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Abstract

28 days (readily biodegradable).

Choline-Amino acid based ionic liquids (AAIL) have sparked recent interest throughout the scientific community
due to their allegedly low cost and natural origin. They are considered as a potential “green” solvent to replace
conventional volatile organic solvents. However, much is still scarce on their (AAILs) microbial toxicity and
biodegradability. This study reports the synthesis of ten AAILs with cholinium cation and variable anions derived from
amino acids. Their microbial biocompatibility to gram-positive (Bacillus licheniformis and Staphylococcus aureus) and
gram-negative (Pseudomonas aeruginosa and Vibrio cholerae) bacteria and biodegradability by industrial sewage
water were analyzed. All the tested AAILs were reported to have EC, values in the range of 160-1120 mg/L which
is deemed “practically harmless” based on hazard rankings. The toxicity trend was seen to reduce as the molecular
weight of the anion decreased. The level of mineralization of AAILs through anaerobic microbial breakdown was
found to be a factor of anion and its functional group in all the cases. They resulted to over 60% biodegradation in
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Introduction

Tonic liquids (ILs) are commonly referred to as liquid salts,
comprising of anions and cations. Since the past few decades, there
has been growing attention towards these new “green” solvents and
their applications due to their impressive physicochemical properties
such as low boiling point, low vapor pressure, thermal and chemical
stability or as reviewed by numerous authors [1-5]. ILs possesses a
number of advantages over conventional solvents [6] and supercritical
fluids [7]. Hence, ILs has been used in different aspects of chemical
engineering [8-11], nanotechnology [12], biotechnology [1,13-16] and
in the pharmaceutical industry [17-22]. ILs is often characterized by
their degree of biocompatibility and biodegradability, a measure which
reveals the toxicity and environmental adaptability of ILs. Introducing
new applications of ILs in large scale requires consideration not only
on the process itself but also evaluation on their potential hazard to the
environment. Biocompatibility and biodegradability are characteristics
of ILs that tie them up with their practicality in actual chemical and
pharmaceutical processes. Thus an ideal IL would be defined as
possessing both the aforementioned characteristics while maintaining
their unique properties.

The role of amino acids in synthesizing ILs can be found by
recognizing their biodegradability and bioactivity features [23].
They are known to possess an improved biodegradability [24,25] and
enhanced biocompatibility [24,26]. The other advantages of amino
acids are that they are available at relatively low costs [27] and can
be obtained in large quantities with high purity [28]. Nevertheless,
many factors still affect properties of ILs such as types of cations and
anions [29,30] and also the alkyl-chain length [31]. Since amino acid
molecules consist of two functional groups- carboxylic acid and an
amino group, they can be used as a cation or an anion in forming
unique IL molecules [32]. It is well-known that using different amino
acids as cation or anion would change the physicochemical and
biological properties of ILs [33-35]. The toxicity mechanism of ILs

on microorganism is still a vague process, but it has been suggested
that the cation of the ILs permeates the cell structure, subsequently
disrupting the microbial membrane [36]. As one of the approaches
to find a trend in property changes with altering molecular structure
of ILs, molecular engineering can be employed in order to improve
toxicity and environmental acceptability (with appropriate choice
of cation and anion) [37]. Choline is an essential micronutrient in
living organisms involved in many physiological processes such as
metabolism and transport of lipids [38] and it is proven to increase
the biodegradability [39] and lower the toxicity to an acceptable range
[29]. Recent studies have shown that cholinium based ionic liquids
significantly improved the cytotoxicity [40], biodegradability and
biocompatibility [24,41] towards microorganisms.

This work aims to synthesize AAILs and investigate their
biocompatibility using an eco-toxicity test on two types of gram-
positive (Bacillus licheniformis and Staphylococcus aureus) and gram-
negative (Pseudomonas aeruginosa and Vibrio cholerae) bacteria;
then to assess their biodegradability by industrial sewage water
microorganisms. In order to evaluate the AAILS toxicity, minimum
inhibitory concentration (MIC) and effective concentration (EC,)) are
measured.
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Materials and Methods
Synthesis of AAILs

In this experiment, 10 ILs were synthesized by acid-base
neutralization. The cation was cholinium based and the anion derived
from amino acids [AA] or as depicted in Figure 1. The choline
component of the ILs were obtained from choline hydroxide 45% in
methanol and reacted with 15% excess amino acid dissolved in methanol
via neutralization process for 2 days. The solvents and produced water
were separated from IL ([Cho][AA]) by rotary evaporator and moisture
vacuum. Ten amino acids namely L-Alanine, L-Arginine, L- Asparagine,
L-Glutamine, L-Histidine, L-Methionine, L-Phenylalanine, L-Serine,
L-Tryptophan and L-Tyrosine were used to synthesize AAILs. These
AAILs were analyzed by 1H-NMR spectra at frequency of 500 MHz
using deuterium oxide (D,0) as solvent.

