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Laccase-mediator systems have numerous potential uses for green oxidations, but their 

practical use may be limited because the reactive, oxidised mediators deactivate the enzyme. 

TEMPO, 4-hydroxybenzyl alcohol, phenothiazine and 2-hydroxybiphenyl caused almost 

complete deactivation of laccase from Trametes versicolor within 24-140 h.  By contrast, 18% 

activity was retained after 188 h in controls without mediator, and 15% in the presence of 

ABTS. A biphasic reaction system was developed to protect the laccase, by partitioning the 

mediator into water-immiscible ionic liquids. In the presence of [C6mim][AOT], laccase 

retained 54, 35, 35 and 41% activity after 188 h in the presence of 4-hydroxybenzyl alcohol, 

phenothiazine and 2-hydroxybiphenyl and ABTS, respectively, whilst 30% activity was 

retained in the presence of [N1 8 8 8][Sac] and TEMPO.  The protection against deactivation by 

the mediators correlated strongly with the distribution coefficients of the mediators between 

ionic liquids and water 

Introduction 

Laccases (EC 1.10.3.2) catalyse cofactor-independent, one-

electron oxidation of a wide range of substrates using dioxygen 

as the electron acceptor. Because of this, laccases have attracted 

attention as versatile and practical biocatalysts for use in 

oxidative biotransformations, bioremediation, textile 

treatments, pulp bleaching, and biorefining.1-3  Their versatility 

is due to their ability to oxidise a range of primary substrates to 

produce reactive free radical intermediates, which then act as 

mediators to oxidise the secondary, target substrates.1, 4, 5 The 

oxidised mediator is freely diffusible, and, therefore, is able to 

react even with substrates that are insufficiently soluble, or too 

large, for direct oxidation in the laccase active site (e.g. lignin).  

 Unfortunately, this versatility comes at a price.  Laccases 

are deactivated rapidly by oxidised mediators, and this can limit 

their practical application.6-15 Mediators are known to react 

with surface tryptophan residues of xylanases,16 and similar 

reactions may be responsible for laccase deactivation.6, 14, 17  

Deactivation may also be associated with oxidation of glycosyl 

residues,15 although the extent of glycosylation does not affect 

the stability of different laccases.17  Laccases can also be 

deactivated by heat,9, 11 extremes of pH,11 conventional 

solvents18-23 and sonication.24  The active-site copper is 

relatively labile, and can be removed, for example, by 

complexation with humic acid, although copper ions can restore 

activity25 and protect against deactivation.9 

 Laccases can be protected against mediator deactivation by 

adsorption onto solid substrates such as pulp.7, 12 This has 

inspired attempts to improve laccase stability by immobilisation 

using cross-linked enzyme crystals,26 cross-linked enzyme 

aggregates (CLEAs),27 alginate-chitosan encapsulation,28 and 

adsorption onto various supports, either with29 or without21, 30, 31 

additional polyelectrolyte coating. Immobilisation tends to 

improve thermal stability and reusability, but immobilisation in 

microgels makes laccase less stable than the free enzyme.32  

Immobilisation also provides protection against inhibitors, 

solvents (except with CLEAs27), or extremes of pH.  Although 

CLEAs provide improved oxidation of alcohols compared with 

free enzyme,27 stability improvements with other enzyme 

support systems are frequently offset by decreased catalytic 

activity due to mass transfer restrictions with less soluble 

substrates.  Immobilisation can also cause problems with 

insoluble substrates coating the supported enzyme particles.31  

 As an alternative, attempts have been made to stabilise 

laccase using additives.  Although albumens activated laccase 

from Polyporus pinsitus, the laccase from Myceliophthora 

thermophila was inhibited,33 so this is a relatively expensive 

and enzyme-specific approach.  Addition of polyethylene 

glycol (PEG)34 or PEGylation23 can improve thermal stability 

and reduce solvent deactivation.  Although activity decreases 

significantly after PEGylation, this is offset by the increased 

biocatalyst lifetime, which can reduce the enzyme loading and, 

hence, costs35. Alternatively, directed evolution provides a 
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promising approach to improve thermal stability and resistance 

to denaturing solvents36, 37, although it is not known if this can 

solve problems with mediator deactivation. 

