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Amino acid-based ionic liquids (AAILs) are generally thought of as green solvents and widely used in many
regions without systematic assessment of their effect on the environment or human health. In this work,
a series of AAILs with different cations and amino acid anions were prepared and characterized, after
which their microbial toxicity, phytotoxicity, and biodegradability were evaluated. The results showed
that not all AAILs had low toxicity against microorganisms and that some AAILs were highly toxic towards
the targeted microorganisms. The phytotoxic effect of the AAILs on rice (Oryza sativa L) further
demonstrated that AAILs should not be presumed to be non-toxic to plants. Moreover, the
biodegradability tests showed that majority of AAILs were not satisfactorily biodegradable. In summary,

not all AAILs are non-toxic or biodegradable, and their effect on the environment and human health

rsc.li/rsc-advances

Introduction

Ionic Liquids (ILs) are defined as molten salts based on cations
and anions with melting points around or below 100 °C.
Compared with traditional molecular solvents, ILs possess
unique physicochemical properties, such as high thermal
stability, low vapor pressure, excellent dissolution ability, high
ion conductivity, a wide electrochemical window, and strong
catalytic performance.'™ Owing to these attractive properties,
ILs are considered to be “green” solvents and are widely used in
catalysis,® electrochemistry,® extraction and separation,” CO,
capture,® SO, capture,’ lignocellulosic biomass pretreatment,"
pharmaceutics and medicine.'* Therefore, it is unavoidable that
ILs have been released into the environment. Although ILs
possess negligible volatility which can prevent them from
entering the atmosphere, they dissolve easily in water and can
then enter the aquatic environment. Unfortunately, not enough
attention was paid to the effect of IL exposure to the environ-
ment when they were first introduced. More recently, significant
efforts have been made to assess IL (eco)toxicity and biode-
gradability in order to avoid potential risks.****

ILs toxicity has been assessed using diverse biological models,
such as bacteria,” fungi,'® invertebrates,"” algae, fish," plants,*
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must be assessed before their mass preparation and application.

and cells.”* ILs biodegradability has been evaluated using stan-
dardized assays approved by the Organization for Economic Co-
operation and Development (OECD) and the International Orga-
nization for Standardization (ISO), such as the dissolved organic
carbon die-away test (OECD 301A), closed-bottle test (OECD 301D),
and CO, headspace test (ISO 14593).>> Most studies proved that
the assumption that ILs are “green solvents” is incorrect. More-
over, researchers found that some ILs did not conform to the
principle of “green chemistry” since they exhibited higher toxicity
than the common volatile organic compounds such as methanol
and dichloromethane and had low biodegradability.>® In response,
ILs containing cations and anions from natural sources, such as
choline,” mandelic acid,” betaine,* sugars,” and amino acids*
have attracted increasing attention on the theory that they would
be less toxic and more biodegradable.

Natural amino acids can be converted into both cations and
anions for the preparation of amino acid-based ionic liquids
(AAILs).>*** The most widely used AAILs contain amino acid
anions, because these are simple to be produced using an acid-
base neutralization reaction.”® AAILs possess not only the
unique physiochemical properties of traditional ILs, but also
show lower toxicity and better biodegradability.>® Moreover,
amino acids are abundant and cheap biomolecules, which
reduces the cost of IL synthesis.** Today, AAILs are considered
to be “environmentally-friendly” solvents that can be used for
diverse applications, including biomass pretreatment,® as
catalysts in organic reactions,* and CO, capture.®

The (eco)toxicity and biodegradation of some AAILs towards
microorganisms, green algae, and cells have been evaluated in
recent years,*»* and the majority of AAILs were found to have
lower toxicity than the original ILs. However, if all AAILS are to

This journal is © The Royal Society of Chemistry 2019
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be labeled “environmentally-friendly”, then further assessments are
needed. The toxicity and biodegradability of AAILs made up of
amino acid anions and different cations, such as cholinium, imi-
dazolium, pyrrolidinium, piperidinium, quaternary ammonium,
and quaternary phosphonium, may be different. For example, Hou
et al.>® synthesized 18 choline amino acid ionic liquids ([Cho][AA])
and assessed their effects on enzymes, bacteria and biodegrad-
ability. They found that [Cho][AA] ILs had low toxicity and good
biodegradability due to the choline cation. In contrast, when the
cytotoxicity of AAILs composed of alkylimidazolium cations and
amino acids towards CaCo-2 and NIH/3T3 cells was assessed, the
researchers found that the AAILs showed biologically unsafe
behavior and that their cytotoxicity was similar to that of the
conventional ILs 1-butyl-3-methylimidazolium (v)-lactate chloride
and 1-butyl-3-methylimidazolium chloride.*® Although some
studies on the toxicity or biodegradability of AAILs have been
published,"?>* there is a lack of rigorous and systematic studies.
As far as we know, the studies are scarce about the toxicity to
microorganisms and plants of AAILs containing different cations.
Specifically, the toxicity data for some AAILSs, such as [Pyr][Cys], [Pip]
[Cys], [N2,2,2,2][Cys] hasn't been obtained. Thus, in this work, nine-
teen representative AAILs with different cations and amino acid
anions were prepared (Fig. 1), and assessed for biodegradability
and ecotoxicity towards microorganisms and higher plants. This
study aimed to supplement the toxicity data of AAILs and to find
“environmentally-friendly” AAILs for use in further studies.

