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ABSTRACT: Intolerance to oxygen is a key limitation in many reactions, and particularly in controlled radical polymerizations. Here we introduce the use of enzymes such as glucose oxidase (GOx) to deoxygenate reversible addition-fragmentation chain transfer polymerizations (Enz-RAFT), facilitating the preparation of highly controlled polymers in vessels open to ambient oxygen. Because the removal of oxygen is so efficient, very low concentrations of GOx and initiator can be used, enabling excellent control which is demonstrated by pseudo living polymerization kinetics and the preparation of multi-block copolymers with narrow molecular weight distributions (Mw/Mn < 1.15). GOx retains sufficient activity to facilitate polymerization not just in aqueous solutions, but also in a range of water / organic solvent mixtures, and we demonstrate the use of this technique to perform open vessel Enz-RAFT polymerizations in various methanol and dioxane / water mixtures.

Controlled radical polymerization (CRP) techniques such as atom transfer radical polymerization (ATRP),1 and RAFT,2–4 have revolutionized the field of polymer synthesis in the past two decades by enabling the preparation of precisely defined macromolecules. One of the key limitations of all CRPs, however, is their intolerance to oxygen. Oxygen is an excellent radical scavenger and will therefore quench the propagating center in any radical polymerization and neutralize the catalyst in any ATRP-type reaction. The inherent intolerance of RAFT to oxygen not only makes polymerizations more challenging to conduct in a high throughput, or an industrial setting,5 but also limits the ability to gain fine control in a laboratory setting. This is because the fidelity of the polymer end groups is entirely dependent on the ratio of chain transfer agent (CTA) to initiator used. Every initiating radical introduced to the reaction will either consume oxygen or terminate, producing a dead chain devoid of the RAFT end group. In order to access highly controlled polymers, therefore, a low concentration of initiator relative to RAFT agent is required. The power of RAFT at high CTA / initiator ratios has recently been demonstrated by Gody et al., who were able to synthesize various 12 to 20-block copolymers with dispersities (Ð = Mw/Mn) as low as 1.4.6,7 This unparalleled level of control was possible in their case because the block length was small allowing the use relatively low initiator concentrations. 
In the past decade a few methods have been developed which enable CRPs to be conducted in sealed reaction vessels, in the presence of a limited amount of oxygen. In ATRP reactions, oxygen can be removed either by means of a reducing agent, as in activators regenerated by electron transfer (ARGET) ATRP,8,9 or by free radicals, as in initiators for continuous activator regeneration (ICAR) ATRP.10 Photo-initiators have been widely used to enable free radical polymerizations to be conducted in aerated media,11–14 but because the generated free radicals are used to both quench oxygen and initiate polymerization, obtaining high control is very difficult. Boyer and co-workers have recently shown the use of photo initiators to conduct well controlled RAFT polymerizations in sealed vessels (which they term PET-RAFT).15 In their system radicals generated by photo-irradiation of an iridium catalyst are used to consume excess oxygen prior to polymerization. However, as with the ATRP based systems, the polymerizations will only work in sealed vessels as they rely on the use of addition radicals to scrub the oxygen before the polymerization can proceed.
Most often in nature de-oxygenation is achieved by the use of enzymes. Glucose oxidase (GOx) is a highly efficient example, which consumes oxygen and generates hydrogen peroxide through the oxidation of glucose into D-glucono-δ-lactone. GOx has predominantly been exploited in polymerization reactions as a source of initiation rather than as a mechanism for oxygen consumption, by using the Fenton reaction to degrade hydrogen peroxide into hydroxyl radicals.16–20 In a recent study by our group, we observed that a very low concentration of GOx (200 nM) was able to entirely deoxygenate media allowing for the use of polymer based amplification in nanoparticle-based biosensing applications.21 This observation led us to consider using this enzyme degassing system for RAFT polymerizations (which we term Enz-RAFT), where low oxygen concentrations are desirable (Figure 1). GOx is a particularly attractive enzyme to use due to its high activity and compatibility with organic solvents,22 and its good thermal stability.23 GOx is also cheap and readily available in large quantities as it is isolated from a fungus (Aspergillus niger) rather than via recombinant synthesis. Unlike PET-RAFT, ARGET- and ICAR-ATRP, this mechanism for oxygen scrubbing is decoupled from the polymerization mechanism so it should be possible to polymerize both in an open vessel and at low concentrations of initiator, facilitating high control. We expect that enzyme degassing could significantly boost the synthetic power of RAFT, particularly if combined with high-throughput polymer synthesis where reliable degassing mechanisms are challenging to find.5,24,25
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Figure 1. Schematic for open vessel RAFT polymerizations showing the chain transfer agent (CTA) 2-(propylthio-carbonothioyl-thio)-2-methylpropionoic acid 1. Glucose oxidase (GOx) is used to remove the oxygen from the solution allowing polymerization to proceed in an open vessel.