 Surfactant mesophases can also be used to segregate the 

enzyme from destabilising agents. Thus, surfactant-laccase 

complexes in water in oil emulsions are active in anhydrous 

toluene, which would normally deactivate freeze-dried 

laccase.18 Similarly, productivity is improved when laccase is 

incorporated into micelles in a biphasic silicone oil/water 

system, although this did not improve stability.14  Even more 

promising was the observation that onion-type, multi-lamellar 

liposomes stimulated activity and protected against deactivation 

by ABTS, see Table 1.38  Nevertheless, these systems are 

relatively complex to prepare, and the presence of surfactants 

may complicate downstream separations. 

 In this paper, a new, simple solution to the problem of 

laccase deactivation by reactive mediators is presented.  A 

biphasic reaction system was designed, in which the laccase is 

dissolved in the aqueous phase and is then contacted with a 

water-immiscible solvent.  The system is designed so that the 

mediator partitions preferentially into the non-aqueous phase.  

This minimises contact between the enzyme and the reactive 

free radical, reducing the opportunity for the mediator to react 

with the enzyme and deactivate it. Therefore, the stability of the 

laccase was improved dramatically. 

 

Table 1. Structures of mediators 

Name Structure 

 

TEMPO; 
2,2,6,6-

tetramethyl-1-

piperidinyl)-
oxidanyl 

 
 

ABTS 
2,2′-azino-

bis(3-

ethylbenzo-
thiazoline-6-

sulfonic acid) 

diammonium 
salt  

 

 

10H-

phenothiazine 

 
4-

hydroxybenzyl 

alcohol 
 

2-hydroxy-

biphenyl 

 

 

Table 2: Ionic liquids used in this study.  

 Success depended on being able to design enzyme-friendly, 

water-immiscible solvents that dissolve the mediator 

preferentially.  We used ionic liquids, since few conventional 

solvents support laccase activity,18, 19, 21, 23, 39 whereas a range of 

ionic liquids support or even stimulate laccase activity.40-45 In 

particular, water-immiscible ionic liquids are frequently 

compatible with laccase activity.45 The massive structural 

diversity of ionic liquids provides the ability to fine tune their 

physical properties to obtain optimal dissolution of the 

mediators.  Furthermore, ionic liquids are sufficiently stable to 

support chemical reactions involving radical species without 

oxidising the medium.46  Using this ionic liquid-water biphasic 

system, we showed that laccase stability is improved 

significantly during prolonged use. 

Results and Discussion 

Distribution coefficients of mediators between ionic liquids 

and water 

Water-immiscible ionic liquids were tested for their ability to 

partition reactive mediators away from the aqueous, enzyme-

containing phase.  We tested ionic liquids containing [N1 8 8 8]
+ 

and [C6mim]+ cations and [AOT]-, [Sac]- and [NTf2]
- anions 

(Table 2).   The mediators varied from commonly used, water 

soluble, laccase mediators (TEMPO, ABTS) to less soluble 

types (phenothiazine,47, 48 2-hydroxybiphenyl;49-51 Table 1). 4-

Hydroxybenzyl alcohol was also tested, since it is a naturally 

Name/ 

Abbreviation 

Structure 

Cations 

Methyltrioctyl-
ammonium/ 

[N1 8 8 8]
+ 

 
1-methyl-3-hexyl-

imidazolium/ 

[C6mim]+ 

 
Anions 

1,4-bis(2-
ethylhexoxy)-1,4-

dioxobutane-2-

sulfonate 
(docusate)/ 

[AOT]- 

Saccharinate/ 
[Sac]- 

 
bis{(trifluoro-

methylsulfonyl}-

amide 
(bistriflamide) 

/[NTf2]
-  
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occurring laccase mediator, and may have decreased 

environmental impact.52, 53  

 
Fig. 1 Mediator partitioning between laccase reaction medium and ionic liquids. 

The partitioning of the oxidised mediators was measured between reaction 

medium containing laccase, buffer and the mediators shown and the ionic liquids, 

[N1 8 8 8][AOT], ●; [N1 8 8 8][Sac], ▲; [N1 8 8 8][NTf2],▼; [C6mim][AOT]♦.  The 

mediators were: (a) phenothiazine, (b) 2-hydroxybiphenyl (c) 4-

hydroxybenzylalcohol (d) TEMPO, (e) ABTS. All measurements were made in 

triplicate and the mean values are shown; standard deviations were less than 10% 

of the mean for all data shown. 