Materials and methods
Materials and reagents

The main materials and reagents used for the synthesis of AAILs
were L-valine (Val), r-cysteine (Cys), r-aspartic acid (Asp), r-
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Fig.1 The cations and anions structures of the AAILs.
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histidine (His), r-phenylalanine (Phe), r-proline (Pro), and
glycine (Gly), all of which were purchased from Aladdin Reagent
Co., Ltd. (Shanghai, China). 1-Butyl-3-methylimidazolium
bromide ([Cymim]Br), 1-ethyl-3-methylimidazolium bromide
([C,mim]Br), 1-hexyl-3-methylimidazolium bromide ([C¢mim]
Br), N-ethyl-N-methyl-pyrrolidinium bromide ([Pyr|Br), and N-
ethyl-N-methyl-piperidinium bromide ([Pip]Br) ILs were ob-
tained from the Shanghai Chengjie Chemical Co., Ltd.
(Shanghai, China) with purities greater than 99%. Tetraethy-
lammonium hydroxide (25% aqueous solution, [N, ,,][OH]),
tetrabutylammonium hydroxide (25% aqueous solution,
[Ny 4.4,4][OH]), and choline hydroxide (48-50% aqueous solu-
tion, [Cho][OH]), were bought from Chengdu Xiya Reagent Co.,
Ltd. (Chengdu, China).

Nine target microorganisms were used in this work,
including three bacterial species (Escherichia coli (E. coli), Ral-
stonia solanacearum (R. solanacearum), Bacillus subtilis (B. sub-
tilis)), four fungi (Ceriporiopsis subvermispora (C. subvermispora),
Fomes lignosus (F. lignosus), Phanerochaete chrysosporium (P.
chrysosporium), Trametes sanguinea (T. sanguinea)), and two
species of yeast (Saccharomyces cerevisiae (S. cerevisiae), and
Scheffersomyces stipitis (S. stipitis)). These microorganisms were
obtained from Institute of Bast Fiber Crops, Chinese Academy
of Agricultural Sciences. Rice seeds (Oryza sativa L.) were
purchased from Hunan Agricultural Abundant Seed Industry
Co., Ltd. (Changsha, China). All other reagents used in this
study were of analytical grade and used without further
purification.

Preparation of AAILs

Nineteen AAILs were synthesized in this work. Twelve AAILs
were prepared using the “two-step” method,*” including 1-butyl-

3-methyl-imidazolium i-prolinate ([C,mim][Pro]), 1-butyl-3-
methyl-imidazolium i-valinate ([Cymim][Val]), 1-butyl-3-
methyl-imidazolium  glycinate ([C,mim][Gly]), 1-butyl-3-
methyl-imidazolium i-cysteinate ([C;mim][Cys]), 1-butyl-3-
methyl-imidazolium t-histidinate ([C,mim][His]), 1-butyl-3-

methyl-imidazolium r-phenylalaninate ([C,;mim][Phe]), 1-butyl-
3-methyl-imidazolium r-aspartate ([C;mim][Asp]), 1-ethyl-3-
methyl-imidazolium r-cysteinate ([C,mim][Cys]), 1-hexyl-3-
methyl-imidazolium r-cysteinate ([Cemim][Cys]), 1-butyl-3-
methyl-imidazolium r-cysteinate ([C,mim][Cys]), N-ethyl-N-
methyl-pyrrolidinium r-cysteinate ([Pyr][Cys]), and N-ethyl-N-
methyl-piperidinium r-cysteinate ([Pip][Cys]).

The other seven AAILs were prepared using the “one-step”
method,* including (2-hydroxyethyl)trimethylammonium gly-
cinate ([Cho][Gly]), (2-hydroxyethyl)trimethylammonium vr-pro-
linate ([Cho][Pro]), (2-hydroxyethyl)trimethylammonium t-
histidinate ([Cho][His]), (2-hydroxyethyl)trimethylammonium -
phenylalaninate ([Cho][Phe]), (2-hydroxyethyl)trimethylammo-
nium r-aspartate ([Cho][Asp]), (2-hydroxyethyl)trimethylammo-
nium r-cysteinate ([Cho][Cys]), tetraethylammonium 1-
cysteinate ([N, ,,][Cys]), and tetrabutylammonium tr-cys-
teinate ([N 4 4,4][Cys]). All obtained AAILs were characterized via
FT-IR spectroscopy and '"H NMR, and these data are provided in
the ESLT
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Bacteria toxicity test

The toxic effect of each AAIL on three bacteria (E. coli, B. subtilis,
and R. solanacearum) was assessed using the well diffusion
method, as described by Ventura et al.*® Briefly, three target
bacteria were cultured in nutrient broth at 37 °C for 12 h, and
then 10° colony forming units (CFU) per cm? of the suspension
was diluted with nutrient broth. A 1 mL bacterial inoculum was
then uniformly spread onto an agar surface. Four holes with
5.0 mm diameters were punched into the agar using a sterile
borer under aseptic conditions, and 50 pL AAILs solution at the
desired concentration was placed into the four holes. The agar
plates were incubated at 37 °C for 24 h, after which the diam-
eters of the growth inhibition zones were measured.