EXPERIMENTAL
Materials: Glucose oxidase (GOx) from Aspergillus niger was purchased from Sigma Aldrich as a lyophilized powder, dissolved in phosphate buffered saline (PBS) and stored in aliquots at -20°C to avoid successive freeze-thaw cycles. 2-hydroxyethyl acrylate (HEA), methacrylic acid (MA), N,N-dimethyl acrylamide (DMAm) and 2-hydroxypropyl methacrylamide (HPMA) were purchased from Sigma Aldrich and de-inhibited prior to use by passing it over a short column of inhibitor removal beads (for removal of MEHQ). VA-044 was purchased from Wako chemicals and used as received. All water was deionized prior to use. All other reagents and solvents were purchased from Sigma-Aldrich and used as received. Peroxide concentration was determined using the Pierce xylenol orange aqueous quantitative peroxide assay from Thermo Scientific.
Modelling of GOx kinetics: The concentration of oxygen within the reaction was modelled as a function of time and GOx concentration. Fick’s law was used to determine the rate of oxygen diffusion and the rate of oxygen consumption by the enzyme was accounted for by Michaelis–Menten kinetics, in a similar way to our previous work.21 A detailed description of the equations used is given in the supporting information. Briefly, two scenarios were considered. In the first, molecular diffusion was assumed to be the only mass transport process, resembling an unstirred vial. In this case, the oxygen concentration over time was modelled as a function of depth from the solution surface (z = 0) for various GOx concentrations. The depth was split into slices of 25 μm and at each height, oxygen diffusion in and out, and consumption of oxygen by GOx were considered. The analysis of diffusion in only one-dimension allows us to neglect the effect of the surface area of the reaction vessel. Due to the complexities of calculating an oxygen diffusion coefficient which takes into account the binary nature of the solvent (methanol and water) and the addition of glucose and ionic species, we assume the diffusion coefficient to be that of O2 diffusing into H2O. Measurements in the literature of the effect of the presence of glucose,26 and of a methanol in aqueous solutions,27,28 have shown the effect on the diffusion coefficient to be < 20% and this level of accuracy was considered sufficient for the purposes of the model. In the second scenario, the Whitman two film model for oxygen transport was used.29 This assumes the presence of an oxygenated thin film above a well-mixed bulk solution. For a small vessel mixed at high frequency (rpm > 200) we can assume the bulk solution to be well-mixed, creating a homogenous oxygen concentration and removing the depth dependence seen in the first model.30,31 In this instance, only diffusion of oxygen into the bulk, and consumption of oxygen by GOx were considered, and the bulk concentration of oxygen was modelled with respect only to time and GOx concentration. 
Preparation of the RAFT agent (1): 2-(propylthio-carbonothioyl-thio)-2-methylpropionoic acid 1 was synthesized following a similar protocol to literature.[19] 1-Propanethiol (3.04 g, 40 mmol) was added into a stirred solution of potassium hydroxide (4.48 g, 80 mmol) in a water / acetone mixture (2:1 v/v, 50 ml). Carbon disulphide (CS2, 6.39 g, 84 mmol) was then added drop-wise. After stirring for 3 h at RT, 2-bromo-2-methylpropionic acid (6.68 g, 40 mmol) was added drop-wise and the mixture was left to stir overnight. After removal of the acetone, the aqueous solution was acidified to pH 2 with HCl and extracted with CH2Cl3 (2 x 50 ml). The combined organic fractions were washed with water (2 x 50 ml), brine (1 x 50 ml), and then dried over MgSO4. The crude product was purified over a silica column (1:4 EtOAc : Hexane, 1% acetic acid), yielding the product as a dark orange solid (3.96 g, 16.6 mmol, 42 %).  1H-NMR (400 MHz, CDCl3) δ (ppm): 3.26 (t, J = 7.4 Hz, 2H), 1.77 – 1.65 (m, 8H), 1.00 (t, J = 7.4 Hz, 3H).  13C-NMR (100 MHz, CDCl3) δ (ppm): 220.91 (C=S), 179.18 (C=O), 55.73 (S-Cq-), 38.93 (S-CH2-), 25.31 (CH3-CH2-), 21.51 (CH3-CH2-), 13.60 (CH3-Cq-).
