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Abstract

Antifreeze (glyco) proteins (AF(G)Ps) are highly active Ice Recrystallisation Inhibitors (IRI), however issues with their synthesis and extraction limit their commercial use as cryoprotectants. Poly(ampholytes) have been found to be effective synthetic analogues to these AF(G)Ps even thought they have no structural similarities and their mechanism of action is not known. Previous work has focussed on non-well defined structures with randomly distributed postive/negative charges along the backbone. In this work, regio-regular maleic anhydride containing copolymers, obtained from RAFT polymerisation, are functionalised with nucleophilic species leading to precisely spaced mixed charge polymeric structures. These samples were then quantitatively evaluated for their potential as effective Ice Recrystallisation Inhibitors and several surprisng structure-property relationships have been found. This work builds on previous group research into non-hydroxylated synthetic polymers with IRI activity.

Introduction

Nature has developed a variety of mechanisms by which species have adapted to live in sub-zero temperatures, one of which is the non-colligative freezing point depression of blood, as demonstrated by a variety of arctic fish species. These species are able to survive in waters at temperatures of -2C. Part of this ability is due to a greater solute concentration in the blood, however solute concentrations are not great enough for this to be the only mechanism by which freezing point depression is occurring, with undissolved solutes in some species accounting for only half of the freezing point depression, and a single protein accounting for a further 30%.1 This is a much greater effect than predicted given the concentration at which these proteins are present. These materials have been shown to follow the same regular structure of alanine-alanine-threonine tripeptide repeat units, with a disaccharide side chain grafted onto the threonine side chain (Figure 1.1).2 AF(G)Ps are currently categorised into 8 distinct groups based on molecular weight, with chains varying from 2.4 – 34 kgmol-1. Attempts have been made to elucidate the mechanism of action of these species, however their different chain lengths and orientations in solution have lead to difficulties in doing so.3 Antifreeze Proteins (AFPs), are another distinct class of cryopreservant materials, having been shown to demonstrate the same non-colligative freezing point depression as AFGPs, however without containing any of the associated disaccharides. These materials have been found in fish and insect species alike, and they again display excellent ice inhibition properties.4 These materials have been shown to interact with ice in three main ways: thermal hysteresis (TH), in which the freezing point of the solution is depressed lower than the melting point, allowing crystals to be held in this temperature gap without ice crystal growth;5 ice recrystallisation inhibition (IRI), which prevents the Ostwald ripening like growth of ice crystals as they are held below their freezing point; and dynamic ice shaping, the generation of long sphicular ice crystals due to the binding of materials to the propagating crystal face, causing inhibition of growth, and therefore directing the crystal growth to positions in-between the additive.6

Of these three properties, additives which display only IRI activity have been shown to be the most effective for cryopreservation applications.  This quantity is tested in the widely used ‘SPLAT’ assay developed by Knight et al. during which a single layer of ice crystals are annealed below their freezing temperature, recording the changes in size over time.7 AF(G)P materials have been tested for their efficacy as cryoprotectants, and in low concentrations show a great deal of activity, however when concentration is too high, the large degree of dynamic ice shaping is thought to generate high numbers of sphicular ice crystals, which can then pierce the red blood cells, or media being preserved, and lower recovery.8 Other issues with the potential use of AF(G)Ps as cryoprotectants arise from the difficulty associated with the extraction and purification of these materials from natural sources, or alternatively their large scale chemical synthesis9.
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Figure 1.1: Structure of an AF(G)P.

As a result of these significant limitations, research in this area has recently moved to the investigation of purely synthetic molecules, which generally fall into two main categories, (glyco)peptide inspired materials, styrene, vinyl acetate and isopropenyl acetate 10 or synthetic polymers.7 Poly(Vinyl Alcohol) (PVA) has been one of the more widely studied synthetic cryoprotectants, thanks to its high activity in concentration ranges <1 mgml-1. PVA does, however, have a structure very different to the previously investigated AF(G)P materials. PVA displays molecular weight dependent activity, with longer chains generally being more active. Previous work within the group has also investigated the mechanism of action of linear and 3-arm star PVA architectures, with this work helping to elucidate the mechanism of action of PVA11. Unfortunately any modification of the structure of PVA leads to the activity being tempered or lost completely, this therefore suggests that the modification of pure PVA with other monomers or pendant groups may not be an effective method for future development of cryoprotectants materials.12 Research has therefore looked to other tuneable materials which display IRI activity. 