Table 3: Distribution coefficient (DIL/W 
§) of mediators between ionic 

liquids and buffer.   

 Ionic liquid ABTS  TEMPO  

Pheno-

thiazine  4-HBA 

2-Hydroxy-

biphenyl  

[N1 8 8 8] [AOT] 4.2 ± 0.6 11.1 ± 0.8 162 ± 5 21 ±1 2056 ± 78 

[C6mim] [AOT] 10 ± 0.4 6.6 ± 0.1 158 ± 8 53 ± 2 526 ± 6 

[N1 8 8 8] [NTf2] 0.57 ± 0.24 34 ± 1 101 ± 6 
0.14 ± 
0.09 

16 ± 1 

[N1 8 8 8] [Sac] n/a b 86 ± 2 22 ± 2 1.91 ± 0.1 23 ± 1 

Log P 2.840 c  2.10 d  3.910 c  0.250 55 1.710 56 

§ DIL/W values were calculated from the slope of the isotherms in Fig. 1 

(±95% confidence interval of the regression estimate).  The octanol-water 

partitioning coefficients, log(P) of the mediators are also shown. b Below 

detection limit; c No experimental data available in the literature, 

estimated through Broto’s fragmentation method;58  d no experimental 

data available in the literature, estimated through Crippen’s fragmentation 

method, as TEMPO is a radical.59 

 

 Oxidised mediators were prepared by laccase-catalysed 

oxidation for 8 h, using laccase from Trametes versicolor. The 

oxidised mediator solutions were equilibrated with ionic liquids 

for 24 h, and the partitioning of the oxidised mediators was 

measured between the ionic liquids and the aqueous reaction 

medium by spectrophotometric analysis (Fig. 1). The 

partitioning was striking, since accumulation of the coloured 

mediator products could be observed visually in the ionic liquid 

layers. 

 The isotherms followed a linear trend over the concentration 

range tested, and the distribution coefficients were calculated 

from the slope of the isotherms (Table 3). [N1 8 8 8][AOT] and 

[C6mim][AOT] were the best extraction solvents for all of the 

mediators except for TEMPO, which was extracted more 

efficiently by [N1 8 8 8][Sac] and [N1 8 8 8][NTf2].  The most 

efficient extraction was obtained using [N1 8 8 8][AOT] to 

extract 2-hydroxybiphenyl (DIL/W 2056), although a high DIL/W 

(526) was also obtained in [C6mim][AOT]. Phenothiazine was 

extracted efficiently by [N1 8 8 8][AOT], [C6mim][AOT], and 

[N1 8 8 8][NTf2] (DIL/W > 100); only [N1 8 8 8][Sac] exhibited a 

lower DIL/W (22).  4-Hydroxybenzyl alcohol and ABTS were 

extracted less efficiently into [N1 8 8 8][AOT] and 

[C6mim][AOT] (DIL/W 4-11); [N1 8 8 8][Sac] and [N1 8 8 8][NTf2] 

did not extract these mediators.  As expected, there was a very 

poor correlation between the log (P) values of the mediators 

and the distribution coefficients, since the oxidised mediators 

present in these experiments are radical cations.4, 5, 54 In 

addition, there may be structure-specific, non-covalent 

interactions between the oxidized mediators and the ionic 

liquids, which would further complicate prediction of extraction 

efficiencies. 

Effect of ionic liquids on laccase activity. 

The effect of the ionic liquids on laccase activity was 

investigated by incubating the enzyme from T. versicolor in the 

presence of ionic liquids (but without mediators).  The mixture 

was sampled at time intervals and the residual catechol 

oxidation activity was measured in a spectrophotometric assay 
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(Fig. 2). As expected, laccase lost activity (82% decrease) over 

188 h in the absence of the ionic liquids.  None of the ionic 

liquids affected the initial activity. Although the mean activity 

decreased by only 65-76% in the presence of the ionic liquids, 

the difference from the control is only statistically significant 

for two data-points ([N1 8 8 8][NTf2] and [C6mim][AOT] at 188 

h).  Therefore, these water-immiscible ionic liquids were 

compatible with laccase activity, although they provided little 

or no protection against loss of laccase activity in the absence 

of mediators.  

Effect of mediators on laccase activity.   

