirring in an ice bath. Boron trifluoride dietherate (1.35 mL, 

7.11 mmol) was added dropwise. 20 minutes later, the reaction was taken out of the ice bath and 

stirred for 16 hours. Anhydrous potassium carbonate (1.08 g, 7.24 mmol) was added whilst stirring. 

30 minutes later, the reaction was filtered and washed with water (2 x 50 mL) and brine (50 mL). The 

organic layer was dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by 

column chromatography on silica using an eluent comprising 45:55 ethyl acetate: 40 – 60 oC 

petroleum ether to yield a sticky, viscous yellow oil (0.420 g, 21.1% - note that this yield is low due to 

loss of product during successive unsuccessful recrystallization attempts) 

 

1

H NMR (400 MHz, CDCl3) δppm: 5.43 (1H, m, H1); 5.24 (1H, m, H4); 5.09 (1H, m, H2); 4.75 (1H, 

m, H7); 4.4 (2H, d, JHH=2.3, H6); 4.17 (1H, m, H3); 3.96 (1H, m, H5); 2.49 (1H, m, H9); 2.19, 2.09, 

2.07, 2.01 (15H, 4 x s, acetyl groups) 

13

C NMR (400 MHz, CDCl3) δppm: 99.86 (CH, C9), 75.36 (CH2, C7), 70.83 (CH, C1/4), 68.50 (CH, 

C2), 66.98 (CH, C3), 61.20 (CH2, C6), 55.90 (C, C8), 30.93 (CH, C5), 20-21 (CH3, Acetyls). 

FTIR (solid, νmax/cm
-1

): 3274 (O-H); 2941 (CH2); 1739 (C=O); 1368 (C-H); 1212 (C-O stretch). 

ESI-MS, positive mode (m/z): 409.1 (M+Na+, expected 409.34). 

9.3.20  (Unsuccessful) Azide-modification of Poly(3-hexylthiophene-2,5-diyl)-Br (P3HT-Br) 
with Sodium Azide 

P3HT (50 mg, 0.0138 mmol) was dissolved in toluene (60 mL). Sodium azide (0.0181g, 0.278 mmol) 

in methanol (10 mL) was added. A condenser was attached above the reaction vessel, and the reaction 

was stirred reflux overnight. The polymer (P3HT-N3) was precipitated three times from toluene into 

methanol to give a dark red solid. This reaction was unsuccessful most likely due to the solubility of 
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sodium azide in protic solvents only, and P3HT’s solubility in only toluene or THF – meaning that the 

azide likely precipitated out during the reaction without acting on the bromide. 

9.3.21 Azide-modification of Poly(3-hexylthiophene-2,5-diyl)-Br (P3HT-Br) 

 

P3HT (20 mg, 0.0055 mmol) was dissolved in THF (60 mL). Trimethylsilyl azide (3 µL, 0.0228 

mmol) and tetrabutylammonium fluoride (22.7 µL of 1.0 M solution in THF, 0.0228 mmol) were 

added whilst stirring. An air condenser was attached above the reaction vessel, and the reaction was 

stirred at 35oC overnight. The polymer (P3HT-N3) was precipitated three times from THF into ethanol 

to give a dark red solid. 

 

1H NMR (300 MHz, CDCl3) δppm:  7.07 (m, H4), 2.87 (m, H5), 1.69 (m, H6), 1.31 (H7-9), 0.95 

(H10). 

FTIR (solid, νmax/cm
-1

): 2920 (CH2); 1450 (C-C aromatic stretch); 1380, 1260 (both C-H); 880 (C-H 

“oop”); 730 (C-H rock) – note that a peak at 660 (indicative of C-Br) is not present in the product.  
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