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A wide range of ionic liquids, both water miscible and water immiscible, containing a diverse set of
cations and anions, were screened for toxicity towards Escherichia coli K-12, using both Agar
Diffusion tests and growth inhibition tests in liquid cultures. The data provide preliminary rules to
enable the design of non-toxic ionic liquids for use in biocatalytic processes.

Introduction

Biocatalytic processing provides an increasingly attractive op-
tion for highly selective, atom efficient production of high value
chemicals in short reaction sequences.! Furthermore, microbial
fermentations enable production of biofuels and value-added
chemicals from renewable feedstocks, using natural or engi-
neered metabolic pathways.? Unfortunately, biotransformation
products and/or substrates are frequently toxic towards micro-
bial biocatalysts, and this may restrict productivity, making the
processes uneconomic. The problem can often be solved by using
a biphasic biotransformation process, where the toxic material
is extracted in situ into a water-immiscible solvent, to minimise
contact with the cells in the aqueous phase.* Unfortunately,
polar conventional solvents are, themselves, toxic.* Therefore,
in situ extraction is only possible when there is a serendipitous
match between the physical properties of the material to be
extracted and the available, non-polar biocompatible solvents.?
For this reason, there is considerable interest in using ionic
liquids as alternative extraction media in whole cell biotrans-
formations.

There have been some notable successes. For example, bipha-
sic systems containing water-immiscible ionic liquids provided
significant improvements in productivity compared with con-
ventional solvents for redox biotransformations using whole
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cells.> Even water-miscible ionic liquids can provide signifi-
cant increases in product yields compared with conventional
solvents when used as additives.® Therefore, ionic liquids are
extremely promising co-solvents for use in whole cell biotrans-
formations.

To date, relatively few ionic liquids have been tested for use in
microbial processes. The beauty of ionic liquids is the ability to
vary the structure and, thus, tune the physical properties of the
solvent to match the specific requirements of the process (e.g.
efficient extraction of a biotransformation product). Therefore,
it would be desirable to identify a wider range of biocompatible
types.

We studied the toxicity of over ninety ionic liquids from
diverse structural classes towards Escherichia coli. E. coli is a
good choice because it is used very frequently as a host strain for
expression of industrial enzymes and for metabolic engineering.
Therefore, our results can be implemented rapidly in industrial
biocatalysis. We screened ionic liquids based on imidazolium,
pyridinium, quaternary ammonium, alkanolammonium, and
quaternary phosphonium cations (Table 1), combined with a
diverse range of anions. Whole cell biotransformations depend
on having live, functional cells to ensure efficient cofactor recy-
cling, enzyme functionality, substrate uptake, ezc. The simplest,
fastest indicator of cell functionality is to measure growth of the
cells. This also ensures that the results are general, and can be
applied to any biocatalytic reaction. Therefore, we used our high
throughput, agar diffusion test to test for growth inhibition,’
backed up with high throughput measurement of growth rates
in the presence of the ionic liquids.®® Most importantly, we
have extended the screening method to allow testing of water-
immiscible ionic liquids, thus enabling selection of solvents for
biphasic biotransformations. Therefore, preliminary rules are
now available to guide the selection of non-toxic ionic liquids
for use in whole cell biotransformations, together with strategies
to design a wider range of new, biocompatible ionic liquids.
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Table 1 Cations used in this study

Table 2 Non-sulfate anions used in this study

Name or class Abbreviation Structure Name or class Abbreviation Structure
1-a1ky173-. . [C,mim]* o/ * bis{(triﬂuorqmethyl)- [NTL,] of R0
methylimidazolium LN sulfonyl}amide- PSS,
- e (bistriflamide) L
1-alkyl-3- [C,eim]* B /\ : 2-hydroxypropanoate((£)- [lactate] [ o .
ethylimidazolium NN lactate) O)Kg
1-alkyl-3- [C,mgpy]* r ! ]
methylpyridinium /C\ NonHz,..‘:| linear alkanoate [C,COOI 0
L = _o)Lanzn.‘
lL-alkyl-1- [C,mpyrr]* [ : saccharinate [sacch]” I o
methylpyrrolidinium N Io
/ ~CiHenit @:‘%N
1-methyl-1-(3- [Caormpip]* i ' - 7
methoxypropyl)- O
piperidinium L hi\/\/o\ dimethyl phosphate [(C,0),PO," T 0 :
~oNo—
tetraalkylammonium [N,npolt r Cotoms | L °
. X :
(lincar chains) CQH%,/'“\\C”HZH.} bis(2,4,4- [(C40).PO.]" [ o .
L e trimethylpentyl)- _RQ
) phosphinate- >|/Y\O \OOW
trimethyl(2- [N 1 120n]" Mo N (diisooctylphosphinate) -
hydroxyethyl)- AINSoH < cis-9 linol - - _
ammonium(cholinium) - cIs,cis-7, . [linoleate] I
_ 12-octadecadienoate- ° ~ JV\
singly ®-hydroxylated [N pgon]” [ Cobaprs ‘ (linoleate) Z
tetraalkylammonium R
CrManst” | ~(CH2)gCHOH
L CrHamst
bis(2-hydroxyethyl)- [N, o] oo, ~_OH]" Table 3 Sulfate and sulfonate anions used in this study
dialkylammonium N .

