BBA - Biomembranes 1862 (2020) 183103

Contents lists available at ScienceDirect

BBA - Biomembranes
journal homepage: www.elsevier.com/locate/bbamem

Imidazolium-based ionic liquids cause mammalian cell death due to
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Here, we report the toxic eﬀects of various imidazolium-based ionic liquids (ILs) with varying hydrocarbon chain
lengths, on diﬀerent human cell lines. Multiple biological assays have shown that the ILs with long hydrocarbon
chains have stronger adverse eﬀect especially on human liver cancer cells (Huh-7.5 cells). Further, our study has
conﬁrmed that the ILs induce necrosis dependent cell death and that it is related to cell membrane damage. To
understand the molecular mechanism of such an eﬀect, the cellular membranes were mimicked as lipid
monolayers formed at the air-water interface and then as lipid bilayer vesicles. The pressure area-isotherms
measured from the monolayer have shown that the interaction of ILs with the lipid layer is energetically favourable. The addition of these ILs reduces the in-plane elasticity of the self-assembled molecular layer.
Quasielastic neutron scattering data clearly indicate that ILs in liver lipid vesicles signiﬁcantly aﬀects the dynamics of the lipid, in particular, the lateral motion of the lipids. It has been concluded that the mammalian cell
death induced by these ILs is due to the modulated structure and altered physical properties of the cellular
membrane.

1. Introduction
Room temperature ionic liquids (ILs) are organic salts composed of
organic cations and organic/inorganic anions that remain in molten
state at room temperature [1]. In comparison to the conventional volatile organic solvents, ILs are getting increasingly more and more attention due to their unique physiochemical properties such as high
thermal and chemical stability, low volatility, non-ﬂammability and
high solvent capacity [2,3]. They are widely being used as solvents,
reagents and catalysts for various applications in the ﬁeld of chemical
industry, chemical engineering, biotechnology and pharmaceutical industries [2,4–10]. Because of very low volatility, they do not pollute air
and hence have gained reputation as environment-friendly harmless
chemicals.
Despite numerous beneﬁts that are associated with the uses of ILs, it
is important to assess their negative impacts particularly on the aquatic
environments as they are usually water-soluble and not easily biodegradable. They keep on accumulating in the environment and can easily

⁎

reach the food chains of living organisms. In fact, several studies have
documented the toxic eﬀects of ILs in various organisms including
bacteria, yeast, algae, Hydra, Daphnia, nematode, ﬁsh, plants and various mammalian cell lines [11–20]. The toxicity and the susceptibility
to the ILs varied from organism to organism largely depending on the
nature of the anions, cations (whether imidazolium, pyridinium or
morpholinium) and the length of the alkyl side chains attached to the
ILs [12,21–27]. For instance, imidazolium heterocyclic ring-based ILs
are found to be more toxic than ILs with morpholinium ring, while the
toxicity of ILs with a pyridinium ring is stronger than that of the imidazolium ring [28,29]. Also increasing the alkyl chain length on the
imidazolium and pyridnium cations enhances their toxicity towards
aquatic organisms [18,25].
Studies based on toxicity assays, microscopy experiments and molecular dynamic simulations, have demonstrated that ILs can induce
cytotoxicity via various mechanisms that include disrupting cell membrane by penetrating the membrane or aﬀecting cellular metabolism
that results in cell death via necrosis or apoptosis [11–13]. However,
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investigated. In the second approach, unilamellar vesicles were used as
a model membrane system and quasi-elastic neutron scattering (QENS)
experiments were carried out to investigate eﬀects of the IL on the
dynamical behaviour of the lipids. QENS is one of the most suitable
techniques to study dynamics of lipid bilayer and has been used recently on various lipid bilayer systems [43–51]. Being a scattering
technique, it has an advantage over other conventional techniques like
nuclear magnetic resonance (NMR), dielectric relaxation spectroscopy
as it provides information on dynamics in spatial as well as in temporal
domains. Lipid bilayers have a complex dynamical behaviour. Diﬀerent
motions such as vibrational, rotational, lateral, bending, thickness
ﬂuctuation, etc. of the lipid occur in a wide range of time and length
scales. It is diﬃcult to disentangle these motions from one set of experiment. QENS is very convenient to study the dynamics in nanoseconds to picoseconds time scale and has been employed to investigate
the lateral and internal motion of lipids [26–34]. In the present system,
the QENS measurements have shown that the IL molecules accelerate
the lateral motion of the lipids in the unilamellar vesicles. This was
quantiﬁed by the diﬀusion coeﬃcient of the lipid molecules.