[image: ]
Figure 1.2 The structure of Maleic Anhydride

One other class of synthetic materials which has been of interest in cryoprotection are poly(ampoholytes), the synthesis of poly-L-lysine followed by partial functionalisation with succinic anhydride was shown to have favourable IRI activity, however the fine structure of the polymer could not be precisely determined due to the random functionalisation of backbone groups. This work found that 50% carboxylate functionalised poly(lysine) displayed IRI activity without dynamic ice shaping, suggesting a new group of species which could potentially be tuned for their IRI activity.13 Initial work by the Gibson group on poly(aminoethyl methacrylate),14 and later, Gantrez a commercially available poly(methyl vinyl ether-alt-maleic anhydride) material,15 showed that simple polymeric backbones, when appropriately functionalised with charged groups, can greatly enhance the viability of stored blood samples. Such polymers with purely alternating backbones can be generated by the copolymerisation of maleic anhydride, which has been shown not to homopolymerise except under incredibly harsh conditions. This therefore ensures that cross propagation is favoured under the milder conditions usually used.16 Maleic anhydride (Fig1.2) in a wide range of systems displays reactivity ratios close to zero, which suggests formation of an alternating copolymer with a large range of monomers.17
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Figure 1.3 The RAFT Mechanism

While it is impossible currently to achieve the precise control over architecture and sequence control displayed by nature in the production of AF(G)Ps, controlled radical polymerisation mechanisms have greatly improved our ability to generate polymers with much greater precision than previously possible. Types of controlled radical polymerisation include atom transfer radical polymerisation (ATRP),18 nitroxide mediated polymerisation (NMP)19 and reversible addition-fragmentation chain transfer polymerisation (RAFT)20 among others. These techniques vary by the type of monomer which can be polymerised and the additives required to control the polymerisation. RAFT, or macromolecular design via the interchange of xanthates (MADIX), polymerisation allow the formation of polymers with a low dispersity and good end group fidelity, whilst not requiring the inclusion of metals which may be difficult to remove at the end of the reaction. RAFT polymerisation was developed in 1998 by Moad and coworkers at the CSIRO, it allows for the controlled polymerisation of a wide range of monomers by the selection of the appropriate sulphur based agent. These species reduce the dispersity of the resultant polymer by reversibly capping the growing radical chain (Fig1.3), this reduces the concentration of growing radical in the polymerisation reaction at any one time, and thus reduces the termination rate constant, leading to a reduction in side reactions which can increase the dispersity of the product polymer. The selection of RAFT agent is important for the the reaction to proceed with sufficient control, there must be a balance between the stability of the growing polymer radical, and the stability of the adduct formed upon the end capping of the polymer. This is usually an issue which arises in the polymerisation of less active monomers, where the propagating radical is highly reactive, and therefore upon addition to a normal RAFT dithiocarbonyl group, the resulting adduct is more stable and this can retard reinitiation, resulting in little to no further polymer growth.21 The choice of R and Z group in these circumstances is highly important, as they have a large effect on the control of the resultant polymer. Poorly stabilised leaving groups in the R position can prevent the fragmentation of the RAFT agent after the addition of the radical chain end, and are also less able to reinitiate the polymerisation at a rate similar to the propagation of the chain, leading to a pseudo free radical polymerisation and loss of control. Strongly stabilising groups in the R position can however result in complete inhibition of the polymerisation reaction, as once the RAFT agent adds to the polymer, the necessary fragmentation reaction, this either leads to long inhibition times, in the case of 1-phenylethyl substituents,22 or total inhibition in the case of 2-cyanoisopropyl groups.23 When choosing Z group,  again a compromise needs to be made between stability and reactivity, Z groups which are highly stable can prevent the initial fragmentation of the RAFT agent, leading to no control over the polymerisation, due to the relatively unstable propagating radical, the rate of propagation and of termination will be much greater than the rate of RAFT agent fragmentation. 

Due to its ease of modification, maleic anhydride derivative polymers have been widely used in other commercial areas. The modification of long chain methacrylate-alt-maleic anhydride polymers is widely used in the fuel industry to prevent wax crystal nucleation and control the shape of the deposits as they crystalise.24 


Aims and Objectives

· My PhD project is based on the synthesis of new biocompatible cryoprotectant species. 
· We initially wanted to develop a range of polyampholytic materials which are perfectly alternating, well defined, and cover a range of molecular weights and hydrophobicities. This has since been completed. 
· My current aims are to develop a way of binding polyvinyl alcohol onto an ester dendritic core material, and investigate how modifying the architecture of PVA alters its activity. 
· I am also currently working on the synthesis and application testing of degradable PVA materials in collaboration with the Dove group. 