CoHemi \“\OH Name or class Abbreviation Structure
tris(2-hydroxyethyl)- [N,.0ms]* M o * alkyl sulfate [C,OSO;]° [ o f )
alkylammonium NN\~ o S~o Otenst

CmHzmn/ \—\OH -

- isopropyl sulfate [[C,080;] S o i
tetraalkylphosphonium [Popal B CoHapet * o’
(linear chains) L\ )
St ! isobutyl sulfate [C.OSO  [a0 :
L mHemit isobutyl sulfe 'Cy 3 ol
O;S’\O/\( i|
E . tal 2-ethoxyethyl sulfate [C,0C,080;] _o 0
Xperimenta S~
Microorganism and growth
2-methoxyethyl sulfate [C,0C,0S0;] _o 9
E. coli MG1655® was obtained from Simon Andrews (Reading I NN
University, UK) and was maintained on LB agar. Inocula were -
grown from a single colony in either LB or MSX medium® at 2-[2-(2-methoxy)- [C/(0C,);080:] [ o :
. . N/
37 °C with shaking at 200 rpm. Agar No. 2 was purchased from ethoxy]ethoxyethyl ‘4\0/\/0\/\0/\/°\:|
Lab M, and yeast extract was purchased from Foremedium. All ~ Sulfate )
other chemicals and media components were purchased from  4-methoxyphenyl [tosylate]” [ Qo]
Sigma-Aldrich. sulfonate (tosylate) —O—S<o
. cpp e T .. 1,4-bis(2-ethylhexoxy)- [AOT] [ Q0 )
High throughput agar diffusion test for ionic liquid toxicity 1.4-dioxo-butane-2- vJvo :j\i }
The agar diffusion test developed previously”® was used to ?gg:l?gfe) - ° QA(W

screen ionic liquids (Tables 1-3), except that the lawn of E. coli
MG1655 was prepared by spreading a sample from an overnight
culture (100 ul) on an LB agar plate. The ionic liquids were added
to sterile, pre-weighed filter paper discs as before, except that the
discs were 6 mm in diameter and were transferred onto LB agar

plates. In some cases, ionic solids were tested to obtain further
insight into the structure-toxicity relationship. These salts were
weighed, and sterile distilled water was added drop-wise until the
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salt dissolved. An aliquot (5 pul) of the salt solution was added
to the filter paper disc. The weights absorbed were in the range
0.004-0.0125 g of dissolved ionic solids added to the filter paper.
All plates were incubated overnight in a static incubator at 37 °C,
and the radius of the inhibition zone around the filter paper was
recorded as before.” Each ionic liquid was tested in triplicate and
inhibition zones quoted are the average of the three replicates,
unless otherwise stated.

Ionic liquid toxicity testing in liquid media

Growth rates were measured in LB and MSX media in micro-
culture (200 ul) in a Bioscreen C incubator/ plate reader (Thermo
Labsystems, Franklin, MA) in the presence and absence of ionic
liquids. It should be noted that the platereader used previously
was unsuitable for use with water-immiscible materials.” To
decrease the viscosity, water miscible ionic liquids were weighed
and mixed with sterile, distilled water to produce a stock
solution (95% w/v). Viscous ionic liquids or ionic liquids with
unusual phase behaviour (e.g. with the 1,4-bis(2-ethylhexoxy)-
1,4-dioxobutane-2-sulfonate [AOT]" anion) were also prepared
in the same way, but in this case a suspension was made.
The stock solutions were vortexed before adding an aliquot
(4 ul) to the microcultures to a final concentration of 2% (v/v).
Non-viscous water-immiscible ionic liquids (e.g. [NTf,]™ salts)
were added directly to the cultures by volumetric measurement
to produce a biphasic system (2% v/v). The cultures were
inoculated with a sample (10 pl) from an overnight culture of
E. coli MG1655 grown in the same medium. The plates were
incubated for 24 h at 37 °C with continuous, intensive shaking.

The OD measurement for each well was recorded automat-
ically every 10 min, using a wideband filter. Growth curves
were produced using Microsoft Excel (Microsoft Office 2003).
Specific growth rates (u, h™) were calculated by selecting two
points at time ¢, and ¢, in the exponential growth phase and
applying the equation

_ In(OD,/OD,)
(tz _t1)

Specific growth rates are the mean of three replicates, unless
otherwise stated, and are reported as a percentage of the growth
rate in control cultures grown without ionic liquids.

Syntheses of ionic liquids

The methods used to synthesise the ionic liquids are described
in the ESL.T

Results

More than ninety ionic liquids were screened for biocompat-
ibility with E. coli MG1655, using both the agar diffusion
test and measurements of growth rates in the presence and
absence of ionic liquids. Growth curves were generated in both
LB and MSX culture media, which contain entirely different
chemical components. Thus, LB contains yeast extract, peptone
and glucose, whereas MSX is a defined salt solution, with
glucose as the sole carbon and energy source. This made it
possible to control for potential interactions between the ionic
liquids and medium components® or potential changes in ionic

