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Abstract
Ionic liquids (ILs) are a relatively new class of organic electrolytes composed of an organic cation and either an organic or inorganic
anion, whose melting temperature falls around room-temperature. In the last 20 years, the toxicity of ILs towards cells and micro-
organisms has been heavily investigated with the main aim to assess the risks associated with their potential use in (industrial)
applications, and to develop strategies to design greener ILs. Toxicity, however, is synonym with affinity, and this has stimulated,
in turn, a series of biophysical and chemical-physical investigations as well as few biochemical studies focused on the mechanisms of
action (MoAs) of ILs, key step in the development of applications in bio-nanomedicine and bio-nanotechnology. This review has the
intent to present an overview of the state of the art of theMoAs of ILs, which have been the focus of a limited number of studies but still
sufficient enough to provide a first glimpse on the subject. The overall picture that emerges is quite intriguing and shows that ILs
interact with cells in a variety of different mechanisms, including alteration of lipid distribution and cell membrane viscoelasticity,
disruption of cell and nuclear membranes, mitochondrial permeabilization and dysfunction, generation of reactive oxygen species,
chloroplast damage (in plants), alteration of transmembrane and cytoplasmatic proteins/enzyme functions, alteration of signaling
pathways, and DNA fragmentation. Together with our earlier review work on the biophysics and chemical-physics of IL-cell mem-
brane interactions (Biophys. Rev. 9:309, 2017), we hope that the present review, focused instead on the biochemical aspects, will
stimulate a series of new investigations and discoveries in the still new and interdisciplinary field of “ILs, biomolecules, and cells.”
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Introduction

Ionic liquids

Ionic liquids (ILs) are ionic compounds composed by an or-
ganic cation and either an organic or inorganic anion (Fig. 1),

which possess several interesting properties such as being
liquid around room temperature and having low vapor pres-
sure (Welton 1999; Hallett and Welton 2011). Historically,
the first IL has been probably discovered in 1914 by Paul
Walden, followed then in 1951 by Hurley and Weir.
However, the research field of ILs came to existence as a such
only in the 1980s and consolidate later in the 1990s: one of the
most common families of ILs, for example, that is the
imidazolium-based ILs family, has been discovered in the
1980s by John Wilkes, and only by the end of the twentieth
century, ILs were coming to the attention of a wider audience
(Welton 2018). At this stage, the extreme flexibility in design-
ing ILs became clear and, in turn, the potentially huge variety
of these organic ionic compounds, which started to be inves-
tigated beyond the historical chemical community who syn-
thesized them (Bai et al. 2019). Because the first ILs showed a
clear green character, there was the assumption, if not the
hope, that this could be extended to all the ILs (Petkovic
et al. 2011; Earle and Seddon 2000). However, in the 2000s,
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several biological studies highlighted a moderate-to-high tox-
icity of ILs towards several micro-organisms, plants, cell
lines, and potentially humans (Bernot et al. 2005; Pretti et al.
2006; Pham et al. 2008; Studzińska and Buszewski 2009;
Matzke et al. 2009; Li et al. 2009; Coleman and Gathergood
2010; Frade and Afonso 2010; Costa et al. 2017; Bubalo et al.
2017; Thamke et al. 2019; Pawłowska et al. 2019; Leitch et al.
2020a; Leitch et al. 2020b). For example, ILs based on amino
acids (Benedetto et al. 2014a), which were supposed to be
more bio-friendly, turned out to have higher toxicity level than
their common counterparts (Egorova et al. 2015).

Toxicity of ILs

Several works and few reviews have been published in the last
15 years on the toxicity of ILs. Overall, the main aim of these
works was to highlight the moderate-to-high toxicity of ILs,
pointing the potential danger in their use in industrial applications
and suggesting how to tune their chemical structures to reduce
toxicity. Typically, the EC50 value of ILs, which is the IL-
concentration for which the cell viability reduces by half, is in
the micromolar-to-millimolar range. For example, it has been
reported that in the case of rat pheochromocytoma PC12 cells
incubated in imidazolium-based ILs, the EC50 oscillates from >
10 mM to 24 μM after 24 h incubation, respectively, in
[C4mim][Br] and [C12mim][Br], and that the cell viability de-
creases by IL-concentration and IL-chain length (Li et al.
2012a). However, it is important to note that EC50 values in
the nanomolar range have also been observed (Malhotra et al.
2014). It has been shown that the toxicity depends mainly on IL-
cations with, in general, a minor impact of IL-anions (Stolte et al.
2006). Usually, the effect of anions ismoderate in the sense that it
does not change the order of magnitude of the EC50; however,
few exceptions have been observed. For example, it has been
shown that aureate anions reduce the EC50 by three orders of
magnitude (Sioriki et al. 2019). In the same study, it has been