previous studies have been done with extremely higher concentrations
(in the range 100 μM to 100 mM) of ionic liquids, which can lead to
aberrant death of biological cells. These kind of conditions can give
artefact results, thus a clear understanding of the deﬁned molecular
mechanism by which ILs mediate their cytotoxic eﬀects remains largely
unknown.
Any foreign molecule aﬀecting a cellular organism inevitably has to
interact with the cellular membrane of a eukaryotic cell. The eﬀect of
such an interaction can be transient or permanent depending on the
type and strength of the interactions. As a result, the self-assembled
structure and correspondingly, the physical properties of the membrane
are expected to be perturbed momentarily or enduringly. To understand
the molecular details of this perturbation, Evan et al. used a range of
experimental techniques, atomic force microscopy (AFM), luminescence and quartz crystal microbalance. They have used imidazolium
cation [Cnmim]+ (n = 4, 6 and 8) and have shown that ILs with n = 6
and 8 make the lipid membrane more permeable compared to n = 4. At
a concentration of 200 mM, these ILs completely destroy the lipid bilayer [30–32]. There were computational studies carried out by different groups [33,34]. In their works, Benedetto et al. have taken two
diﬀerent RTILs of same cation [bmim]+ but with diﬀerent anions [BF4]
and [PF6]. The study has revealed the favourable incorporation of
[bmim]+ into the lipid bilayer exhibiting a systematic thinning in the
bilayer [36]. In their review papers, the results are well discussed
[37–39]. The same group performed neutron reﬂectometry measurements on lipid bilayer of two diﬀerent lipids; 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC) and 1,2-dimyristoyl-sn-glycero-3phosphatidylcholine (DMPC). A shrinkage of the bilayer was observed
and found to match very well with their simulation works [40]. There is
a very recent work by Jeremy H. Lakey, that has discussed the recent
advances in neutron reﬂectometry study in bio-membrane [41]. The
structural eﬀects of ILs on the model membrane observed in these
studies indeed can inﬂuence the biochemical and biophysical activities
of the membrane [42]. The consequences of this on the cellular communication, exo- and endocytosis processes, and functioning of transand peripheral membrane proteins may lead to cell death. It is to be
noted that while the uncontrolled uses of these ILs raise the concern of
cytotoxicity, the regulated and selective uses can bring us beneﬁt in
controlling the sickness caused by micro-organisms [9,28]. In the case
of biological assays followed in many of the studies mentioned above,
the concentrations of ILs used to investigate their eﬀects on living organisms were in the range of mM. Further, in the case of biophysical
approaches, synthetic lipid molecules have been used mostly as a mimic
of the cellular membrane. In the present paper, a systematic approach
has been taken to understand the eﬀect of ILs on various mammalian
cell lines and all the biological assays were performed at 1–25 μM
concentration which are within the range of acceptable limits, to avoid
artifacts or non-speciﬁc results. The lipids used in this work are liver
lipid extracts (bovine) which are physiologically relevant model systems.
In the ﬁrst step, various imidazolium-based ILs with varying chain
lengths have been used to investigate their eﬀect on cell survival. The
cell viability assay along with the ﬂuorescence-activated cell sorting
(FACS) analysis and comet assay indicated cell death without any DNA
damage or apoptosis. The result was found to be dependent on the
strength of hydrophobicity of the used ILs. Further, out of various cell
lines, human liver cancer cell lines have found to be most impaired.
These liver cells, which showed maximum cell death in the presence of
ILs were used for the atomic force microscopy measurements. The
morphology of the cells treated with IL was found to have numerous
pores in the cell membrane and a distinctly diﬀerent morphology from
that of the untreated cell. To study the eﬀect at the molecular level, two
biophysical approaches were taken where liver lipid extract was used to
mimic the liver cell membrane. In the ﬁrst approach, lipid monolayers
formed at the air-water interface were used as a model cellular membrane and then the interaction of the IL with the lipid layer was

2. Materials and methods
2.1. Materials
All the ionic liquids 1-ethyl-3-methylimidazolium tetraﬂuoroborate
([EMIM][BF4]),
1-butyl-3-methylimidazolium
tetraﬂuoroborate
([BMIM][BF4]), 1-methyl-3-octylimidazolium C([DMIM][BF4]), 1ethyl-3-methylimidazolium chloride ([EMIM][BF4]), 1-methyl-3-octylimidazolium chloride ([OMIM][BF4]), 1-decyl-3-methylimidazolium
chloride ([DMIM][BF4]) and propidium iodide were purchased from
Sigma Aldrich (USA). The liver lipid extract (bovine) was purchased
from
Avanti
Polar
(USA)
with
the
components
PC:PE:PI:lysoPI:cholesterol:other lipids = 42:26:9:1:5:17 (weight%).
LB Agar, triton X 100, EtBr, YPD Agar and RNase were purchased from
Himedia (India). NaCl, KCl, EDTA were purchased from Fischer
Scientiﬁc (USA). Sodium phosphate dibasic anhydrous, potassium
phosphate, NaOH, tris base and H2O2 were purchased from Amresco
(USA). Low melting agarose were purchased from Lonza (Switzerland).
DMEM, FBS and trypsin were purchased from Gibco (USA). These
chemicals were used without further puriﬁcation. To prepare the aqueous solution of the ILs, de-ionized water (Millipore, resistivity
~18 MΩ cm, with pH~7.0) was used. For neutron scattering measurements, D2O from Sigma Aldrich (USA) was used in place of H2O. The
molecular structures of all these ILs are shown in Fig. 1.
2.2. Cell viability assay
HepG2 (human liver cancer cell line), Huh7 (human liver cancer cell
line), Huh7.5 (human liver cancer cell line), MCF-7 (human breast
cancer cell line) and HCT116 (human colon cancer cell line) were
purchased from American Type Culture Collection (ATCC) and National
Centre for Cell Science (NCCS, Pune) and were used to test the eﬀect of
the ILs ([EMIM][BF4], [EMIM][BF4], [BMIM][BF4], [OMIM][BF4],
[OMIM][BF4], [DMIM][BF4] and [DMIM][BF4]) at diﬀerent concentrations (0, 0.1, 0.5, 1, 10, 25, 50 and 100 μM). Cells were seeded in
12 well plates at 0.05 million cells and ILs were added at diﬀerent
concentrations and cells were incubated for 48 h. Post 48 h, the cells
were counted by hemocytometer to determine the number of viable
cells.
To test bacterial cell viability, DH5α strain of E. coli cells were
grown at 310 K until the optical density (OD) reached 0.6. Cells were
diluted to 1:10000 dilution and treated with ILs [DMIM][BF4] (test
sample), [BMIM][BF4] (as negative control) at diﬀerent concentrations
(0, 10, 25, 50 and 100 μM). Then the cell suspension was plated on LB
agar plates and kept at 310 K in an incubator for overnight growth.
Colonies were observed and counted manually.
2
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were rinsed once with de-ionized water and then stained with EtBr
(2 μg/ml) for 20 min. Again, slides were rinsed with de-ionized water
and then microscopy was performed using Nikon Ti ﬂuorescence microscope.
2.5. Atomic force microscopy (AFM)
To study the eﬀect of ILs on mammalian cells, AFM was performed.
Huh7.5 cells were seeded on a coverslip at 0.1 million cells/well in 6
well plates. The cells were then treated with 10 μM [DMIM][BF4] and
incubated for 48 h. Cells were then washed with 1X PBS and ﬁxed using
2% glutaraldehyde (in PBS) for 15 min and further washed twice with
MQ water and then dried using liquid nitrogen. The cells were air dried
and taken on a glass cover slip. The atomic force microscope (AFM)
(XE7, Park System) was used to visualize the topography of the cells
treated with or without [DMIM][BF4]. A PPP-NCHR tip of force constant 40 N/m with the resonant frequency of 330 kHz was used for all
the measurements (non-contact mode). In all cases, scan rate was 0.4 Hz
in each measurements, a 40 × 40 μm2 area was scanned covering a
total of 1024 × 1024 pixels.
Fig. 1. Molecular structures of imidazolium-based room temperature ionic liquids (RTILs).