Minimum inhibitory concentration (MIC)

The AAILs were assayed for anti-microbial activity against 4
microbial isolates obtained from the Institute of Medical Research
(IMR), Kuala Lumpur, Malaysia and American Type Culture Collection
(ATCC). They were Bacillus licheniformis (ATCC 14580), Staphylococcus
aureus S38, Vibrio cholerae V 148 and Pseudomonas aeruginosa P20.
MIC was determined using the broth microdilution method (CLSI-
MO07-A9, 2008) [42], developed by the Clinical and Laboratory
Standards Institute (CLSI), Pennsylavania, USA. Two-fold, serially-
diluted AAILs were dispensed into each of the 96 wells of a standard
microdilution plate. The direct colony suspension method was used
for inoculum preparation. Bacterial suspension was prepared by direct
transfer of colonies from 24 h Mueller Hinton (MH) agar plates to MH
broth. Bacterial suspensions were adjusted using bacterial counting
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Figure 1: Structure of the cations and anions in AAILs.
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chamber to contain approximately 1 x 10° CFU/mL. A 100 pL volume of
each bacterial suspension was mixed with 100 uL serially diluted tested
compound in 96 microdilution plate according to the microdilution
method. Uninoculated wells were prepared as control samples. Plates
were incubated at 37°C for 24 h for Staphylococcus aureus S38, Vibrio
cholerae V 148, Pseudomonas aeruginosa P20 and 30°C for Bacillus
licheniformis (ATCC 14580). The minimum (inhibitory) bacteriocidal
concentration was defined as the lowest concentration of test compound
producing no visible growth. Confirmation for MIC was achieved by
transfer of aliquots from wells containing no growth on to nutrient agar
plates and tested for colony formation upon sub culturing. Given values
of obtained MIC values are means of three independent experiments.

Biodegradability test

Biodegradability test was performed according to procedures
described by Organization for Economic Cooperation and Development
(OECD) 301 for Closed Bottle Test [42] using a BOD measurement
system (OxiTop-C thermostatically controlled BOD meter from WTW
GmbH, Weilheim, Germany). Seeding water sample as the source
of biodegradation was taken from an industrial sewage pond in Seri
Iskandar, Perak, Malaysia. The dilution water was prepared and mineral
medium were added according to the standard procedure and mixed
with appropriate amounts of AAILs. Three replicates were prepared for
each substance of test, and since it was expected to have a high degree of
biodegradation, the samples were introduced with a dilution factor of
10 and oxygen demand limit of 2000 mg/L, manipulated in the settings
of OxiTop apparatus. A set of blank test was prepared by adding 5 mL
of seed in a fresh medium. Biodegradability is assessed by calculating
the percentage oxygen uptake of the theoretical oxygen uptake (ThOD)
after 28 days. The results were compared with the ThOD in order to
determine the biodegradability of the ILs.

Results

Synthesis of AAILs

AAILs were synthesized in acceptable yields and1H-NMR analysis
was performed to verify their structure.

[Cho][Ala]: 1H-NMR (500 MHz, D20) 6 3.92 (2H, sep), 3.37 (2H,
quin), 3.21-3.16 (1H, m), 3.07 (9H, s), 1.08 (3H, d)

[Cho][Arg]: TH-NMR (500 MHz, D20) & 3.79 (2H, sep), 3.42 (1H,
q), 3.19 (2H, t), 3.12 (1H, s), 3.02 (13H, s), 0.97(1H, t)

[Cho][Asp]: IH-NMR (500 MHz, D20) § 3.89 (2H, sep), 3.41 (1H,
q), 3.35 (2H, t), 3.04 (9H, s), 2.52-2.48 (1H, m), 2.28-2.23 (1H, m)

[Cho][Glu]: IH-NMR (500 MHz, D20) § 3.75 (2H, sep), 3.38 (1H,
qQ), 3.32 (2H,t), 2.94 (9H, s), 2.32 (2H,t), 1.93-1.79 (1H,m), 1.47-1.44
(1H,m)