The effect of mediators was assessed by incubating laccase in 

the presence and absence of mediators, sampling, and 

measuring the residual activity.  As noted above, the enzyme 

lost 82% of the activity over 188 h in the absence of mediators 

(Fig. 3). ABTS caused a slight loss of activity (12%) 

immediately after addition, but the rate of activity loss was 

similar to the control thereafter. TEMPO, phenothiazine, and 4-

hydroxybenzyl alcohol did not affect initial activity but greatly 

accelerated the loss of activity compared with the control and 

ABTS, decreasing the activity by 29, 71 and 91% after only 24 

h, respectively.  There was very little or no residual activity 

after 140 h.  2-Hydoxybiphenyl was extremely inhibitory; 

laccase activity had already fallen to 29% of the control activity 

in the sample taken at t = 0, perhaps because of the slight delay 

between adding the mediator, sampling the mixture, and 

starting the assay for residual activity.  Laccase was completely 

inactive after incubation for only 24 h in the presence of 2-

hydroxybiphenyl.   

 

 
Fig. 2 Effect of water-immiscible ionic liquids on aqueous laccase activity. 

Laccase activity was measured in the aqueous phase at intervals after incubation 

with no ionic liquid (white bar), and in the presence of [N1 8 8 8][AOT] (�), 

[N1 8 8 8][Sac] (�), [N1 8 8 8][NTf2] (�), or [C6mim][AOT] (�). The mean reaction 

rates (measured in triplicate) are expressed as a percentage of the mean rate of 

triplicate control samples with no ionic liquid, taken immediately after mixing 

laccase with the buffer solution (time = 0, V0=0.11 µM s
-1

). Error bars represent 

the standard deviation 

 
Fig. 3 Effect of mediators on laccase activity.  Laccase activity was measured at 

intervals after incubation in the presence of no mediator (�), ABTS (�), TEMPO 

(�), phenothiazine (�), 4-hydroxybenzyl alcohol (�) or 2-hydroxybiphenyl (�).  

Reaction rates are expressed as a percentage of the rate in the control sample 

taken immediately after mixing laccase with buffer solution (no mediator, time = 

0, V0=0.112 µM s
-1

). All experiments were conducted in triplicate, and the 

standard deviation was less than 10% of the mean. 

Using ionic liquids to protect against mediator-induced loss 

of laccase activity. 

Laccase was incubated with both the mediators and the ionic 

liquids, and the aqueous phase was sampled to measure the 

residual activity (Fig. 4).  The volume ratio of ionic 

liquid:water was 1:10.  The ionic liquids improved the stability 

of laccase dramatically in the presence of phenothiazine (Fig. 

4b). Without the ionic liquids, the enzyme lost 93% activity 

after only 92 h, and there was no residual activity after 188 h.  

In the presence of [N1 8 8 8][AOT], [N1 8 8 8][NTf2], or 

[C6mim][AOT], the loss of activity was much slower, and 35, 

31, or 35% of the initial activity was still retained after 188 h, 

respectively.  In fact, this retention of activity was better than 

the control without mediators or ionic liquids (17%).  All of 

these ionic liquids extracted phenothiazine extremely 

efficiently, with DIL/W values between 101 and 162.  By 

contrast, [N1 8 8 8][Sac] provided only modest protection against 

deactivation (6% activity retained after 188 h), reflecting its 

poor extraction efficiency for phenothiazine (DIL/W = 22).  

Therefore, protection of the laccase was strongly correlated 

with the ability of the ionic liquids to extract phenothiazine 

(Fig. 5). 

 Similar results were obtained with 2-hydroxybiphenyl (Fig. 

4c).  This mediator caused immediate loss of 71% activity in 

the absence of ionic liquids, and complete loss of activity after 

24 h.   When [N1 8 8 8][AOT] or [C6mim][AOT] were present, 

the immediate loss of activity was only 15 or 8%, respectively, 

and the enzyme still retained 21 and 35% activity after 188 h, 

respectively.  [N1 8 8 8][Sac] provided less protection against 

deactivation, whilst [N1 8 8 8][NTf2] did not protect against 

deactivation at all.  As with phenothiazine, there was an 

extremely strong correlation between extraction efficiency for 

2-hydroxybiphenyl and the protection afforded against laccase 

deactivation by the ionic liquids (Fig. 5). 
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Fig. 4 Relative activity of laccase in the presence of mediators and ionic liquids.  Laccase activity was measured at intervals after incubation in the presence of (a) no 

mediator (data from Fig. 2), (b) phenothiazine, (c) 2-hydroxybiphenyl (d) 4-hydroxybenzylalcohol (e) TEMPO, (f) ABTS in biphasic systems containing [N1 8 8 8][AOT] 