2.6. Lipid monolayer
A Langmuir trough of size 55 × 15 × 0.5 cm3 (Apex, India) with
two Teﬂon barriers has been used to determine the interaction of the ILs
with a liver lipid monolayer formed at air-water interface. Two methods
were employed to quantify the interactions; the change in surface
pressure and the surface pressure-area isotherms of the lipid monolayers with and without the ILs.
The stock solution of the lipid was prepared in chloroform with a
ﬁnal concentration of 0.5 mg/ml. Then, 125 μl of the stock solution was
spread over the water surface by using a Hamilton micro syringe and
waited for about 15 min for the complete evaporation of the solvent.
For the time evolution of surface pressure, the monolayer of the lipid
was compressed at a rate of 5 mm/min to a ﬁxed pressure of 15 mN/m
and then the aqueous solution of the respective ILs were injected in the
water sub-phase at a distance of 4 cm away from the Wilhelmy balance.
The time evolution of the surface pressure was then monitored. The
relative change in the pressure was calculated by the equation,
πf − π0
Δπ = π , where π0 and πf are the initial and ﬁnal surface pressure,
0
respectively. For the surface pressure-area isotherm, [DMIM][BF4] was
mixed into the chloroform solution of the lipid to achieve a composition
of lipid: IL = 9:1 (mol:mol). After forming the monolayer of the mixture, the barriers were compressed at the same rate as above until the
collapsed pressure of the monolayer was reached. The temperature was
maintained at 293 K for all the measurements.

To determine the eﬀect of ILs on yeast, Saccharomyces cerevisiae was
grown in yeast extract peptone dextrose (YPD) media at 298 K until OD
reached 0.6. We diluted this culture to 1:2000 and then treated it with
ILs [DMIM][BF4] (test sample) or [BMIM][BF4] (negative control) at
diﬀerent concentrations (0, 10, 25, 50 and 100 μM) and plated on YPD
plates. After 48 h at 298 K, the colonies were observed and counted
manually.
2.3. Fluorescence-activated cell sorting (FACS) for cell cycle and cell death
analysis
To examine the eﬀects of ILs on cell cycle, FACS analysis was performed. Huh7.5 cells were seeded in 60 mm dishes in [DMIM][BF4]
with serum media at 0.6 million cells/well. Cells were treated with
10 μM [DMIM][BF4] (test sample) and controls (untreated cells) and
kept for further incubation for 24 or 48 h. Post incubation, cells were
washed with 1X PBS (with 5 mM EDTA (pH 8)) followed by trypsinization. The cells were further re-suspended in 1X PBS and centrifuged
at 2500 rpm for 5 min at 4 °C. Then cells were ﬁxed for 2–3 h in chilled
70% ethanol with 5 mM EDTA. Fixed cells were further washed with 1X
PBS followed by RNase treatment (10 μg, ml) for 30 min at room temperature. 10 μg/ml propidium iodide (PI) was added to these cells and
incubated for 15 min in dark. Stained cells were then analyzed in Flow
Cytometer BD FACS Aria™ III cell sorter for cell cycle analysis and
apoptotic cells population.