Milestones
· Literature Review – Overview of the relevant prior work in the area of IRI cryopreservation, with special consideration given to synthetic IRI materials as opposed to the more frequently researched natural versions.
· Synthesis of multiple variants of the initial 3 monomers investigated as potential polyampholyte species, as well as a few ring opened variants of these structures. Optimised conditions for each.
· Testing of these species for IRI activity via SPLAT assay.
· Generate at least one branched architecture of PVA and test it for IRI activity.




Results and Discussion

Considering the activity previously displayed by polyampholytes, we decided to make regio-regular species which have an exact 1:1 ratio of charges. Earlier reports have identified this as the most active combination and therefore polymers which have a perfectly alternating charge separation are required. This was achieved using the well known monomer pairings of maleic anhydride with styrene, vinyl acetate and isopropenyl acetate, which are expected to give rise to alternating copolymers due to the low propensity of maleic anhydride to homo-polymerise. 
Polymers were made in multiple molecular weights and then post polymerisation modification was carried out with a range of alky amines. This approach is versatile as it allows us to probe both the polymer backbone and side chain modifications as shown in figure 2.1. 
[image: ]
Figure 2.1 The reaction of a nucleophilic species with a generic maleic anhydride polymer to form a poly(ampholytic) material.

To obtain these species, RAFT polymerisation was used as it gives good control over the molecular weight and dispersity without introducing metals into the reaction which may be hard to remove post synthesis (Figure 2.2) and can influence the IRI testing (later in report). All polymers were synthesised under standard conditions in dioxane with either RAFT 1, for styrene and isopropenyl acetate, or Xanthate 1, for vinyl acetate, as required (Figure 2.3). 

[image: ]
Figure 2.2 Synthetic scheme for the polymers made
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Figure 2.3 Chain transfer agents used in the polymerisation reactions as required

The polymers were analysed using size exclusion chromatography to determine molecular weight, results are shown in Table 1. 

	Polymer
	[M]/[CTA]
	Mn (SEC) (g mol-1) 
	Dispersity
	DP

	PSMA 
	312
	20,300
	1.11
	100

	PSMA 
	150
	9,200
	1.08
	46

	IPAcMA 
	504
	7,200
	1.11
	36

	IPAcMA 
	2051
	18,200
	1.70
	92

	VacMA 
	136
	5,600
	1.46
	30

	VacMA
	284
	10,500
	1.34
	57


Table 1 Polymer characterisation data from SEC(DMF). DP is equal to the SEC Mn divided by the molecular weight of the alternating repeat unit. 


These polymers are more well defined than the commercial polymer polyampholyte materials. Dispersities of 1.70 are higher than expected of a well optimised ideal RAFT system, however are to be anticipated when xanthate based agents are used in systems for the polymerisation of less activated monomers such as vinyl acetate (Figure 2.4). 

[image: ]
Figure 2.4 SEC Traces of the polymer synthesised.

Polymers were also analysed by 13C NMR in order to determine the degree to which the polymer contained alternating repeat units. Quantitative carbon NMR of the copolymer and homopolymers, where possible, were obtained. The homopolymers of both styrene and vinyl acetate display tacticity which leads to slightly different environments of the carbons of the backbone units in the homopolymer, this tacticity can be seen on the carbon NMR as multiple peaks corresponding to the same individual carbon. This can then be compared to the same region in the copolymer spectra to elucidate the degree to which homopolymer blocks are present in the backbone. These spectra are shown in Figure 2.5.

 
[image: ][image: ][image: ][image: ]
Figure 2.5 13C Spectra for poly(VAc-alt-MA) and poly(VAc) showing the chiral backbone carbon.

As can be seen from the 13C NMR data, the vinyl acetate copolymer contains very little poly(vinyl acetate) blocks, with the peak at 67.5 ppm accounting for less than 10% of the comonomer repeat unit peak this suggests a small number of VAc-VAc units, no blocky units were seen in the Poly(styrene-alt-maleic anhydride) species.