[Cho][His]: IH-NMR (500 MHz, D20) § 7.45 (1H, s), 6.70 (1H,
s), 3.82 (2H, sep), 3.28 (3H, quin), 2.96 (9H, s), 2.77-2.73 (1H, m),
2.28-2.23 (1H, m)

[Cho] [Met]: ITH-NMR (500 MHz, D20) & 3.93 (2H, sep), 3.39 (2H,
quin), 3.20 (1H, q), 3.07 (9H, s), 2.43 (2H, 1), 1.99 (3H, 5), 1.86-1.76(1H,
m), 1.71-1.65(1H, m)

[Cho][Phe]: 1H-NMR (500MHz, D20) § 7.26-7.16 (5H, m), 3.89
(2H, sep), 3.38 (2H, quin), 3.20 (1H, d), 3.07 (9H, s), 2.89-2.83 (1H, m),
2.74-2.70 (1H, m)

[Cho][Ser]: 1TH-NMR (500 MHz, D20) § 3.85(2H, sep), 3.65
(1H,q), 3.52 (2H,t), 3.28 (9H,s), 1.76-1.72(1H, m), 1.67-1.64(1H, m)

[Cho][Trp]: 1H-NMR (500 MHz, D20) § 7.58 (1H, d), 7.35 (1H,
d), 7.08 (2H, t), 7.03 (1H, t), 3.80 (2H, sep), 3.42 (1H, q), 3.20 (2H,
quin), 3.06-3.03 (1H, m), 2.91-2.84 (10H, m)

[Cho] [Tyr]: IH-NMR (500 MHz, D20) & 6.90 (2H, d), 6.54 (2H,
d), 3.89 (1H, d), 3.35 (2H, quin), 3.17 (2H, d), 3.04 (9H, s), 2.80-2.76
(1H, m), 2.63-2.51 (1H, m)

Minimum inhibitory concentration

We have examined the potential ecotoxicity of the ten ILs towards
4 different microorganisms. Two of the bacteria being gram positive
(Staphylococcus aureus and Bacillus licheniformis) and another two
being gram negative (Vibrio chlorae and Pseudomonas aeruginosa). It is
interesting to note that B. licheniformis and P. aeruginosa are bacterium
that produces biosurfactants. For all ILs tested, dose response curves
were obtained and EC,; values were calculated in mg/L. In this study,
viability of microorganism (in %) after 24 h were used as a measure of
the EC,  values. Table 1 shows the EC_ values with respective 95 percent
confidence level obtained in the fit of data. The effective concentrations
as well as the upper and lower limit of analyzed data are illustrated in
the Table 1 with indications being, the higher the EC, value, the least
toxic the AAILs. The highest EC,  value obtained was for Cho[Ala]
which showed a toxicity value of 1120 mg/L (50% inhibition) against
V. cholerae. Cho[Tyr], on the other hand, was seen to be the most toxic
towards B. licheniformis with EC_| values of 160 mg/L.

Biodegradability evaluation

The evaluation of the biodegradability potential of the studied AAILs
was given in Table 2. The values represent the mineralization efficiency
of a given AAILs. The biodegradation was carried out over the span of
28 days. The AAILs were inferred to be “readily biodegradable” as all
the ILs achieved more than 60% biodegradation against the Theoretical
Oxygen Demand (ThOD). The highest overall biodegradation (%)
value of AAILs were given in the order of; Cho[Trp]>Cho[Glu]>Cho[A
rg]>Cho[Asp]>Cho[Phe]>Chol[Tyr]>Cho[His]>Cho[Ser]>Cho[Met]>
Chol[Ala]. The highest and lowest level of biodegradation of 85.8% and
64.1% was observed with Cho[Trp] and Cho[Ala], respectively.