2.7. Preparation of unilamellar vesicles
Unilamellar vesicles (ULV) based on liver lipid were prepared using
the extrusion method as described by us earlier [29–33]. Brieﬂy, the
liver lipid solution in chloroform was taken in a glass vial and chloroform was evaporated using the gentle stream of nitrogen gas to obtain
lipid ﬁlms. To remove the residual organic solvent, the lipid ﬁlms were
dried under vacuum for about 10 h at room temperature. Dry lipid ﬁlms
were suspended in the desired amount of D2O at 310 K and taken
through 3-freeze-thaw cycles by alternately placing the lipid suspension
in a warm water bath (323K) and in a freezer (193 K). This lipid suspension was passed through a mini-extruder with a porous polycarbonate membrane (pore diameter ~100 nm) 21 times. During the
extrusion process, the temperature of the extruder was kept at ~323 K.
The stock solution of [DMIM][BF4] IL was prepared by dissolving
[DMIM][BF4] in D2O (5% (w/w)). For the neutron scattering measurements, the samples of liver lipid ULV were prepared without and
with 17.5 mol% [DMIM][BF4]. This mixture was kept at 310 K for

2.4. Comet assay
To determine whether cells death due to ILs occur due to DNA damage, a comet assay was performed. 0.1 million Huh7.5 cells were
seeded on a 35 mm plate and treated with either 20 μM H2O2 (DNA
damaging compound) or 1 μM and 10 μM [DMIM][BF4] (test sample)
or [BMIM][BF4] (as a negative control). Treated cells were incubated
for 48 h and then trypsinized. 2 × 104 trypsinized cells (in 100 μl PBS)
were mixed with 100 μl of 1% low melting agarose. 100 μl of this cell
suspension was then poured on microscopic slide precoated with 1%
low melting agarose. Slide was kept in lysis buﬀer (2.5 M NaCl, 100 mM
EDTA, 10 mM Trizma base, 1% Triton X-100, 0.26 M NaOH, pH -10.0)
overnight at 277 K. Further, these slides were placed in electrophoresis
buﬀer (10 N NaOH, 200 mM EDTA, pH > 13) twice for 20 min and
then electrophoresis was performed at 25 V, 400 mA for 30 min. Slides
3
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was performed. Huh-7.5 cells were treated with diﬀerent concentrations of [BMIM][BF4], [DMIM][BF4] or H2O2 as a positive control.
Results show that in the presence of H2O2 almost 70% of the cells indicated DNA damage, however under similar conditions, with IL, there
was no signiﬁcant increase in number of cells showing DNA damage
(Fig. 3B). These results conﬁrmed that [DMIM][BF4] speciﬁcally induces human cell death but does not cause cell cycle inhibition or DNA
damage.

about 4 h for equilibration and then used for experiments.
2.8. Quasi-elastic neutron scattering (QENS)
QENS experiments were carried out on liver lipid ULV in the absence and presence of 10 wt% [DMIM][BF4] at physiological temperature of 310 K using high energy resolution IRIS spectrometer [52]
at the ISIS pulsed Neutron and Muon source at the Rutherford Appleton
Laboratory, UK. We have used IRIS with a PG(002) analyzer that provides an energy resolution ΔE = 17 μeV (full width at half-maximum)
and an accessible range of energy transfer from −0.3 to +1.0 meV in
the oﬀset mode. The available Q-range in the chosen conﬁguration was
0.4 to 1.8 Å−1. Samples were placed in annular aluminium sample cans
with 0.5 mm internal spacing such that the sample scattering is
no > 10%, thereby minimizing multiple scattering eﬀects. For reference, measurements were also carried out on pure D2O at 310 K. The
instrumental resolution was obtained by recording the QENS spectra
from a standard vanadium sample. MANTID software [53] was used to
perform standard data reduction.

3.2. Eﬀect of IL on cell morphology
There are very few reports using AFM to study the eﬀects of ILs on
biological cells. As mentioned earlier, Evans et al. observed an increased roughness in a model phospholipid bilayer membrane in the
presence of an IL [30]. There is further scope to the application of this
microscopic technique to obtain a direct pictorial presentation of ILmembrane interactions.
Since the long chain IL [DMIM][BF4] exhibited strongest eﬀect on
cell death, this molecule was used in the subsequent AFM study. For a
direct visualization of the eﬀect of IL on the surface morphology of the
human cells, AFM was performed on Huh-7.5 cells. In a very recent
publication, Benedetto et al. have used AFM to study the surface morphology and local elastic modulus of osteoblast cells [38]. The present
study clearly shows that the surface morphology of the cell treated with
the IL is modiﬁed compared to the untreated one (Fig. 4A and B). The
corresponding height proﬁles for untreated and treated cells are shown
in Fig. 4C and D, respectively. While the untreated cell shows a smooth
height proﬁle, the treated one shows a rough proﬁle indicating an uneven surface. These images suggest that the IL probably causes the
formation of micron size pores in the cellular membrane. Note that the
AFM images cannot be used as a single data set to conclude unambiguously the formation of pores, as this technique only provides
visual images related to a probable structural change in the membrane.
In the present case, it has been shown in the biological assays above,
that the eﬀects of ILs are not related to DNA damage. In agreement with
our previous study, live/death cell viability assay results show that a
long chain IL at higher concentration destroys the bacterial cell membrane [54]. Hence, all these results indicate that the IL-induced cell
death is most likely related to the damaged cellular membrane.