General polymerization protocol: A stock solution of the RAFT agent 1 in a mixture of methanol / phosphate buffered saline (PBS) (30% v/v, 200 mg/ml) was prepared and the pH was adjusted to 7. In a typical polymerization, the RAFT agent (32 mg, 0.134 mmol) was added to de-inhibited HEA (0.390 g, 3.36 mmol, 25 eq. to 1). Glucose (30 mg, 1.68 mmol, 100 mM final concentration) and VA-044 (2.2 mg, 6.71 µmol, 0.05 eq. to 1) were added in PBS, and the solution was made up to a final monomer concentration of 2 M with methanol and PBS such that the final ratio of methanol : PBS was 1 : 4. In control polymerizations this solution was deoxygenated by bubbling with argon for 10 min before heating at 45°C. Samples were taken under inert conditions. For GOx degassed polymerizations, a solution of GOx in PBS (100 mM, 16 mg/ml, 16.8 µl) was added and the solution was left at room temperature for 10 min to degas before heating at 45°C. Samples in these cases were taken by simply removing the lid and pipetting out 30 µl of solution. In the case of the dimethyl acrylamide polymerizations, the pH of the solution was adjusted to 7 before addition of the GOx.
NMR kinetics: In situ conversion kinetics were monitored in a 400 MHz NMR spectrometer at 45°C by scaling the general polymerization protocol above down to a total volume of 0.63 ml and replacing the PBS with PBS in D2O. Single scan spectra were collected every 1 minute.
Determination of GOx activity: A solution of glucose in PBS (1M, 30 µl) was diluted with PBS and either methanol, tert-butanol, acetonitrile, DMSO, or dioxane to a total volume of 270 µl, and such that the final solvent concentrations would be 20, 40, 60 or 80% (v/v) in 1.75 ml glass vials. GOx in PBS (2 mM, 30 µl) was then added to start the reaction and the sealed vials were placed in a heating block at 45°C for exactly 20 min before being diluted 40-fold into PBS. In parallel, a standard curve of GOx in PBS (50, 100, 150, 200 nM) was prepared and heated in the same way. Peroxide concentration was measured using a by adding 10 µl of the diluted solution to 100 µl of the xylenol orange assay buffer (1:100 of reagent A:B) and measuring the absorbance at 595 nm after 20 min.
Characterization: Conversion was determined by 1H-NMR, by integration of the monomer peak at 6.3 ppm relative to the O-CH2 group on the side chain at 4.1 ppm. In the case of dioxane polymerizations, conversion was determined by the change in monomer signal relative to a trioxane reference peak. Spectra were collected on a 400 MHz Bruker NMR spectrometer in d6-DMSO. The molecular weight distributions of the polymers were characterized using size exclusion chromatography (SEC) over two PSS GRAM columns in series using DMF (+ 0.075% w/v LiBr) as the eluent. Retention times were normalised using water as a flow rate marker. Molecular weights were calculated relative to a set of narrow polystyrene standards and corrected using the Mark-Houwink (MH) parameters for polyethyelene oxide (K = 55 x 10-5 dL/g, α = 0.643)[20] in the absence of any available literature for pHEA in DMF.