Table 4 Effect of imidazolium halides on growth of E. coli

Inhibition
Tonic liquid zone/cm u/% in MSX u/%in LB
[C,mim]CI® 0 nd. n.d.
[C,mim]CIs 0 97+0.72 45+1.36
[Csmim]Cl1- 0.5+0.1 0 0
[Cymim]Cl1- 0.8+0.1 0 0
[Comim]CI*- 1.1+0.06' 0 0
[C,mim]Br® 0 90 +1.38" 73£0.82
[C,mim]Br* 0 56 £5.56° 771+4.75
[C¢mim]Br* 0.6+0.1 0 0
[Cymim]Br* 0.9+£0.15 0 0
[Cymim]I* 0.37£0.06 0 60 +15.66
[Csmim]I* 1.0+0.1 0 0
[Cymim]I® n.d. 0 0

Inhibition zones were measured using the agar diffusion test, and growth
rates (u) were measured in MSX or LB medium in the presence of ionic
liquids (2% v/v) and expressed as a percentage of the growth rate in
control cultures without ionic liquid. n.d. — data not available. Data are
the means of 3 replicates and the standard deviations are shown. All of
the ionic liquids were water miscible. S — Solid, * — Liquid. ' — White
precipitate around filter paper disc. * — only two replicates available.

liquid toxicity with different physiological states of the cells. The
effect of the ionic liquids on pH was checked in cultures and
uninoculated controls using universal indicator (20 pul) added
before and after growth. In general, effects on pH were small
(<0.5 pH units) except where stated in the text. The results are
presented according to the anions tested.

Halides

Initially, a range of 1-alkyl-3-methylimidazolium halide ionic
liquids was screened for toxicity, aiming to benchmark the
behaviour of E. coli against previous studies with other living
organisms (Table 4). The [C,mim]* and [C,mim]* chlorides and
bromides did not produce inhibition zones in the agar diffusion
test, but inhibition zones were produced with increasing radii
when the alkyl chain was increased to hexyl or octyl. The specific
growth rates varied between the LB and MSX media, suggesting
possible interactions between the ionic liquid and the medium,
or medium-dependent variations in cell physiology, which
changed the susceptibility to ionic liquid toxicity. However, the
overall trend was that growth was inhibited progressively as
the length of the 1-alkyl chain increased. Similar relationships
between increasing length of the alkyl chain/lipophilicity of the
imidazolium cation and the increasing toxicity of the ionic liquid
have been widely reported,!' suggesting that the response of
E. coli MG1655 to imidazolium halides is similar to other living
organisms.

We also wish to note that the iodides were more toxic than
the chlorides and bromides, possibly because iodide is the most
easily oxidised. The large errors associated with the iodide
salts may have been due to the black colouration caused by
photosensitised oxidation of the iodide anion.

A range of other halide salts was also tested, in which the imi-
dazolium cation was replaced with pyrrolidinium, piperidinium
and tetraalkylammonium cations (Table 5). As with mammalian
cells,"2 it was found that the toxicity of pyrrolidinium and
piperidinium halides towards E. coli increased with increasing
alkyl chain length. Similarly,' there was a reasonable correlation

This journal is © The Royal Society of Chemistry 2011
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Table 5 Effect of pyrrolidinium, piperidinium and quaternary ammo-
nium halides on growth of E. coli

Table 6 Effect of saccharinate and alkanoic acid salts on growth of
E. coli

Inhibition Inhibition
Tonic liquid zone/cm u/% in MSX u/% in LB Tonic liquid zone/cm u/% in MSX u/% in LB
[Cimpyrr]Cl 0.08 £0.03 91 £6.60 99+£2.28 [Cemim][sacch]® 0.5+0.06 0 0
[Cympyrr]Br 0 0 53+1.36 [Cymim][sacch] 0.7+0.06 0 0
[Csmpyrr]Br 0.16 £ 0.06 0 0 [N 45][sacch]' 0.8 £0.06 0 0
[Cimpip]Br 0.05 83 £5.69 70 £3.35 [N, gs5][sacch]' 0.07 £0.06 0 n.d.
[Csmpip]Br 0.2+0.06 0 0 [Cymim][C,COO] 0.06 £0.05 27+6.07 64 +£4.25
[Csmpip]Br 0.5£0.06 0 0 [Cympip][C,COOP 0.9 £0.06 0 0
[Ny,4Br 0.13£0.06 88 +£3.73 94+2.49 [N} 1120u][C,COO] 0 93+1.02 92+0.63
[N 45]Br 0.9+0.12 0 0 [Ny 120u][C;COOP 0 77+6.56" 64+2.82
[Ny 4g]l" 0.6£0.12 0 0 [Ny 120u][CsCOOP 0 50 +2.81" 23+£2.83
[N gg5]C1H 0.3£0.06 0 0 [C,mim][lactate] 0.33£0.06 0 0
[N gg5]Br ™! 0.3+0.06 0 0 [Cimim][lactate] 0.33+£0.12 0 0
[N} 430u]Cl 0 110 £0.53 95+ 1.41 [Cimim][lactate]* 0 67 £13.87 86+ 5.84
[N2 4 2oma]Br* 0.1£0.1 108 +7.90 122 £2.57 [Cimpyrr][lactate] 0.1£0.12 n.d. n.d.
[N 230m]Br 0 104 +1.71 96+0.74

Inhibition zones were measured using the agar diffusion test, and growth
rates (i) were measured in MSX or LB medium in the presence of ionic
liquids (2% v/v) and expressed as a percentage of the growth rate in
control cultures without ionic liquid. Data are the means of 3 replicates
and the standard deviations are shown. All were water miscible solids
except ~ — liquid, ' — water immiscible.