3. Results and discussions
Pyridinium-based, ammonium-based and many other ILs have been
reported to be toxic to living organisms [18,28,54]. Imidazolium based
ILs, on the other hand, are preferred by the pharmaceutical industry, as
the N-substituted imidazolium ring is predominantly present in many
natural products and also in bioactive molecules in the human metabolism [55,56]. Imidazolium based ILs are amphiphilic in nature and
the highly polar head part is beneﬁcial for many biological interactions,
as explained in previous studies [19,27,57]. Moreover, they are likely
to be liquid at room temperature whereas the others are solid. Unfortunately, these ILs show much higher toxicity compared to many
others. Many studies in the last decades have studied the various eﬀects
of this class of IL with biological system, however no complete understanding of their interactions at a molecular level has been attained. In
the present study, we provide further insight into their eﬀects on
human cells.
3.1. Eﬀect of ILs on necrosis dependent cell death in mammalian cells

3.3. Eﬀect of mixing IL with lipids

To determine the eﬀect of the ILs on mammalian cells, a cell survival assay was performed with various human cell lines. Mammalian
cells were treated with the ILs and surviving cells were counted 48 h
post treatment. Results showed that ILs with short carbon chains,
[EMIM][BF4] (2-carbons) and [BMIM][BF4] (4-carbons), did not show
any signiﬁcant toxicity towards the cells (Fig. 2A). However, the ILs
with chain lengths above 4-carbon showed increasing toxicity with
increasing carbon chain length. [DMIM][BF4] with the 10-carbon chain
length showed high toxicity towards human cells (Fig. 2A). There is no
signiﬁcant diﬀerence in results when the BF4− anion was replaced by
Cl−. Thus, the results show that higher carbon chain ILs has higher
toxic eﬀect on human cells.
Once established that the high carbon chain ILs are toxic for human
cells, we wanted to determine whether this toxic eﬀect is speciﬁc to
human cells or whether these ILs can kill other kind of cells like bacteria
and yeast. Results showed that under a similar concentration, none of
the ILs inﬂicted any signiﬁcant cell death in E. coli bacteria (Fig. 2B) or
in yeast Saccharomyces cerevisiae (Fig. 2C).
In cell viability assay above, it has been shown that ILs with longer
hydrocarbon chain have the most severe eﬀects in killing human cells.
Hence, in the following sections, the IL with highest chain [DMIM]
[BF4] has been used. To determine the eﬀect of this IL on the cell cycle
of human cells, Huh-7.5 cells were treated with the IL and cell cycle
analysis was performed by FACS Results showed no change in the cell
cycle pattern of Huh-7.5 cells on 24 or 48 h of treatment (Fig. 3A).
Furthermore, to detect any damage on DNA of human cells, comet assay

The cellular membrane is, predominantly, composed of two leaﬂets
of self-assembled lipid monolayers [58,59]. Following the results above
suggesting that mammalian cell death is linked with eﬀects on the
cellular membrane, a simple model system has been adopted here to
provide the molecular description on the eﬀect of the ILs on the selfassembled structures of lipid layer. As human liver cells have shown
strongest eﬀects, we chose a mimic of the cellular membrane using the
liver lipid extract to prepare the lipid monolayer. This lipid layer is a
self-assembled two-dimensional monolayer of molecules formed at the
air-water interface where the head groups are in contact with water and
the chains are projecting out in the air. This is an excellent model cell
membrane system to investigate the interaction of foreign molecules,
such as inorganic or organic salts [59–61], probable drug molecules,
cholesterols [62], and proteins [63,64]. In the present study, this
system is used to quantify the interaction of imidazolium-based ILs with
liver lipids. At the initial surface pressure of 15 mN/m, 50 μM IL was
injected into the water subphase and the corresponding pressure
change was monitored over time. As a consequence of the insertion of
these ILs into the lipid ﬁlm, the in-plane pressure was expected to increase. The relative change of the pressure is shown in Fig. 5. There is
no change in the pressure for the pure liver lipid but the change is
evident with the addition of the ILs. The pressure change in the presence of ILs increases with time and reaches to a saturation value. The
eﬀect is very sensitive to the number of carbons in the hydrocarbon
4
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Fig. 2. Eﬀect of ionic liquids on cell viability. (A) Several mammalian cell lines Huh7.5, HepG2, HCT116, MCF7 were treated with ionic liquids ([EMIM][BF4],
[EMIM][Cl], [BMIM][BF4], [OMIM][BF4], [OMIM][Cl], [DMIM][BF4] and [DMIM][Cl]) at diﬀerent concentrations (0, 1, 10, 25, 50, 100 μM). After 48 h of
treatment with ionic liquids, cells were trypsinized and counted using hemocytometer. (B) To investigate the eﬀect of ionic liquids on bacterial cells, DH5α E. coli
strain was grown in incubator at 310 K.. Secondary culture was grown till O.D. reached to 0.6 and dilution of 1:10000 of bacterial cells were made and treated with
ionic liquids [DMIM][BF4] (test sample), [BMIM][BF4] (as negative control) at diﬀerent concentrations (0, 1, 10, 25, 50, 100 μM) and were plated on LB plates. After
12 h colonies were counted manually, and bar graph was plotted. (C) To further explore cell viability in yeast, Saccharomyces cerevisiae strain was taken. As
absorbance reached 0.6, cells were diluted to 1:2000 and treated with [DMIM][BF4] (test sample), [BMIM][BF4] (as negative control) at diﬀerent concentrations (0,
1, 10, 25, 50, 100 μM). Post treated cells were plated on YPD plates and kept at 298 K incubator for 48 h. Colonies obtained were counted manually. A value of 100%
represents cell survival without any added ionic liquid. The corresponding changes in the presence of ionic liquids have been plotted with respect to this scale.