RESULTS AND DISCUSSION
Optimization of enzyme concentration. Before using glucose oxidase (GOx) in a RAFT polymerization we first sought to estimate the concentration of the enzyme that would be required to sufficiently degas the polymerization solution by modelling the system, building upon our previous work.21 Both unstirred and stirred solutions were considered. In the unstirred case only transport of oxygen (O2) via diffusion from the surface was considered, resulting in an oxygen gradient with depth. In the stirred case a homogenous concentration of oxygen throughout the bulk solution was assumed, resulting in faster rates of diffusion. Oxygen transfer from gas to liquid phase in both stirred and non-stirred vessels has been well studied due to its relevance in fermentation and bioreactor design. The models presented here describe a simple first approximation to understanding the role of diffusion of oxygen on polymerization. For a more detailed description, excellent reviews on the mathematics involved can be found in the literature.27,34 The modelled O2 concentrations at a depth of 0.5 cm from the surface vs time at varying concentrations of GOx are shown in Figure 2b-c. As can be seen, increasing concentrations of GOx resulted in a lower theoretical oxygen concentration. In both the stirred and unstirred cases the O2 concentration is expected to reach a steady state plateau within 10 min, at which point the rate of oxygen consumption by GOx is in equilibrium with oxygen diffusion from the atmosphere. At low concentrations of GOx, stirring was seen to make little difference on the modelled concentration of oxygen, but at higher concentrations of GOx, stirring was found to increase the oxygen concentration at which the plateau occurred, due to the higher rate of oxygen transport through the vessel. Previous studies on the deoxygenation of a liquid with GOx have used concentrations far in excess of that used here and measured an almost instantaneous drop in oxygen level in the bulk. At lower concentrations of GOx the same study reported the dissolved oxygen concentration remained finite and non-zero over a 2 hour experiment, in agreement with our model.26 
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Figure 2. Modelled and measured effect of GOx on oxygen concentration. (a) Model schematic showing the parameters considered with and without stirring of the solution. (b) Modelled oxygen concentration vs time at a depth of 0.5 cm from the surface of the solution at 50 – 250 nM GOx. (c) Modelled bulk oxygen concentration vs time assuming homogenous mixing at 50 – 4000 nM GOx. (d-e) Pseudo-first order kinetic plots for HEA polymerizations conducted in an NMR tube without stirring [M]:[CTA] = 25 (d); or in 1.75 ml glass vials with stirring [M]:[CTA] = 100 (e). [M] = 2 M in 20% (v/v) methanol / PBS, [CTA]:[VA-044] = 20, T = 45°C.

