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A tetraalkyl ammonium cation and furoate anion based functionalised ionic liquid (FIL), N-methyl-N,N,N-trioctylam-
monium furoate ((MTOA]"[FA]") has been synthesised and characterised using FT-IR, NMR, and UV spectroscopic
techniques. The in vitro antimicrobial activity of the synthesised FIL against two types of Gram-positive bacteria, namely
Staphylococcus aureus and Enterobacter faecalis as well as Gram-negative bacteria, namely Escherichia coli and
Pseudomonas aeruginosa was tested using a well diffusion method. Similarly, an antifungal test was done against Candida
albicans. [MTOA][FA]™ showed significant inhibitory effect against all the organisms tested as compared with the
chosen standards. Antibacterial activity against gram-positive bacteria (zone of inhibition: 16 to 30 mm) was found to be
higher than that of Gram-negative bacteria (zone of inhibition: 11 to 19 mm). Moreover, the antioxidant activity of the
synthesised FIL from a ferrous ion (Fe*™) chelating assay and its scavenging activity against 1,1-diphenyl-2-picrylhy-
drazyl, H,0,, and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) free radical using spectrophotometric
methods are reported. The FIL, [MTOA][FA] showed a moderate antioxidant activity.
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Introduction

The synthesis of novel types of antibacterial and antifungal
agents is a focused research field due to the severe health pro-
blems arising from the resistance of numerous microorganism
strains against diverse antibiotics.!'*! Room temperature ionic
liquids (RTILs) are receiving increasing attention in the phar-
maceutical industry due to their interesting properties such as
non-volatility, non-flammability, high thermal stability, and
large liquid range, etc. and they may form novel substitutes to
antibiotics.*! There is a growing discovery of various types of
RTILs. Moreover, studies on stability, toxicity, recyclability,
and biodegradation investigations of ILs have been some of the
main debated topics in IL-based research.! In the recent past,
toxicological properties of several types of ILs have been
reported mainly based on their effect on the growth inhibition of
fungi, bacteria, and eukaryotic cells, etc.l’!

RTILs from antimicrobials with broad-spectrum activity
show significant biological activity. Moreover, it was reported
that the biological activities of ILs can be improved by having a
cation with long alkyl substituents, a cation of an alcohol
molecule, and anion derived from a drug molecule, etc.”] Furan
derivatives have been effectively used as antimicrobial agents
and, in particular, furoic acid (FA) is an active pharmaceutical
intermediate, anti-inflammatory, and antifungal agent. Chai
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et al. reported that FA shows a higher antibacterial activity than
furfuryl alcohol and furfural.[®! Also, several types of FA
derivatives have been reported with excellent antimicrobial
properties. For example, Wen et al. reported 27 new types of
furancarboxamide derivatives with a diphenyl ether moiety with
high fungicidal activities against R. solani and S. ampelimum."”}
But furoate anion based ILs have not yet been studied for their
biological activity.

Moreover, numerous quaternary ammonium ionic liquids
have been investigated for various applications, and the biologi-
cal activities of this type of ILs have been reported in the
literature.”®*'>! For example, Saadeh et al. reported the antimi-
crobial property of ILs prepared from the tetrabutylammonium
(TBA) cation and various types of anions such as linoleate,
formate, acetate, salicylate, and benzoate, etc.””] The antioxidant
activity of novel quaternary bis(ammonium) cation!'* and
ascorbate anion!'* based ILs were reported by Czerniak et al.
Hence, the RTIL derived from the quaternary ammonium
cation, N-methyl-N,N,N-trioctylammonium (MTOA) and furo-
ate anion was believed to exhibit significant biological activity.

In the present study, we synthesised a FIL, namely, N-methyl-
N,N,N-trioctylammonium furoate ((MTOA]"[FA]). The syn-
thesised FIL has been characterised and its antimicrobial and
antioxidant activities were examined for the first time.
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Experimental
Materials

All the chemicals and solvents used in the present study were
of AR grade. N-Methyl-N,N,N-trioctylammonium chloride
(IMTOA]T[CI]) (97 %) was procured from Sigma Aldrich.
Chloroform (99 %) and 2-furoic acid (98 %) were purchased
from Sigma Aldrich (Bio Corporals, Chennai). Ethanol (98 %)
and sodium hydroxide (97 %) were obtained from SD Fine
Chemicals, Chennai.