Once a library of polymers had been synthesised, post-polymerisation modification was required to generate the ampholytic structures. All polymers were modified with NBoc-Ethanolamine to generate series of polymer with identical charged groups but varying backbone hydrophobcitiies. Confirmation of the reaction was achieved by IR spectroscopy, which clearly shows the conversion of the anhydride ring C=O bonds into ester moieties. (Figure 2.6) 

[image: ]
Figure 2.6  IR of the polymers before and after modification, the conversion of the anhydrides is clearly demonstrated. 

IRI activity was measured via the standard ‘SPLAT’ assay. Briefly, a water droplet is dropped from 1.8m onto a dry ice cooled glass microscope slide, followed by annealing at -8 C for 30 minutes, after which images were taken and the average crystal area determined using. Results were plotted relative to a PBS negative control. . The longer poly(styrene-alt-maleic anhydride), whilst displaying large crystal size inhibition was turbid at this concentration, and the shorter chain sample being completely insoluble. This suggests that these species are too hydrophobic for this application and their effect may just be due to the increased viscosity of the solution. The other backbones tested showed no real trends, therefore further study was required. (Figure 2.7)

[image: ]
Figure 2.7 Plot of mean crystal size relative to PBS vs backbone polymer at 20 mgml-1. The dashed line represents a negative PEG control.


Of the initial backbones, the long IPAcMA, and both VAcMA samples showed the most promise in both mean crystal area and mean largest grain size measurements and therefore these were to be used for further experiments to probe the impact of structure. These backbones were to be functionalised with increasingly hydrophobic alkyl amines. (Figure 2.8)
[image: ]
Figure 2.8 The alkyl amines used for further modification of the backbones

The amines were reacted using the same method as before, with incorporation again shown by IR spectroscopy. Polymers were functionalised and tested at a variety of concentrations again using the SPLAT assay. The polymers produced are shown below in Figure 2.9. 

[image: ]
Figure 2.9 The product polymers tested

Splat results for these modifications are given in Figure 2.10. The Long IPAc-MA polymer functionalised with dimethylamine is significantly more active than any of the other species, suggesting that this may possess the ideal balance of solubility and hydrophobicity. Increasing the hydrophobicity with diethyl or diisopropyl groups reduces the activity. Which is a surprise as one would expect more hydrophobicity to give more IRI activity. There also seems to be little trend across concentrations, with no species being the most active at all concentrations. 

[image: ]
Figure 2.10 Splat data for compounds with increasing hydrophobicity.

It is widely believed that as hydrophobicity increases, the activity of the species also increases. 25 A convenient, if simplified measure of hydrophobicity is the LogP (partition coefficient). LogP of the repeat units of the polymers were estimated using the LogP prediction calculator within ChemDraw.  
Plots of LogP, against SPLAT activity at 20 mgml-1, showed little correlation (Figure 2.12). This suggests that either in this system, hydrophobicity is less important, or that LogP is not a good way to calculate the hydrophobicity of the species. LogP values for the structures used are given below in Figure 2.11. This work shows that other classes of polymeric material may show potential as IRI active materials, with greater propensity for tuning than the previously studied PVA materials. 


[image: ]

Figure 2.11 Polymer structures used for LogP calculations.

[image: ]
Figure 2.12 LogP vs Crystal Size graph


Future Work
· Present results at an international conference (Poster Warwick 2016).
· Finish synthesis of NHS RAFT agent, then conjugate to cyclooctyne for click reaction.
· Make PolyVAc of varying chain lengths and conjugate to dendritic core.
· Test for IRI activity, see If we can draw any conclusions between the architecture and activity, and hence deduce any mechanistic details.
· Finish work with degradable PVAs.


