pointed out that unsaturated-ring imidazolium-based ILs have
lower EC50 than saturated cases. It is generally accepted that
IL toxicity increases with increasing IL-concentration and IL-
chain length (Ranke et al. 2004). In particular, the correlation
between IL toxicity and the degree of IL-cation lipophilicity
has been highlighted in several studies (Ranke et al. 2006;
Ranke et al. 2007; Vraneš et al. 2019), suggesting membrane
damage as a potential mechanism of toxicity. In this respect, it
is important to mention that few exceptions exist (Wang et al.
2015;Drücker et al. 2017). It has also been shown that IL toxicity
can be time-dependent (Li et al. 2015); this itself suggests already
the existence of other biochemical mechanisms of toxicity in
addition to the membrane damage mechanism. The effect of
mixing two ILs has also been investigated. In this context, tox-
icity of mixtures of one IL with another IL or with other salts has
been investigated for the human cervical carcinoma epithelial cell
line HeLa (Wang et al. 2007). Very recently, Ananikov and co-
workers studied cytotoxicity of aqueous solutions of binary mix-
tures of common ILs and showed that it mostly did not comply
with the concentration additionmodel, suggesting the occurrence
of toxicity-affecting interactions. They observed antagonistic ef-
fects in the studied systems, and the formation of micro-
heterogeneous water structures in both single-component and
two-component IL-solutions (Kashin et al. 2016; Egorova et al.
2020). To a more complete picture of the toxicity of ILs, please
refer to one (or more) of the several reviews published in the last
decade, which would represent a very useful starting point for
researchers interested in gaining an overviewof this field of study
(Pham et al. 2010; Egorova and Ananikov 2014; Kudłak et al.
2015; Heckenbach et al. 2016; Sivapragasam et al. 2020).

The “positive side” of IL toxicity

Whereas the discovery of the toxicity of ILs has broken the
dreams of several researchers, it stimulated, on the other hand,
a series of new studies interested in taking advantage of the

Fig. 1 Cations and anions from selected and common ILs. The MIL
(magnetic IL) subcategory consists of magnetic anions; the AAIL
(amino acid IL) subcategory consists of anions made of deprotonated

amino acids. Figure was taken from Benedetto and Ballone (2018a) and
reproduced with permission from the publisher
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affinity of ILs towards cells for applications in pharmacology,
bio-medicine, and bio-nanotechnology (Hough et al. 2007;
Carson et al. 2009; Stoimenovski et al. 2012; Marrucho
et al. 2014; Williams et al. 2014; Egorova et al. 2017;
Sahbaz et al. 2017; Agatemor et al. 2018; Benedetto and
Ballone 2018a; Tanner et al. 2020; Shi et al. 2020). For ex-
ample, it has been shown that the oral delivery of a choline-
based IL prevents the absorption of fat molecules through
intestinal tissue in rats (Nurunnabi et al. 2019). Apart from
few very ad hoc “system biology” studies, as the one just
mentioned, there are several studies highlighting the specific-
ity of ILs towards cancer cells and their ability to kill those
cells, leaving healthy cells almost unaffected (Kumar and
Malhotra 2009; Malhotra and Kumar 2010; Wang et al.
2015; Stromyer et al. 2020). In this context, it has been shown,
for example, that tri-n-butyl-n-hexadecyl-phosphonium
bromide—a phosphonium-based IL with a halogen anion
and balanced lengths of C4 and C16 alkyl chains—is approx-
imately 100 times more toxic against HeLa cells than several
ammonium-based ILs, but it remains inactive against human
chronic myelogenous leukemia K562 cells; complementarily,
triphenyl-alkyl-phosphonium iodides, with shorter C1 and C5