Synthesis of N-Methyl-N,N,N-trioctylammonium furoate
(IMTOAJ" [FAT)

The procedure for the synthesis of the IL, [MTOA]"[FA] is
shown in Fig. S1 (Supplementary Material) and it was carried
out in two steps. In the first step, [MTOA]"[CI]” was dissolved
in chloroform and it was equilibrated with 4 M NaOH for 1 h.
The aqueous phase was then removed and the FIL phase was
equilibrated again with a fresh solution of NaOH. This process
was repeated at least 10 times until the chloride ion present in the
aqueous and organic phase was found to be negligible (checked
with acidified AgNO; solution). The chloroform was then
evaporated and the obtained IL, [MTOA]"[OH] was dried.['®]
In the second step, a mixture of 1 : 1.1 mol of [MTOA]"[OH]"
and 2-furoic acid was stirred in an ethanol medium for ~48 h.['"]
After that, the IL phase was washed several times with distilled
water. The solvent was evaporated and dried in a rotary evap-
orator at 70°C for ~10h. A clear, viscous, and yellowish liquid
was obtained. It was characterised by FT-IR, NMR, and UV
spectroscopic techniques. The structure of [MTOA][FA] is
shown in Fig. 1.

In Vitro Antimicrobial Assay

The in vitro antimicrobial activity of [MTOA]"[FA]™ against
five human pathogens, Staphylococcus aureus, Enterobacter
faecalis, Escherichia coli, Pseudomonas aeruginosa, and Can-
dida albicans was tested using a well diffusion method.!'®'"]
The human pathogens were inoculated separately into 5 mL of
sterile Mueller Hinton broth (MHB) and incubated at 37°C for
8h (~0.5 O.D). Using sterile cotton swabs, the cultures were
swabbed separately on the surface of sterile Mueller Hinton agar
(MHA) plates. A sterilised cork borer (9 mm diameter) was used
to prepare agar wells. The FILs were dissolved separately in
sterile 10 % DMSO at a concentration of 1 mg mL ™" and dif-
ferent volumes of this solution (150, 100, and 50 pL) were added
separately in each well on swabbed plates and incubated at 37°C.
After 24h, the growth of pathogens was observed and the
inhibition zone was measured.””) Positive controls, fluconazole
for C. albicans, and streptomycin for Gram-positive and Gram-
negative bacteria, were used. The study was performed in trip-
licate and the mean value was calculated.

Procedure for Antioxidant Assay

In this section, procedures followed for the free radical (DPPH®,
ABTS®", and H,0,) scavenging and ferrous ion chelating
activity studies are described.

1,1-Diphenyl-2-picrylhydrazyl (DPPH) Free Radical

Scavenging Activity

The DPPH assay for the synthesised FIL was carried out as
described in the literature.l*'! In a test tube covered with
aluminium foil, 4.3 mg of DPPH was dissolved in 3.3 mL of
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Fig. 1. Structure
(IMTOA] [FA]).

of  N-methyl-N,N,N-trioctylammonium  furoate

methanol. The DPPH solution (150 uL) was then introduced to
3 mL of methanol and the absorbance was noted at 517 nm for a
control reading. Samples (50 puL) of various concentrations (20—
100 g mL™") as well as the standard compound (quercetin)
were taken in 150 pL of methanol. Each sample was then again
diluted with 3 mL of methanol and 150 puLL of DPPH solution was
added. Absorbance was noted using methanol as a blank after
15 min at 517 nm. The percentage of inhibition was calculated
using Eqn 1:

Percentage of inhibition (%) = [(4yg — 41)/A4o] x 100 (1)

where 4, = absorbance of the control and 4; = absorbance of
FIL or standard.

Ferrous lon (Fe’") Chelating Assay

The ferrous iron chelating assay was carried out according to
the procedure given by Dinis et al.**! The FIL (0.5mL) at
different concentrations (20-100pug mL~') was added to
0.05mL of 0.2mM FeCl, solution and then 5mM ferrozine
(0.2mL) was added to initiate the reaction. After vigorous
shaking of the mixture, it was left at room temperature for
10 min. The ferrozine reacted with the Fe*" ions and formed
stable magenta complex species that were highly soluble in
water. The absorbance of the solution was noted spectrophoto-
metrically at 562 nm. The percentage inhibition of the ferro-
zine—Fe ** complex formation was calculated by Eqn 2:

Metal chelating effect(%) = [(4g — 41)/40] x 100 (2)

where A, is the absorbance of the control (control contained
FeCl, and ferrozine; complex formation molecules), and A4, is
the absorbance of the FIL or standard used (i.e., EDTA disodium
salt dihydrate (Na,-EDTA)).