Experimental
General
Phosphate-buffered saline (PBS) solutions were prepared using pre-formulated tablets (Sigma-Aldrich) in 200 mL of Milli-Q water (>18.2 Ω mean resistivity) to give [NaCl] = 0.138 M, [KCl] = 0.0027 M, and pH 7.4. Vinyl Acetate (>99%), Styrene (>99%), and Isopropenyl Acetate (99%) were purchased from Sigma-Aldrich and were filtered through a plug of basic alumina to remove inhibitors prior to use. 4,4’Azobis(4-cynaovaleric acid) (>98%) was recrystallised from methanol and stored at -18 ºC in the dark. Maleic anhydride (99%), benzyl bromide (98%), 2-cyano-2propyl benzodithioate (>97%), N-Boc-ethanolamine (98%), 2-dimethylaminoethanol (99.5%), 2-(diethylamino)ethanol (>99.5%), 2-(Diisopropylamino)ethanol (>99%) and trifluoroacetic acid (99%) were purchased from Sigma Aldrich. Potassium ethyl xanthate (98%) was purchased from Alfa Aesar. All solvents were purchased from VWR or Sigma Aldrich and used without further purification. S-benzyl O-ethyl carbondithioate was provided by Tom Congdon, as synthesised in (Congdon, T., Shaw P., Gibson, MI., Polym. Chem., 2015, 6, 4749 – 4757, “Thermoresponsive, Well-Defined, Poly(vinyl alcohol) Co-polymers” Supp info.). 
Physical and Analytical Methods
1H and 13C NMR spectra were recorded on Bruker Avance III HD 300 MHz, HD 400 MHz and HD 500 MHz spectrometers using deuterated solvents obtained from Sigma-Aldrich. Chemical shifts are reported relative to residual non-deuterated solvent. All size exclusion chromatography (SEC) data were recorded in DMF on an Agilent 390-LC MDS instrument equipped with differential refractive index (DRI), viscometry (VS), dual angle light scatter (LS) and dual wavelength UV detectors. The system was equipped with 2 x PLgel Mixed D columns (300 x 7.5 mm) and a PLgel 5 µm guard column. The eluent is DMF with 5 mmol NH4BF4 additive. Samples were run at 1ml/min at 50’C. Poly(methyl methacrylate) standards (Agilent EasyVials) were used for calibration. Analyte samples were filtered through a nylon membrane with 0.22 μm pore size before injection. Respectively, experimental molar mass (Mn,SEC) and dispersity (Đ) values of synthesised polymers were determined by conventional calibration using Agilent GPC/SEC software.