Inhibition zones were measured using the agar diffusion test, and growth
rates (i) were measured in MSX or LB medium in the presence of ionic
liquids (2% v/v) and expressed as a percentage of the growth rate in
control cultures without ionic liquid. n.d. — data not available. Data are
the means of 3 replicates and the standard deviations are shown. All
were water miscible liquids, except ! — water immiscible or $ — solid.
! — halo effect, 2 - silver-free synthesis. * Only 2 replicates used.

between the agar diffusion results for the imidazolium and the
corresponding pyrrolidinium and piperidinium ionic liquid with
the same alkyl chain length.

As in earlier studies,'"" increasing the alkyl chain length of
tetraalkylammonium cations produced toxic ionic liquids. Thus,
[N ,4]Br produced less than 12% inhibition of the growth rate
(although there was an inhibition zone on agar diffusion tests)
whereas the halides of [N} ,;]* and [N g4]* were toxic.

When one or more of the alkyl chains was replaced with an
alkanol group, the ionic liquids were much less toxic. However, it
should be noted that the majority of the quaternary ammonium
salts contained relatively long chain substituents (e.g. octyl),
whereas the ethanolamine and propanolamine salts contained
shorter alkyl substituents, which made them less toxic in any
case (see above). Introduction of single hydroxyl groups into
quaternary ammonium cations also decreases inhibition of the
enzyme, acetylcholinesterase, by one order of magnitude' and
decreases cytotoxicity.'*

In general, the initial data correlate well with literature already
published, thus providing a good indication that the agar
diffusion method can be used to screen a range of structurally
diverse ionic liquids. However, it is worth noting that there
were some discrepancies between the agar diffusion tests and
the growth rate studies. Thus, inhibition zones were observed
for [Cy;mpyrr]Cl and [C,mpip]|Br, whereas these ionic liquids
had little effect on growth rates (<30% inhibition). Similarly,
[Cympyrr]Br did not produce an inhibition zone, even though
growth was inhibited completely in MSX, with 47% inhibition
in LB. Similar discrepancies were also observed for [N ,,,]Br
and [N,4ponp]Br, which suggests that the agar diffusion test
may be less reliable for quaternary ammonium halides than for
imidazolium halides.

The acquired data suggest a number of possibilities for further
investigation. Of the cyclic and acyclic quaternary ammonium
halides tested, those with short alkyl chains were preferable,
and introducing a hydroxyl group into one or more of the

alkyl substituents tended to produce non-toxic salts. Further-
more, both bromide and chloride anions produced reasonably
biocompatible ionic liquids when combined with short chain
cations, whereas the iodides were invariably toxic. It should be
noted that the quaternary ammonium and alkanolamine salts
form an extremely large group, and there is considerable scope
to discover new variants of the non-toxic structures.

Saccharinates

Saccharin-based ionic liquids have been suggested as a good
starting point to produce non-toxic ionic liquids, as saccharin
(sodium saccharinate) is non-toxic and has already been ap-
proved for human consumption and is often used as a non-
nutritive sweetener.”® Therefore, we tested a range of imida-
zolium and quaternary ammonium saccharinates for toxicity.
Unfortunately, none allowed growth of E. coli (Table 6). It
should be noted however, that the cations tested were also toxic
when combined with halide anions (Table 4 and 5). Thus, our
findings confirm that the toxicity of ionic liquid is dominated
by the toxicity of the most toxic component, in this case the
cation.'

An additional point of note is the apparent alteration of pH
produced by the saccharinate ionic liquids. The saccharinate
ionic liquids produced a drop in the pH value from pH 7.5 to
pH 5.0 after the addition of the ionic liquid to the medium.
Even with increased buffering capacity in the medium,? the
saccharinate ionic liquids were the only ones to produce such a
large shift in the pH value, and this, rather than inherent toxicity,
may account for the observed growth inhibition.

Alkanoates and lactates

Recently, there has also been a lot of interest in producing
ionic liquids from naturally-occurring anions (e.g. alkanoates,
lactate)!” and cations (e.g. cholinium, [N, ,0u]),"* since the
component ions are well known to be biodegradable. However,
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the group 1 and 2 metal salts of alkanoates and lactate are widely
used as food preservatives (as are the free acids), and are known
to be toxic towards E. coli.'® Therefore, we wished to analyse
their effects on E. coli when combined with other cations, to
make ionic liquids.

In initial tests, we found that the imidazolium and pyrroli-
dinium lactates tested were toxic. The lactate-containing ionic
liquids originally tested were synthesised from silver salts and
concern was raised that the toxicity of the ionic liquids may
be the result of silver contamination rather than their inherent
toxicity. To test this, [Cymim][lactate] was synthesised using a
silver-free synthesis, and compared with the same ionic liquid
made from the silver salt (Table 6). The silver-free ionic liquid
was much less toxic, confirming that it is important to use
a silver-free synthesis to produce lactate-based ionic liquids.
Indeed it emphasises that knowledge of the samples’ synthetic
history is important in reporting toxicological data, and this is
not always available for commercially aquired samples.