As also evidenced in other measurements, only the eﬀect of the
longest chain IL, [DMIM][BF4] on the surface-pressure area isotherm of
the lipid was characterized and the corresponding data are shown in
Fig. 6A. The presence of 10 mol% of the IL in the mixture of the liver

chains of the ILs; the maximum eﬀect (~75%) is observed for the
longest chain ([DMIM][BF4]) with 10 carbon atoms and the least eﬀect
(~5%) for the shortest chain ([EMIM][BF4] with two carbon atoms
(Fig. 5).
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Fig. 3. Eﬀect of ionic liquids on cell cycle and DNA damage. (A) The eﬀect of ionic liquids on cell cycle FACS. Huh7.5 cells were treated with 10 μM [DMIM][BF4]
(test sample) for 24 and 48 h. Post treatment cells were stained with PI stain for 30 min. Cells were analyzed for cell cycle analysis in Flow Cytometer BD FACS Aria™
III cell sorter. (B) Comet assay showing the eﬀect of ionic liquid on apoptosis/necrosis. Huh7.5 cells were treated with 1 μM H2O2 (DNA damage positive control),
1 μM and 10 μM [DMIM][BF4] (test sample), 1 μM and 10 μM [BMIM][BF4] (as negative control) for 48 h. Further 2 × 104 cells were mixed with 1% low melting
agarose and placed on microscopic slide precoated with 1% low melting agarose. Cells were lysed overnight, and electrophoresis was performed. Slides were stained
with EtBr and visualized under Nikon ﬂuorescence microscope.

6
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Fig. 4. AFM topography to determine eﬀect of ionic liquid on cell membrane. To determine eﬀect of ionic liquid on cell surface, Huh7.5 cells were grown on slides
and treated with [DMIM][BF4].Cells were ﬁxed with 2% glutaraldehyde, dried in liquid nitrogen and visualized under AFM. Untreated (A) and treated (B) with ionic
liquid [DMIM][BF4]. The height proﬁles, (C) and (D), obtained from the line cuts (lines in A and B, respectively) exhibit the eﬀect of the ionic liquid on the surface
morphology of the cell.

lipid changes the characteristic isotherm of the lipids shifting the curve
towards lower area-per molecule. Note that the mol% of IL is deﬁned as
[IL]
× 100%, with [IL] and [Lipid] being the number of moles of IL
[Lipid] + [IL]
and liver lipid, respectively. The mol% of an IL is deﬁned as the number
of moles of IL taken with respect to the number of moles of lipid in the
chloroform solution. There is a possibility that some of the IL molecules
may dissolve into the aqueous sub-phase and hence the actual mol% of
the IL in equilibrated lipid monolayer may diﬀer. An observation of
shifting the curve for synthetic lipids has already been reported in Ref
[59, 60]. The eﬀect of the IL on the isotherm of the lipid is also evident
as its presence changes the collapsed pressure to 42 mN/m from 30mN/
m for liver lipid. Note that the IL itself is a surface active molecule as it
shows its own characteristic isotherm (Fig. 6A). The presence of the IL
in the lipid monolayer is expected to aﬀect the physical properties of
the membrane. The in-plane elasticity (Es) of the lipid layer at constant
temperature (T) is calculated using [59].

δπ
Es = −A ⎛ ⎞
⎝ δA ⎠T
Fig. 5. Variation of surface pressure of liver lipid monolayers formed at the airwater interface. The imidazolium-based ionic liquids were injected in the water
subphase at an initial surface pressure of 15 mN/m. The increment of surface
pressure is found to be maximum for [DMIM][BF4] with the longest chain
length (C10) and minimum for [EMIM][BF4] with the shortest chain length
(C2).

(1)

where A is the mean molecular area and π is the surface pressure. As
shown in Fig. 6B, the in-plane elasticity of the lipid layer drops due to
the presence of the IL and the eﬀect is prominent at the higher surface
pressure. It suggests that the IL mixes in the lipid layer and it becomes
easy for the layer to compress. This result indicates that the well-packed
lipid molecules in the layer have been relaxed by the presence of the IL.
As reported by us earlier using synchrotron x-ray scattering measurements [58,59], such relaxation is due to more conformational
7
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Fig. 6. Thermodynamic parameters of the interaction of ionic liquid (IL) [DMIM][BF4] with liver lipid monolayer formed at the air-water interface. (A) Area-surface
pressure isotherms; (B) surface elasticity of the monolayer exhibiting the decrease in the elasticity at the presence of the IL, (C) excess mean molecular area at the
presence of the IL which increases with increasing the surface pressure and (D) the Gibb's free energy of interaction which decreases with increasing surface pressure.

molecules in the presence of the IL, the dynamics of lipid molecules are
measured as described in the following section.

disordered organization of the hydrocarbon chains of the lipids. Such
re-arrangement of molecules and hence the structural changes in the
membrane might have adverse eﬀect on its function. The mixing of the
IL molecules is further quantiﬁed by calculating the excess mean molecular area (ΔA) as shown in Fig. 6C. This is calculated from the isotherm data using [65],