(●), [N1 8 8 8][Sac] (▲), [N1 8 8 8][NTf2] (▼), or [C6mim][AOT] (♦) and compared with controls without ionic liquids (�). Reaction rates are expressed as a percentage of 

the rate in a control sample taken immediately after mixing laccase with buffer solution (no mediator and no ionic liquid, time = 0, V0=0.113 µM s
-1

). All experiments 

were conducted in triplicate and the standard deviation was less than 10% of the mean. 

 Although 4-hydroxybenzyl alcohol did not deactivate 

laccase immediately, activity fell rapidly to only 8% of the 

control activity after 24 h (Fig. 4d).  There was little further loss 

of activity.   [C6mim][AOT] (DIL/W = 53) provided excellent 

protection against this deactivation, and the enzyme still 

retained 54% of the activity after 188 h.  By contrast, 

[N1 8 8 8][AOT] (DIL/W = 21) did not prevent the initial fall in 

activity after 24 h, although the enzyme retained 9% activity 

after 188 h, compared with 3% in the control. [N1 8 8 8][Sac] 

provided almost no protection, whilst [N1 8 8 8][NTf2] seemed to 

accelerate the deactivation, reflecting the inability of this ionic 

liquid to extract the mediator from water (Table 3).  Again, the 

correlation between extraction efficiency and protection against 

mediator deactivation was very strong (Fig. 5). 

 When laccase was incubated with TEMPO, only 

[N1 8 8 8][Sac] (DIL/W = 86) provided protection against 

deactivation, with 30% activity remaining after 188 h, 

compared with complete loss of activity in the control (Fig. 4e).  

Other ionic liquids provided only slight protection against 

deactivation, perhaps reflecting their poorer affinity for 

TEMPO (DIL/W = 6.6-34). 

When laccase was incubated with ABTS, 12% of the activity 

was lost immediately (Fig. 4f).  This loss of activity was 

prevented by [N1 8 8 8][AOT] (DIL/W = 4.2) or [C6mim][AOT] 

(DIL/W = 10).  [C6mim][AOT] also improved longer term 

stability, since the enzyme retained 40% activity after 188 h, 

compared with only 15% in the control.  By contrast, 

[N1 8 8 8][AOT] did not improve long term stability, possibly 

reflecting the poorer extraction efficiency for ABTS. 

[N1 8 8 8][NTf2] had no effect on activity loss, as expected, since 

it does not extract ABTS from water (DIL/W = 0.57).  

[N1 8 8 8][Sac] accelerated deactivation very slightly, consistent 

with even worse extraction of ABTS.  Thus, in all cases tested, 

there was a strong correlation between partitioning of the 

mediator into the ionic liquid phase and the ability of the ionic 

liquid to protect laccase from deactivation by the mediators. 

The partitioning behaviour of target molecules between the two 

phases, as well as other physical properties of the ionic liquid, 

such as viscosity, would have to be considered when selecting a 

suitable reaction system. 
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Conclusions 

The problem of laccase inactivation by mediators can be 

solved, by using a biphasic ionic liquid/water reaction system.  

By choosing a suitable ionic liquid, the oxidised, reactive 

mediator is partitioned preferentially into the ionic liquid phase, 

away from the enzyme in the aqueous phase. This minimises 

contact between the enzyme and the deactivating species, and 

extends the lifetime of the active laccase. This finding has 

important implications for implementation of laccase-catalysed 

oxidations, since extended enzyme lifetime has a major impact 

on process economics. 