As RAFT polymerizations typically use between 0.5 and 5 mM of initiator,35 we estimated that in order for polymerization to occur the oxygen concentration would need to be of the order 10‑8 to 10‑9 mol/ml (see supporting information). In most cases the oxygen is removed by bubbling with nitrogen or argon, which is known to result in a concentration of dissolved oxygen of ~1 to 2 x 10‑8 mol/ml.36 Freeze-pump-thaw cycles are widely regarded to be the more effective method and can be used to reduce the concentration of dissolved oxygen below 1 x 10‑8 mol/ml.37 Our model predicts that when the solution is not stirred, 100 – 250 nM of GOx should be sufficient reduce the dissolved oxygen concentration below 1 x 10‑8 mol/ml, providing a level of degasing at least as good as bubbling with nitrogen and perhaps comparable to freeze-pump thaw techniques (Figure 2b). In a stirred solution 1-4 µM GOx should be able to produce a similar effect (Figure 2c).
Kinetics of polymerizations degassed with GOx. To test the ability of GOx to degas the solution we performed RAFT polymerizations of various water soluble monomers using a water soluble chain transfer agent (CTA) 2-(propylthio-carbonothioyl-thio)-2-methylpropionoic acid (1) and thermal initiator VA-044 in water. Reactions were initially performed using 2-hydroxyethyl acrylate (HEA, 2 M) as the monomer in a methanol : phosphate buffered saline (PBS) mixture (20% v/v) at pH 7.4. Glucose (100 mM) was added to all reactions as substrate for the GOx. This concentration is in significant excess to ensure that the concentration of glucose is effectively constant with time. Figure 2d shows the pseudo-first order kinetics performed in an NMR tube at 50 – 1000 nM GOx. The rate constants for the fitted parts of the curve are shown in the supporting information (Table S1). Because of the high aspect ratio of the NMR tube and the slow rate of oxygen diffusion only 250 nM GOx was required to degas the solution sufficiently for polymerization to proceed. When the methanol concentration was increased to 60% (v/v) the GOx became inactive, and no polymerization occurred indicating the initiator alone was not able to produce polymerization. Similar results were observed when polymerizations were conducted without stirring in 1.75 ml glass vials (supporting information, Table S2). However, when the polymerization was conducted in the same vials with stirring, more GOx was required (Figure 2e). With stirring, 1 µM GOx was no longer sufficient to allow polymerization to proceed and a GOx concentration of ~4 µM was required to produce similar kinetics to the control degassed with argon. It should be noted that this concentration of GOx is still very low (0.64 mg/ml), and even if it is not removed from the final polymer such an amount of GOx would be negligible in mass compared to the polymer itself. This assessment is confirmed by the lack of a GOx peak in the SEC data (supporting information, Figure S1). It should also be noted that at these GOx concentrations the amount of hydrogen peroxide produced is low, minimizing the chances of undesired side reactions. By using a xylenol orange assay we determined the concentration of H2O2 after the first 15 min of incubation with GOx in PBS to be only 42 µM. The peroxide generated by 4 µM GOx over 3 h at 45°C was found to be insufficient to cause any noticeable degradation of the RAFT agent, as evidenced by the UV-Vis spectra in Figure S2 (supporting information).
With the concentration of GOx required established, the kinetics of HEA Enz-RAFT polymerizations in stirred 1.75 ml glass vials, performed with 4 µM GOx, were explored in more detail (Figure 3 and Table 1 entries 2-4). Polymerizations were found to proceed with identical kinetics to the argon degassed control in either a sealed or open vessel (with no lid). The kinetics were also identical at two different target degrees of polymerization (DP) of of 25 (Figure 3a) and 100 (Figure 3b) It is important to note that neither GOx itself nor the hydrogen peroxide produced as a side product was found to be capable of initiating polymerization as can be seen from the control polymerization without VA-044, in which no conversion was seen (Figure 3a). Linear molecular weight evolution with time was observed for all polymers, both with a target DP of 25 (Figure 3c) and 100 (Figure 3d). In all cases, narrow dispersities (Ð < 1.15) and clean shifts in distribution with no low molecular weight tailing were seen by SEC (Figures 2e-f). Strong UV signals at 305 nm were observed at the same retention times as the refractive index (RI) peaks of the polymer, indicating the presence of the RAFT trithiocarbonate end group (supporting information, Figure S3). The presence of both the α- and - end groups in the polymer was confirmed by MALDI-TOF spectrometry (supporting information, Figure S4). Together, these results confirm that using GOx to degas the solutions resulted in little to no adverse effects to both the kinetics and control of the polymerization. In the case of the DP 100 polymer, some high molecular weight shouldering in the SEC traces was observed at very high conversions (>80% in Figure 3f). This was probably due to bimolecular termination at this increased viscosity rather than any effect of the GOx, as the same was not seen with the DP 25 polymer (Figure 3e).
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Figure 3. Kinetics of 2 M HEA polymerizations in 20% methanol / PBS degassed by glucose oxidase (GOx) and stirred at 45°C. In all cases [VA-044]/[CTA] = 0.05. (a-b) Pseudo-first order kinetic plots with (closed symbols) and without (open symbols) GOx and VA-044 (a) [M]/[CTA] = 25 (1 – 3), (b) [M]/[CTA] = 100 (4, 5). (c-d) Mn (closed symbols) and Ð (open symbols) vs conversion as measured by DMF SEC for GOx degassed polymerizations in closed vessels (c) [M]/[CTA] = 25, [GOx] = 4 µM; (d) [M]/[CTA] = 100. (e-f) Corresponding SEC normalised RI traces for the kinetics in (c) and (d) respectively showing a clean shift in molecular weight with conversion.