Polymerisation (styrene)
As a representative example, 2-cyano-2-propyl benzodithioate(0.092 g, 416 mol), maleic anhydride(1.01 g, 10.3mmol), styrene(0.280 g, 2.69 mmol), ACVA(4,4′-azobis(4-cyanovaleric acid); (0.020 g, 72.3 mol) and 1,4-dioxane(3 ml) were added to a subasealed vial. The solution was degassed by bubbling N2 through the solution for 30 minutes, and the reaction was then allowed to polymerise at 80 ºC for typically 5 hours. The polymerisation reaction was stopped by plunging the resulting solution into liquid nitrogen. Poly(maleic anhydride-alt-styrene) was recovered as a pink solid after precipitation into diethylether. The diethyl ether was then decanted and the solid dried under vacuum overnight forming a pale pink solid. 1H NMR (DMSO):  = 1.75 (CH2, br, 2H), 2.01 (CH, br, 1H), 3.43 (CHC(O)OC(O)CH, br, 2H) 7.25 (Aromatic C-H, br, 5H). 13C NMR (DMSO):  = 31 (CH2), 51 (CHC(O)OC(O)CH), 127 (Aromatic C-H), 138 (CH-C6H6), 171 (CHC(O)OC(O)CH). IR Anhydride C=O 1775 cm-1, 1850 cm-1. MnSEC(DMF) = 9,200 Da, Mw/Mn = 1.08
Polymerisation (Vinyl Acetate)
As a representative example, S-benzyl O-ethyl carbonodithioate (0.201g, 0.948 mmol), maleic anhydride(0.98 g, 10 mmol), Vinyl Acetate(0.25 g, 2.90 mmol), ACVA(4,4′-azobis(4-cyanovaleric acid); (0.0013 g, 4.63 mol) and 1,4-dioxane(1 ml) were added to a subasealed vial. The solution was degassed by bubbling N2 through the solution for 30 minutes, and the reaction was then allowed to polymerise at 80 ºC for typically 5 hours. The polymerisation reaction was stopped by plunging the resulting solution into liquid nitrogen. Poly(maleic anhydride-alt-vinyl acetate) was recovered as a beige solid after precipitation into diethylether. The diethyl ether was then decanted and the solid dried under vacuum overnight forming a pale beige solid. 1H NMR (DMSO):  = 1.88 (CH2, br, 2H), 1.94 (CH3COO, br, 3H), 3.38 (CHC(O)OC(O)CH, br, 2H), 5.10 (CHOC(O), br, 1H). 13C NMR (DMSO):  = 29 (CH2), 67 (CH-OC(O)), 131 (CHC(O)OC(O)CH), 139 (CH3COO), 163 (CHC(O)OC(O)CH), 171 (CH3COO). IR Anhydride C=O 1704 cm-1, 1788 cm-1. MnSEC(DMF) = 5,600 Da, Mw/Mn = 1.46.  
Polymerisation (Isopropenyl Acetate)
As a representative example, 2-cyano-2-propyl benzodithioate (0.00561g,25.3 mol ), maleic anhydride (0.99 g,10.1 mmol), Isopropenyl Acetate(0.27 g,2.70 mmol), ACVA(4,4′-azobis(4-cyanovaleric acid); (0.000975 g,3.47 mol) and 1,4-dioxane (1 ml) were added to a subasealed vial. The solution was degassed by bubbling N2 through the solution for 30 minutes, and the reaction was then allowed to polymerise at 80 ºC for typically 5 hours. The polymerisation reaction was stopped by plunging the resulting solution into liquid nitrogen. Poly(maleic anhydride-alt-isopropenyl acetate) was recovered as a brown solid after precipitation into diethylether. The diethyl ether was then decanted and the solid dried under vacuum overnight forming a brown/black solid. 1H NMR (DMSO):  = 1.09 (CH3, br, 3H), 1.83 (CH2, br, 2H), 2.03 (CH3COO, br, 3H), 3.38 (CHC(O)OC(O)CH, br, 2H). 13C NMR (DMSO):  = 22 (CH2), 31 (CH3), 54 (CH3COO), 66 (COC(O)), 129 (CHC(O)O), 134 (CHC(O)O), 168 (CHC(O)OC(O)CH), 170 (CH3COO). IR Anhydride C=O 1708 cm-1, 1788 cm-1. MnSEC(DMF) = 18,200 Da, Mw/Mn = 1.70. 
Functionalisation (Styrene – Ethanolamine)
As a representative example, poly(maleic anhydride-alt-styrene)(0.06 g), was dissolved in THF(1 ml). After dissolution, N-boc ethanolamine(0.32 g, 1.99 mmol) was added in excess. The solution was stirred for 24 hours at 40 ºC. The product was diluted with water and dialysed(Fisher, 1000-3500 Da MWCO) for 48 hours(7 water changes). The water was removed under reduced pressure and the solid dissolved in methanol(2 ml) before addition of excess trifluoroacetic acid(2 g, 17 mmol). The resulting solution was again concentrated in vacuo, dissolved in water and dialysed(Fisher, 1000-3500 Da MWCO) for 48 hours (7 water changes). The resulting product was then freeze dried to evolve a white solid. IR Ring opened C=O 1700 cm-1, 1625 cm-1 (broad).
Functionalisation (Vinyl Acetate – Ethanolamine)
As a representative example, poly(maleic anhydride-alt-vinyl acetate)(0.05 g), was dissolved in THF(1 ml). After dissolution, N-boc ethanolamine(0.32 g, 1.99 mmol)  was added in excess. The solution was stirred for 24 hours at 40 ºC. The product was diluted with water and dialysed(Fisher, 1000-3500 Da MWCO) for 48 hours(7 water changes). The water was removed under reduced pressure and the solid dissolved in methanol(2ml) before addition of excess trifluoroacetic acid(2 g, 17 mmol). The resulting solution was again concentrated in vacuo, dissolved in water and dialysed(Fisher, 1000-3500 Da MWCO) for 48 hours (7 water changes). The resulting product was then freeze dried to evolve a white solid. IR Ring opened C=O 1704 cm-1 (broad), 1688 cm-1 (broad).