Although ethanoic acid and its corresponding sodium salt are
known to be toxic for E. coli,’® cholinium ethanoate was non-
toxic. By contrast, [C,mim][C,COQ)] caused significant growth
inhibition (Table 6), but growth was, nevertheless, observed
in both MSX and LB. [Cympip][C,COO] was completely in-
hibitory, like [Cympip]Br (Tables 5 and 6), perhaps unsurprising
given the general toxicity of ionic liquids with octyl substituents
(see also Table 4). This provides further confirmation that
the toxicity of an ionic liquid is dominated by its most toxic
component.'® Thus, like saccharinate salts,'® the toxicities of
ethanoate salts are dominated by the toxicity of the cations.

We also investigated the effect of increasing the length of the
alkanoate ion from 2 to 6 carbon atoms. Again, the toxicity of
the sodium and potassium salts towards microorganisms has
been investigated intensively, since the acids and their salts are
used extensively as food preservatives."®® However, the higher
homologues of the cholinium alkanoates were relatively non-
toxic, although the growth rates in MSX and LB decreased
when the alkyl chain length of the anion was increased.

Sulfates and dimethylphosphates

Alkyl sulfate salts are widely used as surfactants, and are
relatively cheap. The derivatives with long alkyl chains disrupt
bacterial cell membranes at high concentrations,” and the
toxicity varies with the type of metal cation.” Therefore, we
wished to analyse the toxicity of alkyl sulfate salts with organic
cations. In a previous study of ionic liquid toxicity towards
the anaerobe, Clostridium butyricum, alkyl sulfate salts were
identified as non-toxic,” and alkyl sulfates and tosylates are also
relatively non-toxic towards mammalian cells.* Therefore, we
studied the toxicity of a much wider range of alkyl sulfates and
tosylates towards E. coli (Table 7). In general, there were some
discrepancies between the results of the agar diffusion tests and
the growth rate measurements. The inhibition zones observed
in the agar diffusion tests had large standard deviations. This
is difficult to explain, although it is possible that the ionic
liquids interacted with the cellulose filter paper, thus altering
their diffusion through the agar medium, or alternatively
did not intrinsically diffuse freely through the agar medium.
Furthermore, there was a rather poor correlation between the

Table 7 Effect of sulfate salts on growth of E. coli

Inhibition
Tonic liquid zone/cm u/%in MSX  u/%in LB
[C,mim][C,0S0;] 0 n.d. n.d.
[C,mim][C,0S0;] 0 93+3.44 147 £ 7.66
[C,mim][C;0S0;] 0.17+£0.15 68%6.20 77 +15.99
[C,mim][C,(0C,);0S0;] 0 78 £0.62 88 +4.56
[C,mim][tosylate]® 0 101 £ 7.69 111 £6.94
[C,mim][C,0S0;] 0 82+ 1.57 79+3.33
[C,mim][C,0S0;] 0.06+0.05 74%2.07 69+ 1.94
[Cymim][{C;0S0;]! 0.1 73+1.26 76 +0.62
[C,mim][C;0S0;] 0.07£0.06 78%2.56 81+0.39
[C;mim][C,0C,0S0;] 0 65+ 0.69 63+2.02
[C4ymim][{C,O0SO;]3! 0.1£0.1 71+6.04 47+1.43
[C,mim][C,0C,080;] 0.06£0.06 82%2.21 71+0.91
[Cympyrr][C,0SO;]® 0.02£0.02 85%9.15 91 £6.50
[Compip][C,0S0; 0.5+£0.21 0 0
[N} ,4][C,OSO;F 0 80+ 8.55 44 +£0.97
[N} 124][C,OSO;® 0.2+0.12 89+ 1.79 46 £ 3.49
[N, 55][C,OSO; ¥ 0.8+0.1 0 0
[N 125][C,0SO 0.6 0 0
[N ,45][C,OSO; 0.6%0.1 0 0
[N,55][CcOSO;° 0.1£0.06 0 0
[N, ,5g][tosylate]s! 0.5+0.06 0 0
[N} 1220u][C,0S0s] 0 94 +5.61 139+ 11.45
[N242om2][C,0S0;] 0 85+4.33 46 £3.22
[N} 2om][C,OSOs] 0 106 +£0.29 84 +0.65
[P, 5535][C;OSOs] 0.1£0.06 0 0
[Cympyrr][(C,0),PO0,] 0.03£0.03 97£4.71 89+0.73
[N}, 4][(C,0),PO,] 0 102+0.71 111+£1.28

Inhibition zones were measured using the agar diffusion test, and growth
rates (1) were measured in MSX or LB medium in the presence of ionic
liquids (2% v/v) and expressed as a percentage of the growth rate in
control cultures without ionic liquid. n.d. — data not available. Data are
the means of 3 replicates and the standard deviations are shown. All
were water miscible liquids, except ' — water immiscible or 3 — solid.