Microbial toxicity assays

The toxic effect of AAILs on microorganisms was evaluated
using the tube dilution method. The tested microorganisms
included three bacteria (E. coli, B. subtilis, and R. solanacearum),
four fungi (C. subvermispora, F. lignosus, P. chrysosporium, and T.
sanguinea), and two yeasts (S. cerevisiae and S. stipitis). The
bacteria were cultured in Mueller-Hinton broth medium at
37 °C for 24 h, while the fungi and yeasts were cultured in
Sabouraud agar medium at 28 °C for 48 h. A suspension of 10°
CFU cm™* microorganisms was prepared from each culture. A
series of AAILs solutions (7.8-1000 mmol L~ ') were then
prepared with Mueller-Hinton broth (bacteria) or Sabouraud
broth (fungi and yeasts), and sterilized via filtration (0.45 pm
pore-diameter membrane) under sterile conditions. AAILs
solution (100 pL) and microorganism suspensions (100 pL) were
introduced into individual wells of a 96-well plate. A well with
culture but no microorganism was used as negative control,
while another well with a microorganism but no AAILs solution
was used as a positive control. Microorganism growth was
visually determined after incubation at 37 °C for 24 h (bacteria)
or at 28 °C for 48 h (fungi and yeasts). The lowest concentration
at which there was no visible growth (turbidity) was considered
as the minimal inhibitory concentration (MIC). Samples of 20
puL from each well were spread onto an agar medium with
inactivates (0.3% lecithin, 3% polysorbate-80, and 0.1% t-
cysteine), then incubated at 37 °C for 48 h. The lowest
concentration of the IL that killed 99.9% or more of the test
microorganism was considered as the minimum biocidal
concentration (MBC).

Phytotoxicity tests

The toxic effect of AAILs on rice seed germination was assessed
using seeding emergence and seeding growth tests (OECD/OCED
208/2006). Prior to germination, rice seeds were sterilized in 2%
H,0, (v/v) for 10 min and then washed three times with distilled
water. For each AAIL solution at each concentration (200, 400, 600,
800, and 1000 mg kg™ '), seeds were soaked in 20 mL AAIL solution
in the dark at 30 £ 1 °C for 12 h. Next, 20 seeds were placed in
a Petri dish (diameter 90 mm) on two pieces of filter paper moist-
ened with 10 mL of the appropriate AAIL solution. One sample of
rice seeds was treated with distilled water as a control, and all
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treatments were replicated three times. Rice seedlings were grown
under controlled conditions at 28 £+ 1 °C with 80% humidity and
a shift cycle of 14 h per day and 10 h per night. An equal amount of
each AAIL solution was added to the appropriate plate every day to
ensure sufficient moisture. After 10 days, the rice seeds were har-
vested, and their shoot height, root length, and fresh weight were
measured, and the results were calculated by eqn (1)-(3). Shoot
height, root length, and fresh weight of samples without treatment
of AAILs were used as the control (CK). Higher concentration AAILs
were not used to treat the seeds since the inhibition caused in some
cases was strong enough to prevent any plant from growing.

Shoot inhibition (%) = [shoot height (AAIL) — shoot height
(CK)J/shoot height (CK) (1)

Root inhibition (%) = [root length (AAIL) — root length
(CK)J/root length (CK) (2)

Fresh weight inhibition (%) = [fresh weight (AAIL) — fresh weight
(CK)]/fresh weight (CK) (3)

Biodegradation test

The biodegradability of the AAILs was assessed according to
guideline 301D of the Organization for Economic Cooperation
and Development (OECD). Briefly, a mineral medium was
prepared consisting of 8.5 g L™ " KH,PO,, 21.75 ¢ L™ " K,HPO,,
33.40 g L' Na,HPO,-2H,0, 0.5 g L' NH,CI, 27.5 g L™ " CaCl,,
22.50 ¢ L' MgSO,-7H,0, and 0.25 g L' FeCl;-6H,0. AAILs
solution of 4 mg L~ " was prepared in the mineral medium and
incubated with aerated water from Taozi Lake (Changsha,
China). A control with inoculums but without AAIL was used as
a blank, and sodium benzoate was used as a reference substance.
These test solutions were placed in closed bottles and were kept
in the darkness at 25 + 1 °C for 28 days. The biological oxygen
demand (BOD) of the samples was determined using a dissolved
oxygen meter (Firesting O,, Pyroscience Germany) every 7 days.
AAIL biodegradation rates were calculated by dividing the BOD by
the theoretical chemical oxygen demand (TCOD).