Functionalisation (Isporopenyl Acetate – Ethanolamine)
As a representative example, poly(maleic anhydride-alt-isopropenyl acetate)(0.05g), was dissolved in THF(1 ml). After dissolution, N-boc ethanolamine(0.32g, 1.99 mmol) was added in excess. The solution was stirred for 24 hours at 40 ºC. The product was diluted with water and dialysed(Fisher, 1000-3500 Da MWCO) for 48 hours(7 water changes). The water was removed under reduced pressure and the solid dissolved in methanol(2ml) before addition of excess trifluoroacetic acid(2g, 17mmol). The resulting solution was again concentrated in vacuo, dissolved in water and dialysed(Fisher, 1000-3500 Da MWCO) for 48 hours (7 water changes). The resulting product was then freeze dried to evolve a white solid. IR Ring opened C=O 1712 cm-1 (broad).
Functionalisation (Vinyl Acetate – Dimethylaminoethanol)
As a representative example, poly(maleic anhydride-alt-vinyl acetate)(0.05 g), was dissolved in THF(1 ml) and water(0.5 ml). After dissolution, Dimethylamino ethanol(0.25 g, 2.80 mmol) was added in excess. The solution was stirred for 24 hours at 40 ºC. The product was diluted with water and dialysed(Fisher, 1000-3500 Da MWCO) for 48 hours (7 water changes). The resulting product was then freeze dried to evolve a white solid. IR Ring opened C=O 1732 cm-1 (broad), 1558 cm-1 (broad).
Functionalisation (Isopropenyl Acetate – Dimethylaminoethanol)
As a representative example, poly(maleic anhydride-alt-isopropenyl acetate)(0.05 g), was dissolved in THF(1 ml) and water(0.5ml). After dissolution, Dimethylamino ethanol(0.25 g, 2.80 mmol) was added in excess. The solution was stirred for 24 hours at 40 ºC. The product was diluted with water and dialysed(Fisher, 1000-3500 Da MWCO) for 48 hours (7 water changes). The resulting product was then freeze dried to evolve a white solid. IR Ring opened C=O 1724 cm-1 (broad), 1572 cm-1 (broad).
Functionalisation (Vinyl Acetate – Diethylaminoethanol)
As a representative example, poly(maleic anhydride-alt-vinyl acetate)(0.05 g), was dissolved in THF(1 ml). After dissolution, Diethylamino ethanol(0.30g, 2.56 mmol) was added in excess. The solution was stirred for 24 hours at 40 ºC. The product was diluted with water and dialysed(Fisher, 1000-3500 Da MWCO) for 48 hours (7 water changes). The resulting product was then freeze dried to evolve a white solid. IR Ring opened C=O 1724 cm-1 (broad), 1576 cm-1 (broad).
Functionalisation (Isopropenyl Acetate – Diethylaminoethanol)
As a representative example, poly(maleic anhydride-alt-isopropenyl acetate)(0.05g), was dissolved in THF(1 ml) and water(0.5 ml). After dissolution, Diethylamino ethanol(0.30g, 2.56 mmol) was added in excess. The solution was stirred for 24 hours at 40 ºC. The product was diluted with water and dialysed(Fisher, 1000-3500 Da MWCO) for 48 hours (7 water changes). The resulting product was then freeze dried to evolve a white solid. IR Ring opened C=O 1724 cm-1 (broad), 1572 cm-1 (broad).
Functionalisation (Isopropenyl Acetate – Diisopropylaminoethanol)
As a representative example, poly(maleic anhydride-alt-isopropenyl acetate)(0.05g), was dissolved in THF(1 ml) and water(0.5 ml). After dissolution, Diisopropylamino ethanol(0.30g, 2.06 mmol) was added in excess. The solution was stirred for 24 hours at 40 ºC. The product was diluted with water and dialysed(Fisher, 1000-3500 Da MWCO) for 48 hours (7 water changes). The resulting product was then freeze dried to evolve a white solid. IR Ring opened C=O 1724 cm-1 (broad), 1575 cm-1 (broad).
Ice Recrystallisation Inhibition ‘Splat’ Assay
[bookmark: _GoBack]A droplet of polymer containing PBS solution is dropped from 1.4m onto a glass microscope coverslip, which is on top of an aluminium plate cooled to -78 C using dry ice. The droplet freezes instantly upon impact with the plate, spreading out and forming a thin wafer of ice. This wafer is then placed on a liquid nitrogen cooled cryostage held at -8 C. The wafer is then left to anneal for 30 minutes at -8 C. Three photographs are then taken of the wafer in different locations at 20 x zoom under cross polarisers. The images are then analysed using ImageJ, a free image analysis software program, to determine crystal size, using a standard of 100 m wide gold tracks printed on a glass slide. The 5 largest crystals in each image are measured and then these 15 measurements are averaged, this average is then divided by the MLGS for PBS solution(140 m). This gives a percentage growth compared to PBS, or the % MLGS. Alternatively, the number of crystals in the image is counted, again using ImageJ, and the area of the field of view divided by this number of crystals to give the average crystal size. 
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