mean size of the inhibition zones and the growth rates observed
in MSX and LB media. For this reason, the agar diffusion test
is rather unreliable for testing the toxicity of alkyl sulfate ionic
liquids for E. coli, although better results were obtained with
C. butyricum.” Thus, we base our conclusions primarily on the
growth rate data, rather than the agar diffusion data.
[C,mim][C,0S0;], [C,mim][C,0S0;] and [C,mim][tosylate]
were relatively non-toxic for E. coli. Furthermore, increasing
the alkyl sulfate chain length had little effect. Although there
was an inhibition zone with [C,mim][C;OSO;], growth was
only inhibited by 31% and 23% in MSX and LB, respectively.
The errors were large for the latter cultures, possibly due
to light scattering caused by the ionic liquid. The [C,mim]*
cation is much less toxic than the cations used previously
with the octyl sulfate anion,” which further emphasises the
importance of balancing the toxicity of both the anion and
cation when designing non-inhibitory ionic liquids. Introducing
ether linkages into the alkyl chain ([C,mim][C,(OC,);0S0;])
produced an ionic liquid which caused little growth inhibition
and did not produce an inhibition zone in the agar diffusion test.
[Cymim][C,0S0;] and [C,mim][C,0S0;] were slightly more
toxic than the equivalent [C,mim]* salts. Including an extra car-
bon atom in the anion (rather than the cation; [C,mim][C;0S0;])
had little effect on toxicity compared with ethyl sulfate. Branch-
ing had very little effect also ([C,mim][!C;00S0;]) but increas-
ing the chain length to isobutyl ([C,;mim]['C,00S80;]) increased
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the toxicity slightly. Ether linkages ([C,mim][C,OC,0S0;])
increased the toxicity slightly compared with propyl sulfate or
isopropyl sulfate, but the toxicity of [C,mim][C,0C,0SO;] was
lower than the equivalent isobutyl sulfate salt.

Like the respective [C,mim]* and [Cymim]* salts,
[Cympyrr][C,0S0;] was relatively non-toxic, but
[Compip][C,0S0;] and [N,,5][C,OSO;] were toxic. This
may reflect the length of the alkyl chains on the cations. Indeed,
[N} 1,4][C,0SO;] was non-toxic and the alkyl sulfate could be
extended to [C,O0SO;]" without affecting the toxicity. On the
other hand, all of the alkyl sulfate salts of [N, ,;]* and [N} ,45]"
were toxic, as was the sulfonate salt, [N, ,qs][tosylate]).

The effect of including alcohol groups in the cationic
side chains was investigated. [N;,,04][C,;OSO;] and
[N2400mp][C,OSO;] caused slight growth inhibition, but
[N} 2om3])[CiOS0;] was non-toxic. [N, p02013][C,OSO;] was also
non-toxic. Therefore, increasing the number of hydroxyl groups
or ether linkages appears to make the ionic liquid less toxic.
This extends previous observations that the introduction of
a single hydroxyl group, or ether or ester linkages into the
cation can result in less toxic ionic liquids,'*** suggesting that
the presence of oxygen atoms in the side chains is generally
beneficial.

Overall, cations with long alkyl chains were toxic when
combined with alkyl sulfates, but the short chain homologues
and variants which included ether or hydroxyl groups were
less toxic or non-toxic. The structure of the alkyl sulfate
could be varied widely, to include branching or ether groups,
without affecting toxicity to a significant extent, but there was
some evidence that toxicity increased as the alkyl chain length
increased.

Thus, the alkyl sulfate anion appears to be very promising
for the production of biocompatible ionic liquids. It is worth
noting that the octyl sulfate anion is readily biodegradable, but
this is unlikely to affect the biodegradability of the cation: an
ionic liquids is only as biodegradable as its least biodegradable
component. The findings from this screening exercise suggest
that further investigation of both short-chained sulfate and
various sulfonate anions may be beneficial in the search for
biocompatible and biodegradable ionic liquids.

Finally, the dimethyl phosphates, [C,mpyrr][(C,O),PO,]
and [N, 4][(C,0),PO,] were tested. On average,
[Cympyrr][(C,0),PO,] produced a small inhibition zone in
the agar diffusion test, but the variation between replicates was
very large. However, the growth rate measurements in LB and
MSX media showed that the ionic liquid was relatively non-
inhibitory for E. coli. [N}, ,4][(C,0),PO,] was non-inhibitory.
Therefore, dimethyl phosphates are potentially promising as
non-toxic ionic liquids.

Water immiscible ionic liquids

The agar diffusion test was originally applied to test the toxicity
of water-miscible ionic liquids.” However, we wished to examine
the potential to use the test to study the toxicity of water-
immiscible salts. In this study, we have avoided the use of
hexafluorophosphate salts, because the anion has a low misci-
bility with water,”® and hydrolyses in water to produce hydrogen
fluoride. Instead, we focussed on ionic liquids containing the

Table 8 Effect of bistriflamide salts on growth of E. coli

Inhibition
Tonic liquid zone/cm u/% in MSX u/%in LB
[C,mim][NTf] 0.63+£0.12 0 0
[C,mim][NTH,] 0.77 £0.06 0 0
[Comim][NTH] 0.6+0.1 0 0
[Csmim][NT, 0.4+£0.15 0 0
[Cympyrr][NTL] 0.6+0.12 0 0
[Cs0:mpip][NTH] 0.5+0.1 0 0
[Ni145][NTE] 0.4+0.1 0 28£2.97
[Ny 1410]INTE] 0.07 £0.06 68+6.53 89 +£20.09
[Nigss][NTS] 0 98.0+£2.45 65.4+0.34
[N} 12 20me]INTH] 0.2+0.06 0 0

Inhibition zones were measured using the agar diffusion test, and growth
rates (() were measured in MSX or LB medium in the presence of ionic
liquids (2% v/v) and expressed as a percentage of the growth rate in
control cultures without ionic liquid. Data are the means of 3 replicates
and the standard deviations are shown. All of the salts were liquid at
room temperature and were water immiscible.

bis[(trifluoromethyl)sulfonyl]amide (or bistriflamide, [NTf,]")
anion, since they are extremely insoluble in water and have low
viscosities. We also studied the toxicity of 1,4-bis(2-ethylhexoxy)-
1,4-dioxo-butane-2-sulfonate (or docusate, [AOT]") salts and
bis(2,4,4-trimethylpentyl)phosphinate [(C;O),PO,] salts.