Table 1. Examples of HEA polymers isolated at the end of kinetic runs performed with GOx
	#
	[M] / [CTA]
	[VA044] (mM)
	[GOx] (µM)
	Time (h)
	X    (%)
	Mn theor (Da)
	Mn SEC (Da) [a]
	Ð [a]

	1[b]
	25
	5
	0
	2.3
	89
	2836
	-
	-

	2
	25
	0
	4
	2.3
	6
	-
	-
	-

	3[c]
	25
	5
	4
	2.3
	93
	2941
	3760
	1.07

	4
	100
	1
	4
	2.3
	91
	10773
	15570
	1.08

	5
	100
	1
	10
	2.3
	89
	10589
	15030
	1.08


Notes: In all polymerizations [HEA] = 2 M in 1:4 methanol : PBS; [VA044] / [CTA] = 0.05 with CTA 1. [a] DMF SEC using MH parameters for PEO against PS standards. [b] Sample degassed with Ar. [c] Samples with and without a lid give very similar results. 

Reducing the initiator concentration. In all of the above experiments 1 to 5 mM of initiator were used, resulting in CTA / initiator ratios of 20. In RAFT reactions, the fraction of living chains at the end of a polymerization, and thus the degree of control achieved, is entirely dependent on this ratio. Thus we proceeded to investigate the extent to which the concentration of initiator could be reduced before the number of radicals in the system was so low as to be quenched by the small amount of residual oxygen that was presumed to be present (Table 2, entries 6-10). Figure 4a shows the 1H-NMR of the crude reaction mixture of these polymerizations after 20 h at 45°C. As can be seen from the decrease in the vinyl peaks at 6.5 ppm relative to the RAFT agent CH3 group at 1.0 ppm, when 2.5 mM initiator was used full monomer conversion was seen after 20 h even at only 1 µM GOx. At 500 µM of initiator almost full conversion was observed, dropping to ~ 60% at 100 µM initiator, indicating that without stirring 1 µM GOx was able to degas sufficiently well for 100 – 500 µM initiator to be used. For a DP 25 polymer at a monomer concentration of 2 M, such initiator concentrations represent CTA / initiator ratios of 200 – 1000, which would be expected to produce polymers with > 99.5% living chain ends (Table 2, entries 7-8). All polymers demonstrated narrow monomodal molecular weight distributions by SEC (Ð < 1.1, Figure 4b). The ability to generate very well controlled polymers using GOx degassing was demonstrated by the preparation of a tetra-block polymer of HEA (Table 2, entry 11-14). In these reactions, each block was polymerized for 20 h to <99% conversion without stirring, at which point fresh initiator and HEA was added for the next block extension without purification. Fresh GOx (500 nM) was added for each extension, resulting in a total GOx concentration of 1.4 µM after the 4th block. The initiator concentration was maintained at 1 mM throughout, which would be expected to result in polymer with 96.5% living chain ends after the 4th block. As can be seen in the SEC traces (Figure 4c), excellent extension of the polymer at each block was achieved. No tailing of the molecular weight distribution towards low molecular weight was observed, indicative of the high control and chain-end fidelity achieved by this system.
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Figure 4. GOx degassed HEA polymerizations at low initiator concentrations. [M]/[CTA] = 25 in all cases. (a) 1H-NMR spectra (d6-DMSO) of polymerization solutions containing 1 µM GOx and 0 – 2.5 mM VA044 after 20 h at 45°C showing decreasing monomer signal with increasing initiator concentration (6 - 10), and (b) the corresponding SEC normalized RI traces, (c) SEC normalized RI traces for each block in a tetra-block polymer synthesized by three successive chain extensions with HEA (11-14). Each polymerization was performed at 45°C for 20 h. GOx (500 nM) and VA044 (1 mM) was added for each extension.