Statistical analysis

The proton nuclear magnetic resonance (‘"H NMR) data of AAIL
samples were analyzed using MestReNova LITE 9.0.1, and Fourier
transform infrared spectroscopy (FT-IR) data were analyzed by
OriginLab 8.0 (OriginLab Corporation, American). Toxic and
biodegradable data were analyzed using the graphics program
GraphPad Prism v5.0b (GraphPad Software Inc.). All data are
presented as the mean of three independent experiments with
error values expressed as the standard error of the mean (SEM).

Results and discussion
Antibacterial activity

The well diffusion method is widely used to screen chemicals
for toxicity due to its simplicity, where the toxicity of a chemical
is determined by the diameter of the growth inhibition zones.*

This journal is © The Royal Society of Chemistry 2019
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In this study, the effects of the AAILs were evaluated via well
diffusion assays with target bacteria. Tables S1-31 show the
results of all tested AAILs against the bacteria B. subtilis, R.
solanacearum, and E. coli. The growth inhibition halos (cm) for
the highest AAIL concentration (1.00 mol L") tested against the
three target bacteria are shown in Fig. 2. Most AAILs at the
lowest concentration (0.0625 mol L™') were found to be
nontoxic (no inhibition zone) against the three target bacteria,
while some AAILs demonstrated low toxicity towards the target
bacteria even at the highest concentration (1.00 mol L™"). For
example, the inhibition zones of B. subtilis and E. coli induced
by the highest concentration (1.00 mol L") of [Cho][Asp]
solution were 0.73 and 0.20 cm, respectively (Fig. 2d). However,
most AAILs were toxic against target bacteria at high concen-
trations, and their toxicity increased with increased AAIL
concentration. For example, the growth inhibition halo of R.
solanacearum induced by [Cymim][Pro] at different concentra-
tions (0.0625, 0.125, 0.25, 0.50, 1.00 mol L™*) were 0.00, 0.60,
0.70, 0.80, and 1.07 £+ 0.06 cm, respectively (Table S2). More-
over, the results showed that the AAILs' toxic effect on target
bacteria is different, and the toxicity of AAILs is greatly related to
the kinds of cation core, alkyl chain length and anions.*®

The effect of AAILs containing cations with alkyl imidazo-
liums (carbon atom = 2, 4, or 6) or alkyl ammonia (carbon atom
= 2 or 4) against the three bacteria were also evaluated in this
study (Fig. 2a). The diameters of the inhibition zones of B.
subtilis exposed to [C,mim][Cys], [C,mim][Cys], and [C¢mim]
[Cys] at 0.025 mol L~ were 0.00, 0.52 + 0.02, and 0.83 =+
0.06 cm, respectively (Table S17). Additionally, the diameters of
the inhibition zone of B. subtilis treated with [Ny , , ,][Cys] and
[Ny 4,4,4][Cys] solution (0.025 mol L™") were 0.00 and 0.93 +
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0.06 cm, respectively (Table S11). The toxic effect of these AAILs
on other target bacteria was comparable to their effect on B.
subtilis. This phenomenon is known as “chain length effect”
(toxicity increases with an increase in alkyl chain length),** and
occurs because cations with long alkyl chain are more hydro-
phobic and more easily pass through the membranes of
microorganisms than short alkyl chains.** Thus, AAILs with
longer alkyl chain are more destructive on microorganisms.
This result shows that alkyl chain length plays an important role
in AAILs' antibacterial activity.*®

As shown in Fig. 2b, the diameter of the inhibition halo of B.
subtilis treated with AAILs containing cations with different
conventional head groups and r-cysteine anions under the same
conditions are different. For example, the halo diameters of B.
subtilis induced by [C,mim][Cys], [Cho][Cys], [Pyr][Cys], [Pip]
[Cys], and [Ny 4,4,4][Cys] solution (all 1.00 mol L") were 0.93 +
0.04, 0.00, 0.90 + 0.10, 0.60 & 0.10, and 1.33 + 0.06 cm,
respectively (Table S11). The sequence of these head group from
least to most toxic was [Cho]" < [Pip]" < [Pyr]" < [Cymim]" <
[Na44,4]", showing that the toxic effect of choline amino acid-
based ionic liquids was lower than that of the other AAILs.”
These results were in accord with that reported by Gouveia, they
prepared 14 AAILs with different cations (imidazolium, pyr-
idinium and cholinium) and anions (arginine, glutamine, glu-
tamic acid and cystine) and studied their toxicity to bacteria and
cells.’” However, head group with cyclic structure is more
destructive on target bacteria, and because cyclic structure is
too stable to be damaged. In addition, ILs containing [Ny 4 4.4]"
have a good antimicrobial activity as well. These results suggest
that the head group makes a major contribution to AAIL
toxicity.