Experimental 

Materials 

Synthesis and characterisation of the ionic liquids, 1-hexyl-3-

methylimidazolium 1,4-bis(2-ethylhexyl)sulfosuccinate 

([C6mim][AOT]), methyl(trioctyl)ammonium 

bis(trifluoromethylsulfonyl)amide ([N1 8 8 8][NTf2]) and 

methyl(trioctyl)ammonium saccharinate ([N1 8 8 8][Sac]) was 

described previously.57  The same method was used to 

synthesize methyl(trioctyl)ammonium 1,4-bis(2-

ethylhexyl)sulfosuccinate ([N1 8 8 8][AOT]) as for other 

[AOT]- ionic liquids.55 Laccase from Trametes versicolor, 

2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO), 10H-

phenothiazine, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) diammonium salt (ABTS), 4-hydroxybenzyl alcohol and 

2-hydroxybiphenyl, and other chemicals, were obtained from 

Sigma Aldrich (UK). 

Measurement of distribution coefficients 

Oxidised mediator solutions (0.4 mM; described in the text) in 

20 mM citric acid buffer (pH 4.5) were prepared by oxidation 

with Trametes versicolor laccase (0.25 mg l-1) in sealed 

scintillation vials. The reactions were incubated for 8 h to 

ensure complete oxidation, which had been verified by 

spectrophotometric analysis of earlier time course experiments. 

For each combination of mediator and ionic liquid, three 

experimental vials containing oxidised mediator solution in 

buffer (0.5 mL; final concentration between 0.04 and 0.1 mM) 

and ionic liquid (40 µL) were allowed to equilibrate for 24 h 

(rotary shaker, 200 rpm, 25 ºC). Control vials with the same 

mediator concentrations, but without ionic liquids, were 

incubated in the same way. The concentrations of the oxidised 

TEMPO, 10H-phenothiazine, ABTS, 4-hydroxybenzyl alcohol 

and 2-hydroxybiphenyl in the aqueous phase were measured 

spectrophotometrically at 228, 270, 420, 273 and 255 nm, 

respectively, based on their measured absorption maxima. 

Absorption data at the respective wavelength were correlated to 

previously prepared calibration curves (triplicates of 5 points 

equally spaced between 0.04 and 0.1 mM mediator solutions).  

The standards were prepared by enzymatic oxidation as 

described above. Incubation with the ionic liquids had no effect 

on the extinction coefficient of the mediator in the aqueous 

phase. The fraction that had partitioned into the ionic liquid 

phase was calculated using a mass balance based on the 

mediator concentration in the control vials, measured 

spectrophotometrically. Measurements were made at three 

different concentrations of each mediator in each ionic liquid, 

and the slope of a regression analysis of these three equilibrium 

points was used to determine the distribution coefficient, using 

equation (1), 

  DIL/W = CIL/CW    (1) 

where CIL is the calculated mediator concentration in the ionic 

liquid and CW is the measured mediator concentration in the 

aqueous phase, in mg L-1.  

Measurement of laccase deactivation 

Laccase deactivation in the presence and absence of mediators 

was measured in the presence and absence of ionic liquids. 

Capped glass vials (5 mL capacity) contained mixtures (1 mL) 

of 20 mM citric acid buffer, pH 4.5, laccase from Trametes 

versicolor (80 mg L-1), and mediator (5 mM, when required).  

The enzyme mixtures were incubated in the presence and 

absence of ionic liquids (100 µL) at 25 ºC for 188 h (200 rpm 

rotary shaker). The aqueous phase was sampled for 

determination of residual laccase activity in quartz 96-well 

plates. Each well contained 20 mM citric acid buffer (100 µL, 

pH 4.5) and samples of the enzyme-containing aqueous phase 

(5 µL). Initial reaction rates were measured by adding catechol 

solution (5 µL, 20 mM), and measuring the formation of 

benzoquinone at 380 nm using a FLUOstar Optima Microplate 

Reader (BMG Labtech Ltd., UK). Quartz plates were used 

because some of the ionic liquids partially dissolve plastic 

plates.   Rates were compared with the rate of catechol 

oxidation using freshly prepared aqueous enzyme solutions. 

 
Fig. 5 Effect of distribution coefficient on reaction rate.  Using the data from Fig. 

4 and Table 2, the residual reaction rates (after incubation for 188 h) in the 

presence of mediators (ABTS �; PTZ ●; 4HBA ▲; 2HBP▼; and TEMPO♦.) and 

ionic liquids were calculated as a percentage of the initial reaction rate in controls 

with no mediator (V0=0.114 µM s
-1

).  These data were plotted against the 

distribution coefficient of the mediator between each ionic liquid and water. 
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