ΔA = Alipid − IL − (Mlipid Alipid + MIL AIL ),

3.4. Eﬀect of the IL towards microscopic dynamics of the lipids
QENS is an excellent technique to probe the dynamics in nano- to
pico-second time scales that provide the lateral and internal motion of
lipids in unilamellar vesicles. In our previous work, this technique was
successfully used for understanding the nanoscopic dynamics and phase
behaviour of a model membrane formed by DMPC [44]. In the present
work, QENS has been used to a more biologically relevant lipid system
extracted from bovine liver.
The pressure area isotherm measurements indicate that incorporation of IL enhances the elasticity of the membrane. The molecular
motions of the lipid were investigated using QENS on liver lipid ULV in
the presence and absence of the long chain IL [DMIM[BF4]. Given the
much smaller neutron scattering cross section of deuterium with respect
to hydrogen, D2O was used as a solvent to minimize its contribution to
the QENS data and thereby enhance the relative contribution from the
liver lipid membrane. Typical observed QENS spectra for liver lipid ULV
solution and D2O at 310 K at a typical Q value of 1.4 Å−1 are shown in
Fig. 7A. The solvent contribution is scaled by the volume fraction of the
solvent in the ULV solution and subtracted from those of the liver lipid
ULV solution, following the procedure described in the literature [44].
Subtracted QENS spectra, which correspond solely to the contribution

(2)

where, Mlipid, MIL and Alipid, AIL are the molar fractions and areas of liver
lipid and the IL, respectively. While ΔA = 0 siginiﬁes an ideal mixing of
these two components, the negative value corresponds to an attractive
interaction between the lipid and IL molecules. The preferred attractive
interaction is evident from the negative value of ΔA as shown in the
Fig. 6C. However, the value becomes less negative at higher surface
pressure as it becomes hard for any foreign molecule to penetrate into
the well packed lipid layer. From this excess mean molecular area, one
could calculate the excess Gibbs free energy (ΔG), which is the diﬀerence between the real (non-ideal) and ideal mixing of components. The
ΔG is calculated using the following equation [66],

ΔG =

∫0

π

{Alipid − IL − (Mlipid Alipid + MIL AIL )} dπ .

(3)

The negative values (ΔG) as plotted in Fig. 6D exhibit a spontaneous
interaction between the lipids and IL molecules.
To gain further insights of the physical behaviour of the lipid
8
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Fig. 7. (A) Typical measured QENS
spectra for liver lipid ULV solution,
D2O at Q = 1.4 Å−1 Contribution from
the liver lipid membrane (after subtracting the contribution of D2O) is
also shown. Instrument resolution as
measured using standard vanadium is
shown by dashed line. (B) Typical
ﬁtted QENS spectra from liver lipid
membrane
at
Q = 1.4 Å−1.
Components correspond to lateral and
internal motions are shown by dashed
and dashed –dotted lines.

principal interest since it plays an important role in various physiologically relevant membrane processes, such as cell signalling, membrane
traﬃcking, location and activity of membrane proteins, cell recognition, and so on. The HWHM of the Lorentzian functions corresponding
to the lateral motion, Γlat for liver lipid with and without [DMIM][BF4]
at 310 K are shown in Fig. 8. It is found that for both systems, Γlat increases linearly with Q2 passing through the origin, which indicates that
the lateral motion of lipid molecules undergo continuous diﬀusion,
described by Fick's law Γlat = DlatQ2 as shown by the solid lines in
Fig. 8. It is clear that, addition of [DMIM][BF4] increases the HWHM
values, indicating enhancement in/faster lateral diﬀusion. Results are
consistent with the earlier studies [27,34] which indicate that the incorporation of ILs enhances the ﬂuidity of the membrane. The obtained
lateral diﬀusion coeﬃcients, Dlat, for pure liver lipid and with [DMIM]
[BF4] at 310 K are found to be 11.6 ± 0.3 × 10−7 cm2/s and
13.4 ± 0.4 × 10−7 cm2/s respectively. Our measurements suggest that
incorporation of [DMIM][BF4] accelerates the lateral motion of the
lipids. The accelerated lateral motion could be related to the relaxed
and disordered chain conﬁguration of the lipids indicated by the pressure-area isotherms discussed in previous section. The faster lateral
motion of lipid molecules is a signiﬁcant result, which indicates that
incorporation of IL aﬀects the dynamical behaviour of the lipid membrane.
Cell membrane is a heterogeneous mixture of various lipids, proteins and other small molecules such as carbohydrates, cholesterols and
it separates the extracellular space, outside of the cell, from the cytosol
inside the cell. For cell membranes to function properly, they must
maintain an appropriate level of ﬂuidity, to allow movement of proteins
and lipids within the membrane without compromising membrane integrity and allowing substances to leak in or out of the cell. Fluidity is
very important for various physiological functions such as cell signalling, permeability, membrane fusion, cell division, exocytosis and endocytosis processes [68,69]. The extent of molecular motions within a
lipid bilayer is referred to as ﬂuidity of the membrane. Any perturbation in the membrane structure or dynamics caused by the foreign
molecules may aﬀect the stability of the cells. It is evident from the
present studies that at the presence of ILs, the elastic nature of the lipid
membrane changes which is a result of altered structure of the membrane. Further, dynamics of the lipid molecules get enhanced. This can
be explained based on the interaction between IL and lipid membrane.
Possibly, the ILs get absorbed ﬁrst on the lipid membrane due to electrostatic interaction. Then, the hydrophobic part inserts into the hydrocarbon chain region of the membrane. This hydrophobic interaction
enhances upon increasing the chain length of an IL as such an insertion
makes the lipid chain conﬁgurationally disordered (indicated by higher
ﬂuidity in QENS measurements).
Any foreign molecule that aﬀects a living organism has to encounter
the outer boundary of the organism. Depending on the chemical