(b) @B B. subtilis
o 157 B8 R. solanacearum
§, 1.2 BN E. coli
[}
=
_5 0.9
£
£ 0.6
£
£
s 0.3
2
o

0.0-
» O & ) >
N & SEN & 5
FFES & F
< < ¢ ) ¢ £
(d) B B. subtilis
2.5+ B8 R. solanacearum
E W E. coli
o
5
[}
=
c
2
3
S
£
r-
S
2
o

Fig. 2 The growth inhibition halo (cm) for the highest tested concentration of AAILs (1.00 mol L™ against three target bacteria B. subtilis, R.

solanacearum, and E. coli.
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The diameter of the inhibition zone of R. solanacearum
exposed to [Cho][Asp] or [C;mim][Asp] solution was zero even at
a high concentration (0.50 mol L™") (Table S2). Moreover, the
[Cho][Asp] concentration at 1.00 mol L™ " was also less toxic
against B. subtilis and E. coli (Fig. 2d). However, the toxicities of
other AAILs with the same cation and different anions were
distinctly different because toxicity is also related to physico-
chemical properties of the anion, such as hydrophilicity or
hydrophobicity. To the best of our knowledge, [C,mim][Asp]
possesses one hydrophilic carboxyl groups, which can't easily
pass through the membrane of microorganisms.** For this
reason, the effect of [C;mim][Asp] on target bacteria was lower
than that of other AAILs with a [Cy;mim] cation. In addition, the
stability of anions is also an important factor affecting ILs
toxicity, for example, the toxic effect of AAILs with phenyl-
alaninate anions on target bacteria is stronger than that of other
anions.” These results show that the anions species also play
a role in the toxicity of AAILs.

The diameters of the inhibition zones of R. solanacearum, E.
coli, and B. subtilis treated with the highest concentration
(1.00 mol L") of [Cho][Pro] solution were 0.80, 0.70, and 1.03 +
0.06 cm, respectively (Fig. 2d). Gram-positive bacteria possess
thicker and more hydrophobic cell walls,* and a much higher
peptidoglycan content (~90%). The cell walls of Gram-negative
bacteria are chemically more complex, which have an additional
outer membrane mostly composed of lipopolysaccharides.** The
latter is often related to the higher resistance of Gram-negative
bacteria to biocides.* The Gram-negative bacteria had higher
tolerances than the Gram-positive bacteria, which can be attrib-
uted to the fact that Gram-negative bacteria possess a second cell
membrane which acts as an additional barrier. These results
agree well with the findings reported by Mester et al.**

Antimicrobial activity

Although the well diffusion method mentioned above can easily
verify if the AAILs have toxicity to microorganisms, it can't
quantificationally assess the toxicity.*® Therefore, antimicrobial
activity of the nineteen AAILs were also estimated using the tube
dilution method, this time with nine microorganisms: three
bacteria (E. coli, B. subtilis, and R. solanacearum), four fungi (C.
subvermispora, F. lignosus, P. chrysosporium, and T. sanguinea),
and two yeasts (S. cerevisiae and S. stipitis). The tube dilution test
is usually used to determine the minimum inhibitory concen-
tration (MIC) and the minimum bactericidal/fungicidal concen-
tration (MBC/MFC), which are two essential parameters in
antimicrobial susceptibility testing. The MIC and MBC values (in
mM) for the AAILs are shown in Table S4.f According to the
reports by Gathergood, the toxicity of ILs was divided into three
levels, and which was indicated as three colors, green, amber,
and red. The green color represents the MIC/MBC value > 2 mM,
the amber color represents the MIC/MBC value between 0.25 and
2.0 mM, and the red color represents the MIC/MBC value <
0.25 mM.* Fortunately, all the tested AAILs in this study had the
MIC/MBC value > 2 mM, which indicated AAILs were much safer
from this aspect. Even so, the AAILs with different structures had
different inhibiting effect to the tested microorganisms. It was
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found that the AAILs that incorporated the choline cation showed
lower toxicity than other tested compounds towards target
microorganisms. For instance, the MIC/MBC value of [Cho][Asp]
toward R. solanacearum, C. subvermispora, and F. lignosus was
highest (>1000 mM) among all tested compounds, which might
be attributed to the nontoxic choline as well as the presence of
carbonyl acids groups. This was accordance with the studies by
Hou, the MIC/MBC value of [Cho][Asp], [Cho][Glu] and [Cho][Aco]
toward Escherichia coli, Staphylococcus aureus, Salmonella enter-
itidis, and Listeria monocytogenes was also highest among 21 ILs.**
In addition, since the cell membrane of the microorganisms is
hydrophobic, the tested hydrophilic compounds could not pass
through it or disrupt it easily, allowing the microorganisms to
tolerate a higher concentration of [Cho][Asp]. Similarly, [C;mim]
[Asp] had a lower toxicity than the other AAILs containing
[Csmim] ¥, probably due to the presence of the hydrophilic 1-
aspartic acid. In other words, differences in the toxicity of AAILs
could be attributed to the structures of the anions. It can be seen
in Table S4t that the target microorganisms were more sensitive
to [Ny 44.4][Cys] than [Ny, ,,][Cys], which is attributable to the
increase in lipophilicity in the cations.**