For hydrophobic ionic liquids, the agar diffusion test is no
longer a simple diffusion test sensu stricto, because the ionic
liquids will not dissolve in the aqueous agar medium to a
significant extent. Instead, we expected that hydrophobic ionic
liquids would be transported over the surface of the agar as a
film of oil. However, we also expected additional complexity.
Firstly, the ionic liquids might differ in their ability to wet the
filter paper disc (which is made of cellulose), and this would
affect delivery of the ionic liquid to the cultures, both in terms
of quantity and transport onto the surface of the agar. However,
all of the ionic liquids used here were able to wet the filters.
Secondly, the ionic liquids might interact with components
of the culture medium, and this might hinder their smooth
transport across the surface. Fortunately, the agar diffusion test
can be easily bench-marked against growth rate measurements,
since the presence of water-immiscible solvents does not usually
affect the accuracy of growth rate measurements to a significant
extent.>? For the growth rate measurements, we used the ionic
liquids above the solubility limit, to obtain a true biphasic
system, as required for biotransformations using whole cells.
However, we did encounter problems with docusate salts (vide
infra).

Despite these concerns, the agar diffusion test provided a
surprisingly good indication of the toxicity of hydrophobic
ionic liquids when compared with growth rate measurements
(Table 8). However, these ionic liquids produced very large
inhibition zones compared with water-miscible ionic liquids. As
noted above, this might be due to transport of a liquid film over
the agar surface rather than diffusion through the gel itself.

The imidazolium-based bistriflamide salts caused complete
inhibition of growth in liquid culture and produced some of
the largest inhibition zones of any of the ionic liquids tested.
This confirms earlier studies which showed that [C,mim][NTTf}]
(n = 2-6) salts inhibit growth and affect membrane integrity.>*’
Our study also demonstrates that extending the alkyl chain to
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Table 9 Effect of docusate, bis(2,4,4-trimethylpentyl)phosphinate and
linoleate salts on growth of E. coli

[N,444)[AOT] had large error bars and the starting OD readings

Inhibition
Tonic liquid zone/cm u/% in MSX u/% in LB
[C,mim][AOT] 0 57+13.68 84 £34.18
[C,mim][AOT] 0 88 £8.01 53+£37.95
[Csmim][AOT] 0 57 £6.39* 198 £75.80
[C,mpyrr][AOTP 0 62+6.34 66 +7.94
[Cimypy][AOT] 0.3£0.21 76 +£24.51 37+7.03
[Csm;pyl[AOT] 0.3£0.15 0 0
[Ps6614[AOT] 0 97+ 1.75 94 +1.07
[Pss5 1] JAOT] 0.2£0.06 0 0
[C.mypy][(‘C50),PO,] 0.4+£0.15 0 0
[N/ [(GOLPO.]  04£006 0 0
[N, 555][(C50),PO,] 0.1£0.06 0 0
[N 45][linoleate]® 0.4+£0.15 0 0

Inhibition zones were measured using the agar diffusion test, and growth
rates (1) were measured in MSX or LB media in the presence of ionic
liquids (2% v/v) and expressed as a percentage of the growth rate in
control cultures without ionic liquid. Data are the means of 3 replicates
and the standard deviations are shown. All of the salts were liquid at
room temperature (except 5 — solid), and were water immiscible. * — only
two replicates available.

octyl also produces a toxic ionic liquid. This suggests that the
toxicity of [C,mim] bistriflamides is attributed to the anion, since
[C.mim]X (n=2 or 4; X = halide or alkyl sulfates) were relatively
non-toxic.

The water-miscible quaternary ammonium salts tended to
become more toxic as the alkyl chain lengths in the cation
increased (Tables 5 and 7). However, the opposite trend was
observed with the equivalent, water-immiscible bistriflamide
salts. Thus, short-chain tetraalkylammonium bistriflamide salts
were toxic, whereas their long chain equivalents were not
(Table 8). This trend seems to be analogous to the toxicity of
alkanes, where short chain alkanes are toxic but long chain
alkanes are not.**® Furthermore, addition of a hydroxyl group
produced an inhibitory ionic liquid (Table 8), whereas this
decreased the toxicity of water-miscible ionic liquids (Table 5).
It appears that when combined with a hydrophobic, toxic anion,
the more hydrophilic the cation, then the more the anion will
be “pulled” into aqueous solution. Thus, a small, hydrophilic
cation probably increases the effective concentration of the
bistriflamide anion in the agar, or in the liquid media, making
the ionic liquid more toxic.

The diisooctylphosphinate salts, [C,m;py][(Cs0),PO,],
[N} 45][(Cs0),PO,] and [N, 455][((Cs0),PO,] were also tested.
They all produced large inhibition zones and all inhibited growth
in MSX and LB (Table 9). Therefore, we conclude that they are
toxic.