Discussion

Measure of ILs’ toxicity was based on the parameters by Passino
and Smith in [43] who rank toxicity to be; 100-1000 mg/L" as being
practically harmless, 10-100 mg/L as being moderately toxic, 1-10
mg/L; slightly toxic and 0.1-1 mg/L being highly toxic. The data in
Table 1 show the measured EC, values vary between 160 mg/L (toxic)
and 1120 mg/L (least toxic). As it was expected from using biomaterials
(amino acid) derived cations and choline anion, biocompatibility of ILs
were in acceptable ranges labelling them as “readily biodegradable” and
“practically harmless”. These results were indeed supported by many
research groups [36,29,44] in the past. The amino acid based anion in
the structure of ILs highly improved the toxicity of the ILs- making it
less toxic; although the individual data were dependent on the type of
bacteria as another factor. The specific mechanism of toxicity are not
well understood however there are several explanations that unravel
microbial response in the presence of ILs, such as the modifications
of membrane permeability, increase in osmotic pressure, enzyme
detoxification or the synthesis of metabolites (allowing the entrapment
of the contaminant, both extracellular and intracellular) [36,45,46].
Biological membranes, such as bacterial surfaces (being non-polar
interfaces), has the ability to be disrupted by a hydrophobic/ionic
adsorption phenomenon at the cell-membrane interface which then
generates various responses towards ILs. As the nature of the gram-
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negative bacteria supposes, V. cholerae was more viable towards the
tested AAILs in comparison with S. aureus and B. licheniformis. This
can be clearly seen in the respective EC_ value of every tested AAIL.
Cho[Tyr] which has a comparably larger anion molecule shows a
higher toxicity with an EC, value of 160 mg/L towards B. licheniformis
compared to other AAILs, then followed by Cho[Trp] and Cho[Phe]
with EC, value of 194 and 217 mg/L respectively. The least toxic IL to
this type of bacteria is found to be Cho[Asp] with EC, value of 588
mg/L followed by Cho[Ala] (474 mg/L) and Cho[Met] (417 mg/L). It is
necessary to mention that not all of the tested AAILs are “harmless” but
they can be considered as “practically harmless” (>100 mg/L) [43] to B.
licheniformis which is the most sensitive bacterium in this study. Also
noteworthy, B. licheniformis and P. aeruginosa were chosen as bacteria-
subclass producing surfactants. They represent the class of bacteria that
produce biofilms and have widely used in the past [47-49].

The results of AAILs' EC_| value in contact with V. cholerae are
considerably higher in many cases compared to P. aeruginosa, even
though both of them are gram-negative bacteria. By observing the
obtained results for P. aeruginosa and V. cholerae, Cho[Trp] and
Cho[Tyr] are demonstrating the least biocompatibility compared to
others based on their EC, value. The remaining AAILs show acceptable
range of biocompatibility and to be categorized as practically harmless;
furthermore, Cho[Ser] and Cho[Ala] with an EC_ value of higher than
1000 mg/L are branded as harmless to P. aeruginosa and V. cholerae
respectively. The toxicity effects of ILs towards microorganisms relates
to a common cellular structural process. The interaction between the
ILs and bacteria cells leads to cellular membrane disruption which then
causes membrane-bound protein disruption. The EC_ values show
that the effect of AAILs on gram-negative bacterium is considerably
lower than the gram-positive bacteria. By incubating the same AAILs
with P. aeruginosa (gram-negative), majority of the tested AAILs show
comparably high EC_ (less toxic) values unlike the gram-positive
bacteria. The effect of Cho[Asp] (906 mg/L), Cho[Glu] (800 mg/L) and
Cho[Met] (715 mg/L) on P. aeruginosa are very similar to their effect
on V. cholerae. The EC_| values are relatively higher, meaning they are
less toxic towards P. aeruginosa. This is due to the presence of an outer
peptidoglycan layer adjutant to the cytoplasmic membrane of the cell.
This scenario decreases permeability of the ILs into the cells, making it
able to withstand the presence of ILs into its surroundings.

Figure 2 depicts a visual comparison of biocompatibility in terms
of bubble size. From the figure it can be clearly observed that Cho[Trp]
has the most toxic impact on the tested bacteria (based on the small
size of the bubble). Results show that changing anion produces different
biocompatibility characteristics for AAILs. Gram-positive bacteria are
more sensitive to these changes compared to gram-negative types.
Cho[Asp] revealed acceptable biocompatibility and on the other
hand Cho[Trp] and Cho[Tyr] showed less biocompatibility towards
all the tested bacteria. This is due to the presence of an aromatic ring
in structure of the anion which leads to higher toxicity to the tested
microorganism [50,51].

The molecular weight of the anion (g/mol) follows the order of
Ala<Ser<Glu< Met< His<Phe<Arg<Tyr<Trp; with Cho[Trp] having
the largest molecular weight. By comparing the EC, values and the
molecular weight of the anion molecules in the structure of AAILs,
it can be seen that the smaller the value of the molecular weight, the
lower the toxicity values which is also supported by [24]. As the anion
molecular size increases either by chain length or presence of functional
groups, the EC, value of those AAILs decreases [52,53] which is a
similar trend observed in this study. Therefore, the smaller and lighter
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Table 1: Mean effective concentration (EC50) of the AAlLs towards different
bacteria.