Similarly, the toxicity of imidazolium-based AAILs increased
with the elongation of side chain in the alkylimidazolium
cation. For instance, the MBC values of [C,mim][Cys], [C;mim]
[Cys], and [Cemim][Cys] toward S. cerevisiae were 125, 62.5, and
31.3 mM, respectively. This phenomenon is described as “alkyl
chain length effect,” as mentioned in section Antibacterial
activity. Although [C,mim][Cys] and [Ce¢mim][Cys] have
different numbers of carbons in their cations, the MBC values of
them for R. solanacearum were the same (125 mmol L '). This
behavior is described as a “cut off effect” where there is
a maximal effect above which an increase in alkyl chain length
does not produce an increase in toxicity.****

Differences in the antimicrobial activities of AAILs contain-
ing an r-cystine anion might be attributable to differences in the
head group. For instance, the presence of a heterocyclic imid-
azole group in [C,mim][Cys] lead to an increased toxic effect on
target microorganisms compared with AAILs without a hetero-
cyclic ring such as [Cho][AA]. Similar behavior was also observed
in the toxicity values of [Pyr][Cys] and [Pip][Cys], due to the
presence or absence of a heterocyclic ring in the cation.*®

Moreover, specific AAILs showed different toxic effects against
different target microorganisms. For example, the MBC values for
[Cho][Phe] when targeting B. subtilis, R. solanacearum, and E. coli
were 125, 500, 250 mmol L™, respectively. The target B. subtilis is
a Gram-positive bacterium, which has a thick and multilayered
cell wall made of peptidoglycan surrounding the cytoplasmic
membrane, while Gram-negative bacteria have a cell wall made
up of a cytoplasmic membrane, peptidoglycan layer, and an
external cytoplasmic membrane.** The presence of a more
structurally complex cell wall gave the Gram-negative bacteria
a greater tolerance to AAILs than the Gram-positive bacteria.
Similarly, the MBC values of [C;mim][Cys] when targeting the two
yeasts were lower than those when targeting bacteria or fungi,
indicating that yeasts were the microorganism most sensitive
type to AAIL toxicity. While yeasts also possess a protective
capsule, this capsule must be easily destroyed by AAILs.>*

This journal is © The Royal Society of Chemistry 2019
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Phytotoxicity tests

The toxicity of the investigated AAILs at various concentrations
against rice seed germination is shown in Tables S5-7.1 The
results of these tests showed that AAILs at low concentrations
possessed a low toxic effect on seed germination. For instance,
root inhibition after exposure to 200 mg kg™ ' [C,mim][Phe] was
the lowest (—3.91%) among all tested concentrations. As the
AAIL concentrations increased, the adverse effect of AAILs on
seed growth significantly increased. However, some AAILS
promoted the growth of rice seeds under both low and high test
concentrations. For example, the root length of rice treated with
200 mg kg~ ' of [Cho][Asp] for 10 days was eight times greater
than that of rice without treatment. This pattern held true even
after exposure of rice seeds to the highest concentration of AAIL
(1000 mg kg "). And thus, [Cho][Asp] can be expected to be used
as the growth accelerator for rice. The mechanism of these
results is thought to be due to the attractive force between the
cations and anions that make up the ILs. This attraction is
stronger at high concentrations and weakens at low concen-
trations.* In this case, the [Cho][AA] was ionized to cholinium
cations and amino acid anions, which can promote the plant
growth. Similar results have been reported for wheat seed-
lings,* exposure to the low concentrations of the IL 1-butyl-3-
methylimidazolium tetrafluoroborate promoted seedling
growth.

The difference in the effects of [Cho][AA] on seed germina-
tion might be attributed to the structures of anions, as can be
seen in the data presented in Table S5.1 For instance, [Cho][Asp]
had a positive impact on the growth of rice seeds at all tested
concentrations, which suggests that maybe the introduction of
a carbonyl acid group significantly reduced the toxic effect of
AAILs on rice.

In previous reports cations have been shown to play an
important role in the toxicity of ILs.>**® Therefore, in this study,
AAILs composed of various cations combined with an r-cysteine
anion were examined to determine their toxicity in rice. It can
be seen in Table S57 that the adverse effect of [C;mim][Cys] on
root growth was stronger than that of [Cho][Cys], which indi-
cates that the presence of a heterocyclic ring increased phyto-
toxicity. Similarly, [Pyr][Cys] had a greater toxic effect on seed
growth (—25.77% shoot inhibition) was found (Table S6T). For
example, the root inhibition (%) for [Cho][Cys], [C,;mim][Cys],
[Pyr][Cys], [Pip][Cys], and [Ny 4,4,4][Cys] was —100 + 4.58%, 2.07
+ 0.03%, —40.99 =+ 1.21%, —9.09 =+ 0.02%, and —100 = 0.26%,
respectively at 1000 mg kg™ " IL concentration. So a rough order
of toxicity was obtained, that was [Cho]" < [Pip]" < [Pyr]" <
[Comim]" = [N, ,..]" This order is also identical with the
result in antimicrobial activity mentioned above and other
reports.*?