alkyl chains, resulted to be inactive against HeLa cells, but
very active against K562 cells (Bachowska et al. 2012). More
recently, (i) a novel betulinic acid–derived IL, i.e.,
[P6,6,6,14][BA], has shown a specific cytotoxicity against hu-
man hepatocellular carcinoma HepG2 and human lung carci-
noma A459 tumor cell lines (Silva et al. 2019), and (ii) a new
imidazolium IL with a triphenylphosphonium substituent, ap-
plied intravesically to mouse, has selectively killed bladder
cancer cells, leaving adjacent healthy cells unaffected
(Stromyer et al. 2020). This selective ability of ILs together
with their extreme flexibility in design makes them potential
candidates against cancers. Moreover, non-toxic ILs or sub-
toxic IL-doses are also showing promising applications. For
example, it has been shown that some ammonium-based ILs,
which are not toxic against HeLa and K562 cells, can be then
used as gene delivery vehicles since they could electrostatical-
ly interact with negatively charged DNA or RNA molecules
(Bachowska et al. 2012). In the same context, more recently,
the ability of a novel di-cationic imidazolium IL in gene trans-
fer has been shown: cell culture experiments have revealed
that mixed liposomes containing this novel double-tail lipid-
mimic IL can serve as plasmid DNA delivery vehicles
(Paulisch et al. 2020). Toxicity of ILs towards both Gram-
positive and Gram-negative bacteria has also been observed,
and associated to the ability of ILs to disrupt bacterial mem-
branes, supported by the similarity in the structure of ILs with
detergents, pesticides, and antibiotics; moreover, some ILs
exhibit structural similarity with cationic surfactants which
can disrupt membrane-bound proteins (Docherty and Kulpa
Jr. 2005; Carson et al. 2009; O’Toole et al. 2012; Zakrewsky
et al. 2014; Ganapathi and Ganesan 2017; Ibsen et al. 2018).

Finally, it is also interesting to mention here that ILs possess
antiviral activity. In this respect, it has been found that some
ILs can stop the replication cycle of the human immunodefi-
ciency virus (HIV) by inhibiting the function of HIV-
integrase, which is an important enzyme in the virus replica-
tion cycle (Maddali et al. 2011). The viricidal activity of ILs
has been proven in few other cases, but the associated mech-
anisms need further investigations (Kumar and Malhotra
2008; Sommer et al. 2018).

However, even though there are a relevant number of stud-
ies on the toxicity of ILs (as well as few nice and comprehen-
sive reviews), only very few studies focus on the mechanisms/
modes of action (MoAs) of these organic electrolytes. The
knowledge of such mechanisms is very important not only
to develop and design greener ILs, as the majority of the
researchers in this field have been highlighting, but also to
facilitate and tune the development of applications of ILs in
bio-nanotechnology and bio-nanomedicine. This review has
been written with the aim to gather together and facilitate the
comparison of these MoAs of ILs; in this sense, it has the goal
to present the state of the art of the MoAs of ILs.