H,O; Radical Scavenging Assay

The hydrogen peroxide (H,O,) scavenging activity of FIL
was determined according to the method described by Ruch
et al.®! In the first step, a 2mM solution of H,O, was
prepared in phosphate buffer (pH 7.4). Different concentrations
(20-100 pg mL_l) of the FIL were added to the H,O, solution
(0.6 mL). At 230 nm, the absorbance for H,O, was noted against
a blank containing phosphate buffer without H,O,. Ascorbic
acid was used as a standard and the percentage of inhibition was
calculated using Eqn 1 (see above).

2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic Acid
(ABTS) Radical Scavenging Assay

This assay was done as described in the literature:'**! stock

solutions of 7.4 mM ABTS and 2.6 mM potassium persulfate
were prepared. The two stock solutions were mixed in equal
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quantities and allowed to react in the absence of light at room
temperature for 12 h. The solution was diluted by mixing 1 mL
of ABTS®" solution with 50mL of methanol to obtain an
absorbance of ~0.70 at 734nm. The FIL was diluted with
methanol, treated with ABTS®™ solution, and made up to a total
volume of 1 mL. Absorbance was measured using the spectro-
photometric method at time intervals of 10 min after the addition
of 20-100 ug mL ™" concentrations of FIL. The assay was first
done on ascorbic acid which was used as a standard. The results
of the assay were specified relative to ascorbic acid. The assay
was performed in triplicate and the scavenging effect of ABTS
calculated using Eqn 3.

ABTS scavenging effect(%) = ((do — 41/40) x 100)  (3)

where 4, = absorbance of control and 4; = absorbance of the
FIL or standard.

Results and Discussion
Characterisation of [MTOA]" [FA]™
FT-IR Spectroscopy

An FT-IR spectrum of the synthesised FIL, [MTOA] [FA]
is shown in Fig. S2 (Supplementary Material). Broad and strong
vibration peaks for asymmetric and symmetric C—H stretching
of the methylene and methyl units are observed at 2863 and
2929 cm ™' respectively. The C—H stretching frequency in the
furan ring was obtained at 3120 cm™'. The C=0 asymmetric and
symmetric stretching of the —COO group were assigned to IR
peaks observed at 1713 and 1376 cm ™' respectively. The peak at
1477 cm ™' corresponds to a vibrational peak of a CH,~N " group
and asymmetric stretching at the C=C double bond was noted at
1583cm ™.

NMR Spectroscopy

The 'H NMR spectrum (400 MHz, CDCly) of
[MTOA]"[FA] is shown in Fig. S3 (Supplementary Material)
and the chemical shift (6, ppm) values obtained for protons
present in the FIL are 0.85 (9H, m), 1.21-1.32 (30H, m), 1.68
(6H, m), 3.2 (3H, s), 3.37 (6H, m), 6.45, 7.10-7.68 (furan ring).
The '*C NMR spectrum of [MTOA][FA] ™ is shown in Fig. S4
(Supplementary Material) and the chemical shift values (8,
ppm) obtained for carbon atoms present in the FIL are 14.0
(CH;C), 22.52, 26.27, 28.99, 29.0, 29.38 31.59 (various CH,),
49.02 (CH3N), 61.61 (CH,N), 111.91, 118.50, 144.90, 146.42.
(aromatic C), 161.16 (COO).

UV Spectroscopy

The UV spectrum of [MTOA][FA]™ was recorded and it is
shown in Fig. S5 (Supplementary Material). There was an
absorption between 240 and 280 nm for the IL, [MTOA] " [FAT".

Antibacterial Activities of IMTOA]" [FA]” Using the Well
Diffusion Method

Antimicrobial properties of various types of ILs are reported in
the literature!® ' and the antimicrobial activity of the FIL,
[MTOA]"[FA] is investigated here. Well diffusion (zone of
inhibition) results of Gram-positive and Gram-negative bacteria
are shown in Figs 2 and 3, respectively. The zone of inhibition as
a function of FIL concentration against Gram-positive and
Gram-negative bacteria is presented in Figs 4 and 5 respectively.
The positive control, streptomycin, resulted in 16 and 20 mm

Fig. 2. Photograph of well diffusion results for [MTOA]"[FA]™ against
Gram-positive bacteria: (a) Staphylococcus aureus. (b) Enterobacter
faecalis.

Fig. 3. Photograph of well diffusion results for [MTOA]T[FA]™ against
Gram-negative bacteria: (a) Escherichia coli. (b) Pseudomonas aeruginosa.
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Fig. 4. Zone of inhibition for various concentrations of [MTOA] [FA]™
against Gram-positive bacteria.

zones of inhibition for . coli and Enterobacter respectively. For
the negative control (10% DMSO), there was no inhibition.
[MTOA]"[FA] showed significant antibacterial activity as
compared with the standard.