Although the agar diffusion test appeared to be a reliable
qualitative method to screen hydrophobic ionic liquids for
toxicity, it was difficult to obtain an accurate, quantitative
comparison via growth rates in aqueous media, when the water-
immiscible ionic liquids exhibited unusual phase behaviour. In
particular, hydrophobic ionic liquids containing the docusate
(AOT) or linoleate anions showed a strong tendency to form gels
or pastes when added to water. This caused light scattering, and
the resulting interference with the OD readings produced large
errors. For example, the growth curve obtained in the presence of

were also high due to the light scattering (Fig. 1; the growth curve
in the presence of the water miscible ionic liquid, [N, ,,4]Br, is
shown for comparison). Therefore, the growth rates calculated
must be regarded as estimates, and should be used as an indicator
of the presence or absence of growth, rather than as an absolute
quantitative measure.
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Fig. 1 Effect of gel-forming ionic liquids on growth of E. coli. E. coli
was grown in MSX medium with () and without (M) ionic liquid (2%
v/v). A, [N} ,4]Br; B, [Ny444JJAOT]. Uninoculated controls with (@)
and without (A) ionic liquid control are also presented. Means of three
replicates are shown and error bars are standard deviations.

In a number of cases, there were discrepencies between the
agar diffusion test and the growth tests. Thus, [C,mpy][AOT]
produced a large inhibition zone even though there was signif-
icant growth in LB and MSX. By contrast, the large inhibition
zone produced with [Cemypy][AOT] correlated with growth
inhibition in liquid media. [N;,,,JJAOT] and [N,,4,] [AOT]
also caused inhibition zones, even though there was growth in
MSX and LB. Therefore, it is difficult to get reliable quanti-
tative estimates of the toxicity of pyridinium and quaternary
ammonium docusate salts using the agar diffusion test, and
other, complementary methods will be needed to obtain robust
measurements.

Observations on the agar diffusion test

In order to screen large numbers of ionic liquids for toxicity
to a particular micro-organism, a simple and rapid method
is required. The agar diffusion test is suitable, provided that
the limitations of the methodology are appreciated. The agar
screening method requires only small volumes of ionic liquids
and generally available laboratory equipment. However, as
discussed previously,” a major limitation of the method is in
the classification of ionic liquids which produce small diffusion
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zones. Although reliable for identification of biocompatible or
highly toxic ionic liquids against microorganisms, those which
fall between the two extremes can be difficult to quantify. In
some cases, the ionic liquids appeared to interact with the filter
papers or the culture medium, possibly leading to anomalous
results. For example, some of the ionic liquids did not diffuse
evenly across the agar plates, and thus produced non-circular
inhibition zones, leading to possible measurement errors (Fig. 2).

IJ(

Fig.2 Asymmetric inhibition zones in the agar diffusion test. An agar
diffusion test was done using [N, ,4][C,OSO;]. The photograph shows
that the inhibition zone was asymmetric and showed a variable zone of
clearing, rather than forming a uniform circle around the filter paper.

Additionally some of the tested ionic liquids caused the filter
paper to turn brown (see, for example, Fig. 3), suggesting a
chemical reaction, whilst others interacted with the culture
medium, causing a “halo” or a precipitate to appear around
the inhibition zone. It should also be noted that there may be
problems when the ionic liquid is not absorbed by the filter
paper, and care should be exercised when interpreting the results
of studies with water-immiscible ionic liquids. Therefore, it is
very important to record the appearance of unusual results,
and where appropriate to verify the results by testing for
growth in liquid media to ensure that potentially useful ionic
liquids are not overlooked. In any case, it must be remembered
that the methodology should be used as a first-stage, high
throughput screen to identify the most promising ionic liquids. It
should never be deployed as a substitute for detailed toxicology
testing.?

Conclusion

By using a combination of agar diffusion testing and growth rate
measurements, we have identified a large number of relatively
non-toxic ionic liquids. In general, imidazolium salts with short
alkyl chains were relatively non-toxic, especially when paired
with alkyl sulfate anions. Methylpyrrolidinium salts were also
very promising, whereas water-miscible quaternary ammonium
salts were generally toxic. However, there was evidence that
decreasing the alkyl chain length decreased their toxicity.

Y (a)

(b)

Fig. 3 Formation of precipitates and colour changes in the agar
diffusion test. Photographs of the inhibition zones from agar diffusion
tests; (a) white precipitate around the filter paper disc in the presence
of [Csmim][AOT], (b) colour change in the presence of [C,mim][lactate]
prepared using the silver synthesis.

Overall, the most promising cation class appeared to be the
alkanolammonium salts, since these were generally non-toxic. In
terms of the anions, alkyl sulfates and their derivatives tended to
produce non-toxic water-miscible ionic liquids, whilst docusates
produced non-toxic, water-immiscible ionic liquids, albeit with
challenging phase behaviour. Interestingly, bistriflamides tended
to make longer chain quaternary ammonium salts non-toxic,
whereas other cation classes became more toxic compared with
their water miscible counterparts. A small number of dimethyl
phosphates was also tested, and tended to be non-toxic.

In conclusion, this study has revealed some very promising
toxicity trends which will form a basis for rational design of
new, non-toxic ionic liquids. Furthermore, we have already
discovered a large number of ionic liquids with very low toxicity
towards E. coli. We are now deploying these ionic liquids in
biotransformations to produce fuels and chemicals.
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