Biophysical and chemical-physical investigations of
IL-biomembrane interactions

Based on our biophysical and chemical-physical back-
grounds, we would like to mention that the toxicity of ILs
has also stimulated several biophysical and chemical-
physical investigations on the interaction between ILs and
biomolecules. For example, it has been shown that ILs have
the ability to interact with proteins and enzymes (Kumar and
Venkatesu 2014; Kumar et al. 2017; Takekiyo and Yoshimura
2018; Pillai and Benedetto 2018; Bui-Le et al. 2020;
Bharmoria et al. 2020) and with DNA and RNA (Tateishi-
Karimata and Sugimoto 2018). Particular attention has been
devoted to the investigation of the interaction between ILs and
model cell membranes, with a special focus on phospholipid
bilayers used as basic/first-order models of cell membranes
(Benedetto 2017;Wang et al. 2018). This set of investigations,
in particular, has been motivated by the observation/intuition
that the interaction between ILs and cells has to be mediated/
filtered by the cell membrane first, which represents the phys-
ical barrier that any foreign species has to pass/interact with
before getting into the cell, and by the proven correlation
between toxicity and lipophilicity of ILs (Ranke et al. 2006;
Ranke et al. 2007; Vraneš et al. 2019). A palette of very
diverse experimental techniques as well as computational
methods have been employed, including neutron and X-ray
scattering, atomic force microscopy (AFM), fluorescence
techniques, and molecular dynamics simulations (Evans
2008; Benedetto et al. 2014a; Benedetto et al. 2014b; Yoo
et al. 2014; Benedetto et al. 2015; Yoo et al. 2016a; Yoo
et al. 2016b; Wang et al. 2016; Kontro et al. 2016; Drücker
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et al. 2017; Bhattacharya et al. 2017; Witos et al. 2017;
Bornemann et al. 2020). In this respect, quasi-elastic neutron
scattering has been employed to determine the effect on lipid
diffusion due to the presence of IL-cations into the lipid re-
gion, showing, for example, a reduction of liver lipid lateral
motion in the presence of [C10mim][BF4] (Sharma et al. 2017;
Sharma and Mukhopadhyay 2018; Bakshi et al. 2020). In this
context, neutron scattering, in tandem with computer simula-
tions, can be a powerful and unique tool to investigate the
chemical-physics of these systems (Magazù et al. 2008;
Magazù et al. 2010; Magazù et al. 2012; Nandi et al. 2017;
Benedetto and Ballone 2018b). Overall, the aim of these
chemical-physics studies was (and still is) to understand the
microscopic mechanisms of interaction between ILs and cell
membranes, which represent a key step for the development of
applications (Benedetto and Ballone 2018a; Kumari et al.
2020). It has emerged that the affinity of ILs towards phos-
pholipid bilayers (i.e., lipophilicity) increases as a function of
the hydrocarbon chain length of the cations as well as their
toxicity. It has been shown that ILs can disrupt phospholipid
bilayers as easier as longer is their cation hydrocarbon chain.
This disruption occurs at IL-concentrations that are inversely
proportional to the hydrocarbon chain length of the IL-cations,
and usually in the range of the IL critical micellar concentra-
tion (CMC), which is the concentration of an IL in solution
starting from which the IL is able to rearrange themselves and
create super-molecular structures such asmicelles and vesicles
(Blesic et al. 2007; Yoo et al. 2016a; Yoo et al. 2016b). It has
then been proposed that it is the presence of these super-
molecular structures of ILs in solutions at the cell-water inter-
face that drives the overall disruption of the cell membrane.

Generally speaking, the majority of the biochemical and
chemical-physical studies on the interaction between ILs and
model cell membranes have been designed with the aim to

link cell death to membrane-IL interactions, actually and more
precisely, to the membrane disruption by ILs. However, the
prospective of a niche sub-class of these chemical-physical
studies has been somehow different. Our focus, for example,
has been on the effect of low doses of ILs on model
biomembranes, with a special attention devoted to their effect
on the mechano-elasticity/viscoelasticity of biomembranes.
Low IL-doses have been defined as concentrations of ILs
which are low enough to not cause any alteration to the overall
biomembranes’ structural stability. In this context, we have
shown by neutron reflectivity (Benedetto et al. 2014b) and
classical molecular dynamics simulations (Benedetto et al.
2015) the insertion mechanism and the partitioning of IL-
cations into phospholipid bilayers (Fig. 2). At low doses, (i)
IL-cations insert into the lipid structure of phospholipids bi-
layers in a time scale of few nanoseconds; (ii) this insertion
process is driven by the electrostatic attraction force between
the positively charged imidazolium ring of the IL-cation with
one of the electronegative oxygen atom in the lipid head, (iii)
and it is stabilized by Van der Waals forces between the tail of
the IL-cation and the tails of the phospholipid, which are both
hydrophobic; (iv) the location of the IL-cation is always in the
region between the heads and the tails of the phospholipids,
and (v) it stays almost always in the outer leaflet region; (vi)
the insertion process will reach a dynamical equilibrium with
the amount of IL-cations in the order of 1-to-7 IL per 10
phospholipids; and (vii) it is not fully reversible.
Furthermore, by AFM, we have shown that ILs dispersed at
low doses at the bilayer-water interface are able to change the
mechano-elasticity of phospholipid bilayers without affecting
their overall structure and stability (Rotella et al. 2018), and
that this holds also at cell level (Benedetto and Ballone 2018a)
affecting cell migration and adhesion (Kumari et al. 2020). In
this context, more specifically, we have shown that sub-toxic