2-Furoic acid is reported as a bactericide and fungicide in the
literature. Chai et al.l') studied the antimicrobial activity of FA



against bacillus subtilis (Gram-positive) and Salmonella bacte-
ria (Gram-negative). A zone of inhibition of >20 mm at con-
centrations of 0.7 and 1.4 M was reported. In the present study,
the furoate IL ((MTOA][FA]) at lower concentrations (150,
100, and 50 pL. of 0.002 M solution of FIL) showed significant
antibacterial activity with a zone of inhibition of >20mm
against the Gram-positive bacteria, Staphylococcus aureus
and Enterobacter faecalis. But the zone was found to be slightly
less against the Gram-negative bacteria, Escherichia coli, and
Pseudomonas aeroginosa. The higher zone of inhibition offered
by [MTOA]T[FA] towards Gram-positive bacteria compared
with Gram-negative bacteria could be attributed to the hydro-
phobic alkyl chains present in the FIL which can more readily
embed into the porous cell of the Gram-positive bacteria and
disturb the peptidoglycan layer which results in the cell death.

The [MTOA] [FA] gave better results as compared with the
cholinium-based ILs reported by Jumbri et al.[">! synthesised
using five types of carboxylic acids. None of these cholinium-
carboxylate ILs showed activity against the Gram-positive
bacteria, Staphylococcus aureus and Gram-negative bacteria,
Escherichia coli and Pseudomonas aeruginosa. In contrast
[MTOA]'[FA]™ which contains the carboxylate anion of FA
has provided remarkable antibacterial activity. Similarly, Sal-
man et al. reported several types of ILs based on the tetrabuty-
lammonium (TBA) cation with various kinds of carboxylate
anions such as acetate, salicylate, and benzoate, etc.l”) The
antibacterial activity of these ILs are moderately comparable
with that of [MTOA]"[FA] . Hence, the furoate anion-based
FIL, [MTOA]"[FA] is a promising antimicrobial ionic liquid.

Antifungal Property of [IMTOA]" [FA]

The FIL, [MTOA]"[FA] was screened for antifungal activity
by the well diffusion method using the human pathogenic fungal
isolate namely Candida albicans and the result is shown in
Fig. 6. The antifungal activity was evaluated by measuring the
zone of inhibition of fungal growth surrounding the well. The
zone obtained for the fungal organism at various concentrations
of FIL is presented in Fig. 7. The antifungal activity shown by
[MTOA]'[FA] is comparable with cholinium peracetate
reported by Jumbri et al.!'* and higher than that of TBA fomate
reported by Salman et al.'”) Moreover, a significant reduction in
the growth of the fungal strain was shown by [MTOA]"[FA] as
compared with the positive control, floconazole.

Antioxidant Studies of IMTOA]" [FA]”
DPPH Radical Scavenging Activity

The DPPH free radical can react with antioxidant substances
and the odd electron of DPPH will be paired with an electron
donated by an antioxidant compound to result in decolouration.
In the present study, the scavenging effects of [MTOA] " [FA]™
for the DPPH radical was analysed and the results are shown in
Fig. 8.

With an increased concentration of the FIL, the scavenging
activity increased. In the concentration range of 20-100 pg
mL ™', the scavenging activity of [MTOA]"[FA] for the DPPH
radical was found to be 18.31-58.13%. Moreover,
[MTOA]'[FA]™ (half maximal inhibitory concentration, ICs:
86.07 pg mL ") showed a moderate activity as compared with
that of the standard (Fig. 9), quercetin (ICso: 60.14 pg mL™").
The antioxidant property of some FILs based on ammonium
cations has been reported in the literature.!'*'3* For example,
Ahmad et al. reported the DPPH radical scavenging activity of
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Fig. 5. Zone of inhibition for various concentrations of [MTOA]*[FA]
against Gram-negative bacteria.