from the liver lipid membrane are shown in Fig. 7A. The instrumental
resolution, as measured using a standard vanadium sample is shown by
the dashed line in the ﬁgure. For comparison, data are normalised to
the peak amplitude of the subtracted QENS spectra. Signiﬁcant quasielastic (QE) broadening is observed for the liver lipid membrane indicating the presence of stochastic motion of the lipid molecules.
QENS investigates the molecular motions on the time scales from
nanoseconds to picoseconds and length scale of Angstroms to few
nanometers. On this length and time scales, lipid molecules can undergo two diﬀerent kinds of motions: (i) lateral, a motion in which the
whole lipid molecules diﬀuse within the leaﬂet and (ii) a relatively
faster internal motion. Thus, the resultant scattering law for a lipid
membrane will be the convolution of the scattering laws corresponding
to lateral and internal motions and can be written as [46–50],

S (Q, ω) = [A (Q) Llat (Γlat , ω) + (1 − A (Q)) Ltot (Γlat + Γint , ω)]

(4)

where, Γlat and Γint are the half-width-at-half-maximum (HWHM) of the
Lorentzian functions corresponding to lateral and internal motions of
the lipid. A(Q) is elastic incoherent structure factor (EISF) of the localised internal motion. DAVE software [67] developed at the NIST
Centre for Neutron Research has been used for the QENS data analysis.
It is found that the scattering law given in Eq. (4) describes the observed
QENS data well IL for the entire Q range.
A typical ﬁt of the QENS data for the liver lipid membrane at
Q = 1.4 Å−1 is shown in Fig. 7B.
The components corresponding to the lateral and internal motions
are also indicated in the ﬁgure. The lateral motion of the lipids is of

Fig. 8. Variation of HWHM's of Lorentzian function corresponding to the lateral
motion for liver lipid in absence and presence of [DMIM][BF4] at 310 K. Solid
lines are the ﬁts assuming Fick's law of diﬀusion.
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composition and physical properties of the surrounding layer, the eﬀect
may be diﬀerent. As is observed in the biological assays, mammalian
cells are prone to adverse eﬀects from ILs compared to bacteria and
yeast, owing to the diﬀerent chemical composition of their interacting
outer boundary [66,67]. E. coli is a gram-negative bacterium, which has
peptidoglycan layer (7–8 nm) between its outer and inner membrane
acting as a cell wall [68,69]. This peptidoglycan layer is made up of
sugar (β-(1,4) linked N-acetylglucosamine (NAG) and N-acetylmuramic
acid (NAM)) and amino acids. Yeast has a cell wall (70–100 nm thick)
made up of polysaccharides (beta-glucan and mannan sugar polymers),
proteins, lipids and chitins [35,70]. These structures provide protection
to the cell membranes of both bacteria and yeast. In contrast, mammalian cells lack such a protective structure for the cell membrane,
which is composed mainly of PC, PE, PI and other lipids, cholesterol
and diﬀerent membrane proteins [71,72]. Thus, when exposed to ILs,
mammalian cells show drastic eﬀects while no signiﬁcant eﬀect is observed on E. coli and S. cerevisiae cells. To explain in more detail why
the response is diﬀerent for mammalian cells, more systematic investigations are needed. Note that, even though the bio-assays and AFM
study have indicated the mammalian cell death is related to the cellular
membrane, it is not unambiguously conclusive that it is related to the
altered physical properties of lipid bilayer only. Other components
(transmembrane proteins, etc.) of cellular membrane may also be a
target of these molecules. For example, the proteins that form ion
channels may have modiﬁed structure after interacting with these
molecules. In other case, simple adsorption of these molecules on the
membrane surface may change the polarity of the membrane and hence
the function of these channels. A more ﬁnely designed controlled experiments may shed lights on these issues in future.
In the case of antimicrobial peptides, it is reported that these peptides work as antibiotics, they kill the bacteria by forming pores in the
cellular membrane. However, there is a minimum quantity of the
peptide required in forming such a pore, as observed in model membrane systems [73,74]. The work reported by Sharma et al. [48] has
shown that at very low concentration of these peptides, there is a
considerable change in the lipid phase behaviour. Even at low concentration, these molecules can disrupt the lipid organization in the
membrane, and as a consequence, the dynamics of the membrane alters. At the measured concentration of ILs in the present study, such a
modiﬁed organization and dynamics of lipids are observed. At the same
time, the AFM images have indicated the formation of pores in liver
cell. It would be an interesting aspect to further investigate if the ILs
form such a physical pore in the model membrane at high concentrations. One could either perform permeability measurements in vesicle
systems or high resolution grazing incidence x-ray scattering study on
lipid multilayer, which may be the subject of future study.

chains of the ILs go into the cellular membrane and introduce changes
in the self-assembled structure and in the in-plane lateral motion. Such
deviations in the natural structure and dynamics of cellular membrane
might be the cause of a cell to die.
Even though this article describes a possible mechanism of mammalian cell death related to the reorganization of lipid molecules in the
cellular membrane, the interaction of ILs with other components of
membrane such as peripheral and integral membrane proteins should
not be ignored. Hence, to ﬁnd out the exact mechanism of toxicity of ILs
more systematic investigations are to be done.

4. Conclusions
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