Table 2. Examples of HEA polymerizations at low initiator concentrations
	#
	[MeOH][a]
	[M] / [CTA]
	[VA044] (µM)
	[CTA] / [VA044]
	[GOx] (µM)
	X    (%)
	Mn theor (Da)
	Mn SEC (Da) [b]
	Ð [b]
	% living chains [c]

	6
	20%
	25
	2500
	40
	1
	100
	3135
	4570
	1.05
	97.5

	7
	20%
	25
	500
	200
	1
	96
	3031
	4210
	1.05
	99.5

	8
	20%
	25
	100
	1,000
	1
	58
	1921
	2820
	1.06
	99.9

	9
	20%
	25
	20
	5,000
	1
	27
	1022
	1760
	1.08
	100.0

	10
	20%
	25
	0
	-
	1
	9
	500
	-
	-
	-

	11
	20%
	10
	1000
	200
	0.5
	92
	1310
	2380
	1.09
	99.5

	12[d]
	15%
	10
	1000
	133
	0.8
	97
	2323
	4560
	1.06
	98.8

	13[d]
	11%
	10
	1000
	99
	1.1
	>99
	3485
	6480
	1.07
	97.7

	14[d]
	9%
	10
	1000
	78
	1.4
	>99
	4646
	8760
	1.06
	96.5


Notes: [a] Methanol % (v/v) relative to PBS in polymerization. [b] DMF SEC using MH parameters for PEO against PS standards. [c] Theoretical calculation based on 100% initiator consumption at 50% initiator efficiency. [d] Multiblock chain extension polymerizations where entries 11-14 are samples from the same polymerization at the end of each block extension. Fresh initiator and an extra 500 nM GOx was added to each reaction. Reactions were not stirred and cumulative [GOx] is reported. All polymerizations conducted at [HEA] = 2 M for 20 h at 45°C.

Expanding the range of monomers and solvents. Because the mechanism of degassing is entirely decoupled from the polymerization reaction, it should be possible to polymerize any hydrophilic monomer in this manner. The polymers listed in Table 3 (entries 15-18) demonstrate the successful polymerization of example hydrophilic methacrylate, acrylamide and methacrylamide monomers with CTA 1, using 4 µM GOx and relatively low initiator concentrations (2.5 mM) in a stirred vial. Methacrylic acid and 2-hydroxypropyl methacrylamide required longer polymerization times than the acrylic monomers due to their slower rates of propagation. In all cases, good conversion and control was achieved, indicating that these monomers do not inhibit GOx activity. We next characterized the compatibility of Enz-RAFT to solvent mixtures. Figure 5a shows the effective activity of 200 nM GOx in a range of organic solvent / PBS mixtures as measured by the concentration of hydrogen peroxide produced in 30 min at 45 °C. As can be seen, no loss in GOx activity was observed in tert-butanol or acetonitrile, even at up to 80% of solvent. Conversely, GOx activity was found to drop sharply with increasing concentrations of DMSO. Methanol and dioxane mixtures both demonstrated some loss in GOx activity. At 20% methanol, the GOx activity was halved, and no activity was observed at 80%. GOx activity was maintained better in dioxane mixtures, and approximately a quarter of the original activity was retained at 80% solvent. Such a high degree of solvent compatibility opens up the possibility of using this method to polymerize more hydrophobic monomers and at higher temperatures. There have been a number of reports on the use of polymers such as poly(trehalose) and poly(acrylic acid) to stabilize the activity of enzymes,38,39 and we suspect that the thermal stability and solvent compatibility of GOx could be greatly improved using such approaches. Given that the Enz-RAFT polymerizations described thus far were performed in 10-20% methanol / PBS, we hypothesized that the mechanism should also work, even with unmodified GOx, in up to 80% solutions of tert-butanol, acetonitrile and dioxane. As GOx was most deactivated by methanol and dioxane we decided to compare the kinetics of our control polymerization deoxygenated by argon bubbling with identical HEA polymerizations degassed by 4 µM GOx in 20% methanol, 50 dioxane and 70% dioxane (v/v) in PBS (Table 1 entry 3 and Table 3 entries 19-20). As shown in the pseudo-first order kinetic plot in Figure 5b, all of these reactions proceeded with identical rate indicating equal efficiency of degassing by the GOx. As with the polymerizations in 20% methanol, the molecular weight evolution of the polymers prepared in 50% and 70% dioxane were linear with conversion (Figure 5c), and narrow molecular weight distributions were observed by SEC (Ð < 1.10, Figures 5c-d). This demonstrates the extraordinary tolerance of GOx to even high concentrations of organic solvents, and opens up the possibility of polymerizing more hydrophobic monomers by this method.
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Figure 5. GOx polymerizations of HEA in organic solvent mixtures. (a) Comparison GOx activity in mixtures of PBS and methanol (MeOH), acetonitrile (MeCN), tert-butanol (t-BuOH), dioxane and DMSO. (b) Pseudo-first order kinetic plot of 2 M HEA polymerizations degassed with GOx in 20% methanol ([M] : [RAFT] = 25, 3), and 50-70% dioxane ([M] : [RAFT] = 40, 19 - 20). [GOx] = 4 µM and [CTA] / [VA044] = 20 in each case. (c) Mn and Ð vs conversion as measured by DMF SEC for polymerizations in dioxane and (d) the corresponding SEC curves at increasing conversion for the 70% dioxane polymerization.