Entry lonic Liquid Biodegradability (%) 28 days
1 [Cho][Ala] 64.1+22
2 [Cho][Met] 65.1+3.9
3 [Cho][Ser] 71.1+£3.2
4 [Cho][His] 725+3.0
5 [Cho][Tyr] 728+26
6 [Cho][Phe] 73.8+1.8
7 [Cho][Asp] 77.0+55
8 [Cho][Arg] 773+45
9 [Cho][Glu] 83.5+2.0
10 [Cho][Trp] 85.8+9.4

Table 2: Biodegradability (%) of the AAILs.

the anions are the more biocompatible the AAILs are. However,
according to some authors the anions of IL do not affect the ecotoxicity
but instead determines their physical and chemical properties which
include solubility, viscosity and melting temperatures [54,55]. Recent
studies indicate that the anion effect has been overlooked for it
possibility to contribute to the overall toxicity [44]; focusing on fluorine
as the anion which collectively played role in the toxicity of the ILs. The
OECD guideline mentions that the studied compound must exceed
the threshold mineralization efficiency of 60% (within 28 days) in
order to be considered as “readily” biodegradable. Taking this gage
into consideration, it can be concluded that all the studied AAILs
can referred to as “readily” biodegradable. “Readily biodegradable”
substances go through biodegradation in wastewater treatment plants
or in natural water reservoirs within short terms and they are not
persistent.

It is generally known that the incorporation of choline cation as
well as carboxyl and amino groups in the anion highly improves the
biodegradability of ILs [24,37]. However, a variation to biodegradability
values indicate that the type of anion incorporated in the structure of
AAILs has a vital effect in determining the quality of biodegradation.
Also observed, the biodegradability of the AAILs improved as the size of
the anion molecule increased. For AAILs with bigger anion molecules
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Figure 2: Impression of the AAILs’ (X-axis) toxicity towards bacteria (Y-axis). The bigger diameter of bubble indicates safer AAILs.

such as L-Tryptophan (containing an indole ring functional group) the
biodegradability was as high as 85.8%. Heterocyclic indole functional
group is known as an environmental pollutant which goes through
biodegradation under sulfate reduction at high rates [56]. L-Histidine
is also a relatively big molecule incorporated by an imidazole functional
group but the biodegradability value of Cho[His] was about 72.5% since
the imidazole functional group does not favor high biodegradation
[37]. L-Phenylalanine incorporates a benzene ring and L-Tyrosine
incorporates phenol as a functional group in their molecules. This has
resulted in a difference in biodegradability values of Cho[Phe] (72.8%)
and Cho[Tyr] (73.8%). This can be explained through an extra oxygen
atom that phenol functional group possesses [57].

Another relationship can be derived between biodegradability
and the alkyl side chain length of anion is by comparing Cho[Asp]
and Cho[Glu] (77% and 83.5% biodegradation respectively). Longer
alkyl side chain length of anion structure also helped with a higher
biodegradability range. Since L-Glutamine has a longer side chain
compared to L-Asparagine, the biodegradability values obtained
for these AAILs suggest that the longer side chain length improves
biodegradability; this is because the amount of oxygen required by
the microbial consortia to degrade the larger compounds is higher.
Cho[Met] and Cho[Arg] are another examples of this case. However
presence of thioether functional group in L-Methionine is the reason for
lower biodegradability of Cho[Met]. Also, L-Arginine has a guanidine
functional group in its molecule that is proved to be susceptible to
biodegradation [58]. Therefore, biodegradation is influenced by both
size and side chain length of the anion molecule and is a strong factor
of functional groups present in the molecular structure of anion. There
is a rising concern on the link between biodegradability; stating that
ILs with long alkyl chain are toxic but easily biodegradable [24,52].
However, this conflict can be put to rest when employing choline
based amino acid ILs since the low toxicity correlates with high
biodegradability values.

Conclusion

Eco-toxicity results of AAILs reveal that different anions impose
different effects on microorganisms. The molecular structure of

anion can be taken into analysis to justify their effect. It was found
that bigger anion molecules were more toxic and smaller anion sizes
improved the biocompatibility. It is necessary to mention that the
type of microorganism is also an important factor in analyzing and
concluding the toxicity of AAILs since each of the gram-negative and
gram-positive bacteria showed different reactions to an individual IL.
As it was expected from choline based AAILs to improve the toxicity,
the obtained results met this expectation confirming that these ILs are
at least “practically harmless” to various bacteria. The effect of anion
molecule sizes in biodegradability concluded to have a direct effect-
larger the anion molecule, greater the biodegradability.
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