Fig. 2 a–c Density distribution profiles as a function of height z from the
surface of the substrate obtained by fitting the neutron reflectivity data
taken fromBenedetto et al. (2014b). Neutron reflectometry has allowed to
model each single supported phospholipid bilayers with four different
density distributions accounting for: (i) the inner lipid heads layer
(cyan); (ii) the inner lipid tail layer (blue); (iii) the outer lipid tail layer
(blue); (iv) the outer lipid heads layer (cyan); and also (v) the density
distribution of the cations (red), whereas the anion (Cl−) is almost invis-
ible to neutrons. Three cases are here reported where two different

phospholipid bilayers interact with aqueous solutions of two different
ILs at 0.5 M: a POPC and [Chol][Cl], b POPC and [C4mim][Cl], and c
DMPC and [C4mim][Cl]. IL-cation absorption accounts for 8%, 6.5%,
and 11% of the lipid bilayer volume, respectively. In c, the diffusion of
the cations into the inner leaflet is apparent, and this can imply diffusion
into the cytoplasm through the cellular lipid membrane. In d, a represen-
tative molecular dynamics simulations configuration of the [C4mim]+ IL-
cation in close contact with a POPCmolecule taken from Benedetto et al.
(2015). Figures reproduced with permission from the publishers
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doses of imidazolium ILs are able to enhance cell migration in
human breast cancer cell line MDA-MB-231 by reducing the
elasticity and the penetration resistance of the cellular lipid
membrane (Fig. 3), and that both cell migration and mem-
brane elasticity can be tuned by IL-concentration and IL-
chain length (Kumari et al. 2020).

These are just few examples of the still-growing biophys-
ical and chemical-physical research efforts in the field. For an
almost up-to-date overview of this research field, we propose
to the interested reader two reviews that we have recently
authored on this subject—one on the interaction between ILs
and biomolecules (Benedetto and Ballone 2016) and the other
one dedicated entirely to biomembranes (Benedetto 2017)—
as well as a recent Feature Article highlighting the potential
applications of ILs in bio-nanotechnology and bio-
nanomedicine from a chemical-physical prospective
(Benedetto and Ballone 2018a). Furthermore, a special issue
entirely dedicated to ILs and biomolecules has been recently
published (Benedetto and Galla 2018).

Mechanisms of action of ILs

In what follows, we are presenting the state of the art of the
MoAs of ILs towards living cells. In few cases, we will com-
ment results obtained on model systems including lipid lipo-
somes and supported lipid bilayers. We have organized and
distributed the results of the relevant literature in subpara-
graphs organized by the relevant MoAs and inspired by the

much more scientific literature published on the MoAs of
antibiotics and drugs (Brogden 2005; Kohanski et al. 2010;
Blair et al. 2015; Mookherjee et al. 2020). As you will see,
some MoAs of ILs are very “populated,” whereas for others,
there are very few examples reported in the literature so far.

ILs and cellular membranes—part 1: “soft
interactions”

ILs could diffuse into the cellular membrane and alter the phos-
pholipids’ arrangement, the membrane potential, and the over-
all fluidity and viscoelasticity of the membrane. Changing the
fluidity of the cell membrane could, for example, impact the
diffusion rate and the overall stability of membrane proteins
and, in turn, indirectly affect their biochemical function. This
could impact several cell biochemical and biophysical process-
es, including recognition, transportation, signaling, migration,
adhesion, division, and mechanotransduction, which could
eventually lead to different effects up to cell death by both
apoptosis and necrosis. In the specific case of lipid raft domains,
the variation in the arrangement of lipids and in the overall
fluidity, which could be induced by the absorption of ILs, could
alter the ability of lipid raft domains to cluster specific mem-
brane proteins needed to carry out specific biochemical func-
tions as well as affect the distribution of glycolipids and glyco-
proteins involved in cell recognition. ILs could also affect the
overall stability of lipid raft domains which could lead to cell
death. It is interesting to mention here that (i) rearrangement of
lipid domains by ILs has been observed on model systems