Fig. 6. Photograph of well diffusion results for [MTOA]"[FA] against
fungal isolate.
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Fig. 7. Zone of inhibition for various concentrations of [MTOA]*[FA]
against Candida albicans.

tertiary ammonium salicylate-based protic ionic liquids (PILs)
namely, 3-dimethylamino-1-propanol salicylate (3DMAPS)
and 3-diethylamino-1-propanol salicylate (3DEAPS). 1C,q
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Fig. 8. Antioxidant activity of [MTOA]'[FA] . (a) DPPH radical scavenging activity. (b) Ferrous ion chelating
activity. (c) Hydrogen peroxide scavenging activity. (d) ABTS radical scavenging activity.
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Fig. 9. Antioxidant activity of standards. (a) DPPH radical scavenging activity of quercetin. (b) Ferrous ion chelating
activity of Na, EDTA. (¢) Hydrogen peroxide scavenging activity of ascorbic acid. (d) ABTS radical scavenging activity of

ascorbic acid.

values of 66.76 and 27.27 uM were reported for 3DMAPS and
3DEAPS respectively. The DPPH radical scavenging activity of
the quaternary ammonium-based FIL synthesised in the present
study is moderately comparable with the above-said results.[*!
The scavenging activity shown by [MTOA]T[FA] could be due
to the presence of the bioactive furoate anion and an ammonium
cation with a larger alkyl chain.

Ferrous lon Chelating Ability

A ferrous ion chelating assay was carried out to determine
the ability of the synthesised FIL to chelate Fe*" ions. In this
assay, the chelating agents disrupt the ferrozine—Fe? " complex,
thus decrease the red colour. The chelating activity of
[MTOA]T[FA] at five different concentrations against ferrous
ions was investigated in the present study. The chelating abilities
of FIL increased with an increase in the concentration of the FIL
and it is shown in Fig. 8. The FIL at concentrations of 20—-100 pg
mL ™' showed significant activity and the ICs, value (84.10 pg
mL™") of the FIL was found to be higher than that obtained for
the standard, 41.87 ug mL ™" (Fig. 9). It reveals that FIL shows a
moderate ferrous ion chelating ability.

Hydrogen Peroxide (H»O,) Scavenging Activity

H,0, itself is not very reactive and is not a radical species
that plays a role in oxidative stress, but it may sometimes be
toxic to cells because it can give rise to hydroxyl radicals in cells.
The hydrogen peroxide scavenging activity of [MTOA][FA]
effectively increases with the rise in concentration from 20 to
100 ug mL ™" (Fig. 8). The ICs, value of [MTOA][FA]™ was
found to be 64.29 pg mL ™' (standard, ICso =41.31 pgmL ™). It
is understood that the H,O, scavenging activity of the synthe-
sised FIL is moderately comparable with that of the standard,
ascorbic acid (Fig. 9).

ABTS Radical Scavenging Activity

The ABTS radical has a typical absorption at 734 nm and is
reactive against most antioxidants which induces a colour
change from blue to a colourless neutral form. The scavenging
effects of the FIL, [MTOA]"[FA] against the ABTS radical
increased when its concentration was increased from 20 to
100 pg mL ™" (Fig. 8). The extent of reduction or decolourisation
is directly proportional to the concentration of the FIL and
it shows moderate ABTS radical scavenging ability with an



1Cs value of 82.37 ug mL ™! (standard, ascorbic acid: ICso=
41.11 pg mL™" (Fig. 9)).

Conclusion

In the present study, quaternary ammonium and furoate based
functionalised ionic liquid, [MTOA]"[FA] has been synthesised
and characterised using UV, IR, and NMR spectroscopic tech-
niques. Moreover, for the first time, the antimicrobial properties
of [MTOA]"[FA] was analysed against five types of human
pathogens and significant inhibitory effect was observed even at
reduced concentrations (150 pL, 100 pL, 50 uL of a 1 mg mL ™"
solution of [MTOA]"[FA]). In particular, the zone of inhibition
for gram-positive bacteria was found to be in the range of 16 to
30 mm. But in the case of Gram-negative bacteria, the zone of
inhibition was slightly less than that of Gram-positive bacteria.
As compared with the standard, streptomycin, excellent anti-
bacterial activity was observed for the FIL. Similarly, a signifi-
cant inhibitory effect against a fungal strain was shown by the
FIL, [MTOA]'[FA] as compared with the positive control,
floconazole. Moreover, the antioxidant activity was also inves-
tigated and the ICs, values for DPPH®, ABTS*", and H,O,
scavenging and Fe? " jon chelating activity was found to be 86.07,
82.37, 64.29, and 84.10 ug mL ™', respectively. These results
revealed that [MTOA]'[FA] is a capable antimicrobial ionic
liquid and also shows moderate antioxidant activity.

Supplementary Material

The synthetic scheme of the functionalised ionic liquid,
[MTOA]"[FA] and its characterisation details (IR, NMR, and
UV spectra) are available on the Journal’s website.
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