In contrast, the observed effect of the AAILs on root length,
shoot length, and fresh weight of rice showed that the intro-
duction of an alkyl side chain in cations affected AAIL toxicity.
Specifically, shoot inhibitions of [C,mim][Cys], [C,mim][Cys],
and [Cemim][Cys] were —4.96%, —22.71%, and 97.47%,
respectively (Table S61). As the data show, the toxic effect of
AAILSs on rice increased with the elongation of the alkyl chain,
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which may be attributed to the increase of lipophilicity as the
alkyl chain increased.** Compounds with more pronounced
lipophilic characters can interact more easily with the hydro-
phobic domains of membrane proteins and with the phos-
pholipid bilayers that make up the cell membrane. This
interaction may disrupt physiological function in the cell
membrane and increase AAIL toxicity.”” Similarly, [Ny 4,4.4][Cys]
showed greater toxicity than [N,,,,|[Cys] (Table S6f). This
phenomenon has also been reported in an assessment of IL
phytotoxicity toward rice seedlings wusing imidazolium
chloride.”®

The effect of anions on ILs toxicity can't be neglected either.
It can be seen in Tables S5-77 that the IL [C,mim][Br] generally
had larger toxicity than the [C;mim][AA]. For example, the fresh
weight inhibition (%) for [C;mim][Pro], [C;mim][Val], [C,mim]
[Gly], [Camim][Cys], [Cymim][His], [C;mim][Phe], [C,mim][Asp],
and [C;mim][Br] was —17.24 + 0.06%, —20.69 + 0.26%, —29.31
+ 0.37%, —17.24 + 0.29%, —17.24 £ 0.15%, —20.69 + 0.03%,
—6.90 £+ 0.01%, and 31.03 £ 0.02%, respectively (Table S7t).
Therefore, the introduction of amino acids in anions helped
reduce the toxicity the toxicity of ILs. Moreover, it can be seen in
Table S51 that the toxicity of [Cho][AA] followed the order of
[Cho][Gly] > [Cho][Asp] > [Cho][Phe] > [Cho][Pro] > [Cho][Cys] =
[Cho][His]. These results also approved that the anions can also
affect the toxicity of AAILs. This behavior contradicts previous
studies which reported that anions had only a small impact in
reducing IL toxicity. The difference might be attributable to the
introduction of choline.*

Biodegradability

In contrast to chemical degradation which requires the assis-
tance of an oxidant for catalysis, biodegradation is the break-
down of chemical compounds by microbes.®® In general, the
biodegradation test methods are considered to be valid if the
reference compound of >60% is biodegraded within 14 days. In
this study, the biodegradability of sodium benzoate was
measured as 61.2% in 14 days, which proved the validity of this
test method. As can be seen in Fig. 3, [Cho][AA] possessed good
biodegradability (biodegradation > 60%) in all cases except for
[Cho][Phe], which allows them to be classified as “readily
biodegradable” according to OECD standards. According to the
reports by Gathergood, the degradation rate was divided into
three levels, degradation rate > 60% represented by green color,
degradation rate between 0-59% represented by amber color,
and degradation rate < 20% represented by red color.*” [Cho]
[AA] was prepared from renewable biomaterials, which are
unstable in the environment and are easily decomposed by
microbes.* Moreover, [Cho][AA] is an attractive compound for
use in industry due to its low microbial toxicity, as described in
section Antibacterial activity and Antimicrobial activity.
Compared with the results reported by Hou,*® the biodegrad-
ability of AAILs in this study was relatively lower, the reason can
be that the inoculum was lake water and the OECD 301D
method was chosen as the test method according to guideline
301D of the Organization for Economic Cooperation and
Development (OECD). Other tested AAILs, however, showed

RSC Adv., 2019, 9, 10100-10108 | 10105
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Fig. 3 Biodegradation of AAlLs determined by the closed bottle tests (A) 7 days; (B) 14 days; (C) 21 days; and (D) 28 days. Green: 60%, readily
biodegradable; amber: 20-59%, potential biodegradability; red: 0-19%, poor biodegradability.

poor degradability, as in the case of [Cymim][Cys], who had the
lowest biodegradability (15.8 + 1.0%, 28 days) among all tested
compounds.

The biodegradation of AAILs consisting of a 1-butyl-3-
methylimidazolium cation and assorted amino acid anions
was diverse after 28 days, which can be attributed to the
differences in anion structures. For instance, the biodegrad-
ability of [Cymim][Cys] and [C,mim][Asp] were 18.7 + 1.2% and
46.2 + 0.4%, respectively. [C;mim][Asp] contains both amide
and carboxylic acid groups and showed a high degree of
biodegradation. This result agrees with Boethling's rule of
thumb, which states that the presence of hydrolyzable bonds
and carboxylate groups such as amides generally improved the
biodegradability.®**> However, the presence of carboxyl group
amino acids in [C;mim][Asp] led to slower breakdown by inoc-
ulum microorganisms and a low degree of aerobic biodegrad-
ability. Similarly, the AAILs consisting of anions that contain
heterocyclic imidazole groups or aromatic carbon ring struc-
tures, such as [His] and [Phe], were less susceptible to microbial
break down because of their high toxicity toward microorgan-
isms. For instance, the biodegradations of [C;mim]His]
and [C,mim][Phe] were 25.4 + 3.1% and 30.2 £+ 2.9%,
respectively.