Table 3. Examples of polymerizations with various monomers and in organic solvent mixtures
	#
	Monomer
	Solvent[a]
	[M] / [CTA]
	[VA044] (mM)
	Time (h)
	X (%)
	Mn theor (Da)
	Mn SEC (Da) [b]
	Ð [b]

	15
	HEA
	M (15%)
	55
	2.5
	4
	98
	6496
	6770
	1.06

	16
	DMAm
	M (15%)
	50
	2.5
	4
	96
	4995
	3840
	1.06

	17
	MA
	M (15%)
	50
	2.5
	20
	<99
	4500
	-[c]
	-[c]

	18
	HPMA
	M (15%)
	43
	2.5
	20
	<99
	6334
	9990
	1.22

	19
	HEA
	D (70%)
	40
	4.0
	2.3
	90
	4418
	4030
	1.11

	20
	HEA
	D (50%)
	40
	4.0
	2.3
	94
	4604
	4470
	1.08


Notes: Polymerizations with 2-hydroxyethyl acrylate (HEA), N,N dimethyl acrylamide (DMAm), methylacrylic acid (MA) and hydroxypropyl methacrylamide (HPMA). [a] Polymerizations carried out in mixtures of PBS with M = methanol, D = dioxane (v/v % shown). [b] using MH parameters for PEO against PS standards. [c] Due to the acid group, the MA could not be run on the DMF column. In all polymerizations CTA 1 was used. [HEA] = 2 M, [CTA]/[VA-044] = 20, [GOx] = 4 µM  
CONLUSIONS
The use of GOx for enzyme degassing of RAFT polymerizations (Enz-RAFT) has been described, facilitating highly controlled radical polymerization in an open vessel. The high activity of GOx means that only 1 – 4 µM of enzyme is required to fully degas the system, in agreement with modelled enzyme kinetics. Because the enzyme degassing is completely decoupled from the polymerization mechanism very low concentrations of initiator can be used, resulting in excellent control and high end group fidelity in the final polymer. This enabled the preparation of a tetrablock copolymer with Ð < 1.10 without any external degassing, and the polymerization of a range of hydrophilic monomers. GOx was also found to be very robust to additions of organic solvents, retaining high activity in up to 80% tert-butanol, acetonitrile, and dioxane. Given the low cost of GOx and ease of solution degassing with this technique, we suspect this method may also have significant large-scale industrial value.
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