10106 | RSC Adv., 2019, 9, 10100-10108

Differences in the biodegradability of various AAILs incor-
porating a [Cys] anion with different head group cations, such
as cholinium, imidazolium, piperidinium, quaternary ammo-
nium, and pyrrolidinium, were also examined. AAILs that con-
tained imidazolium showed lower aerobic biodegradability
([Cymim][Cys], 18.7 £ 1.2%) than AAILs that contained choline
([Cho][Cys], 67.2 £ 1.7%) (Fig. 3), which could be attributed to
the presence of the stable hetero cyclic imidazole group.**
Similarly, Gathergood et al. found that imidazolium ILs were
classified as red (poor biodegradability) using the CO, head-
space test (ISO 14593), and they suggested that imidazolium
salts containing a heterocyclic ring were difficult for microor-
ganisms to degrade.* The relatively low biodegradability of [Pyr]
[Cys] and [Pip][Cys] might therefore be attributed to the pres-
ence of a N-containing heterocyclic group, which may be more
resistant to microbe attack. Additionally, the microbial toxicity
of AAILs containing quaternary ammonium were high, as
described in section Antimicrobial activity, which should
decrease inoculum density in closed bottle, leading to the poor
biodegradation of [N, 5, »|[Cys] (17.7 £ 2.9%)."*

The biodegradability of AAILs improved slightly as the side
chain length of cations increased. For instance, [Ny 4 44][Cys]
possesses a long alkyl chain and showed higher aerobic

This journal is © The Royal Society of Chemistry 2019
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biodegradability than [N, , ,][Cys]. Similarly, [C,mim][Cys] is
more susceptible to breakdown by aerobic microorganisms
than [C,mim][Cys]. However, the biodegradability of [Cemim]
[Cys] was lowest among [C,mim][Cys], [C,mim][Cys], and
[Cemim][Cys], which is similar to the “cut off effect”. Moreover,
the similar results can be found in [N, . ,][AA] (n = 2,4), the
[Ny,4.4,4][Cys] had lower toxicity than [N, , ,|[Cys].*” It can also
been concluded in Fig. 3 that the biodegradability of AAILs with
cysteine anion followed the order: [Cho]” > [Pyr]" > [Pip]" >
[Naaaal” = [Camim]" > [Ny 55,]" > [Cemim]" > [C,mim]". This
order is contrary to the toxicity, which indicated that the larger
toxicity, the lower biodegradability. The results also approved
that the cations of AAILs can affect the biodegradability.

As to the anions of amide acids, it can be divided into
aliphatic and cyclic amide acids. For example, the biodegrad-
ability of [C,mim][Gly], [C;mim][Val], [C;mim][Asp], [C,mim]
[Cys] was 33.0 &+ 2.7%, 46.5 &+ 2.0%, 18.7 £ 1.2%, and 46.2 +
0.4%, respectively, which generally had lower toxicity than the
AAILs with ring in anions except [C;mim][Asp], while the
biodegradability of [C;mim][Phe] was 30.2 & 2.9%. The similar
results can be found in [Cho][AA]. For example, the biodegrad-
ability of [Cho][Phe] was 54.2 + 1.4%, which was lowest among
the [Cho][AA].?*

Conclusions

In this study, the antimicrobial activity, phytotoxicity, and
biodegradability of 19 AAILs with different cations and anions
were evaluated. The main factors affecting the toxicity and
biodegradability of AAILs, including the type of cations (head
groups and side chain) and anions (hydrophobic, hydrophilic or
stability), were examined. The results showed that AAIL toxicity
was mainly depended on the structures of the cations and
anions. Toxicity increased with the elongation of alkyl chain
length and decreased with the introduction of hydrophilic
groups. The presence of a long alkyl chain in the cation and of
hydrophilic groups in the anions can improve AAILs' biode-
gradability. Although the introduction of amino acids as anions
can improve toxicity and biodegradation of AAILs, the (eco)
toxicity and (bio)degradation of some AAILs can't be ignored
neither. The results showed that not all AAILs' microbial toxicity
was expected to be low and that some AAILs have high toxicity
toward target microorganisms. Moreover, the phytotoxic effect
of AAILs on Oryza sativa L. further demonstrated that the effect
of AAILs on plants should not be ignored. Some AAILs, like
[Cho][Asp] can be expected to be used as growth accelerator. The
biodegradability tests showed that the majority AAILs had
dissatisfactory biodegradability (=60%). Therefore, it can be
concluded that since not all AAILs have low toxicity and good
biodegradation, it is necessary to assess the effect of AAILs on
the environment and human health before their use in appli-
cations for the mass-market.
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