Fig. 3 Cell migration and cellular
lipid membrane elasticity for
MDA-MB-231 cells incubated at
sub-toxic concentrations of
imidazolium ILs showing a
correlation/relationship between
the ability of ILs to reduce the cell
membrane elasticity and their
ability to enhance cell migration.
Taken from Kumari et al. (2020)
and reproduced with permission
from the publisher
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(Drücker et al. 2017; Bornemann et al. 2020), see for example
Fig. 4; (ii) insertion of antimicrobial peptides can induce delo-
calization of membrane proteins (Wenzel et al. 2014); (iii) al-
teration in membrane potential (and in the proton motive force)
affect protein localization and cell division (Strahl and Hamoen
2010; Wilson et al. 2016); and (iv) antibiotics can inhibit the
cell envelope synthesis by interfering with fluid membrane mi-
crodomains (Müller et al. 2016).

Several of these MoAs of ILs have been observed, more
specifically:

– Rounding up of cell border has been observed in human
keratinocyte HaCaT cell line after incubation in
[BMPY][TFSI] (Hwang et al. 2018).

– Blebs on cell surface of HeLa cells have been observed
after incubation in [C2mim][BF4] (Wang et al. 2007).

– Membrane shrinkage and lipid peroxidation have been
observed in human hepatocarcinoma QGY-7701 cells in-
cubated in [C8mim][Cl] (Jing et al. 2013).

– Membrane blebbing, blurring, and shrinkage have been ob-
served in the insect cell line Spodoptera frugiperda 9 (Sf-9)
following incubation in [C2mim][Br] (Wu et al. 2018).

– Alterations in cell elasticity induced by ILs have been
observed for the first time by Benedetto and Ballone

(2018a) on osteoblast cells incubated in [C4mim][Cl]
(Fig. 5). The same group has also shown that ILs can
affect the mechano-elasticity of phospholipid bilayers
(Rotella et al. 2018; Kumari et al. 2020).

– Variation in the Young’s modulus ofMDA-MB-231 cells
has been observed after incubation in [Cnmim]-based ILs
(Fig. 5). The reduction correlates positively with the
length of the imidazolium IL-cation tail and has been
associated to the ability of the ILs to alter the
membrane-actin cytoskeleton wall (Galluzzi et al. 2018).

– A drop in the in-plane elasticity of the cellular lipid mem-
brane has been measured in the human liver cancer cell
line Huh7.5 incubated in [C10mim][BF4], and has been
associated to the rearrangement of lipids due to the pres-
ence of the ILs in the lipid region. Interestingly, no alter-
ation in either cell cycle or DNA damage has been ob-
served at IL-concentrations around the EC50 value
(Bhattacharya et al. 2018; Bakshi et al. 2020).

– Reduction of the Young’s modulus has been observed in
Gluconacetobacter sacchari membranes incubated in
cholinium-cation vitamin B-anion ILs (Chantereau et al.
2020), see Fig. 6.

– Loss of adhesion ability has been recorded in the case of
PC12 cells incubated in [C8mim][Br] (Li et al. 2012a).

Fig. 4 Bilayer domain fluidization of small bulged domains to flat large
domains with enhanced dye specificity in the presence of 10% of the
double-tail imidazolium-based IL [C15IMe][HI] from Drücker et al.

(2017). Giant unilamellar vesicles of a DOPC/SSM/Chol (33:33:33)
and b DOPC/SSM/Chol/[C15IMe][HI] (33:23:33:10) at 38 °C, scale 20
μm. Figure reproduced with permission from the publisher
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– Alteration in cell division has been observed in HeLa
cells following incubation in ethyl-substituted
imidazolium, pyridinium, and ammonium ILs; no such
indication has been registered for longer chain-
substituted ILs (Wang et al. 2007).

– Phosphatidylserine lipids have been observed in the outer
cell membrane leaflet in human epidermoid carcinoma
A431 cells incubated in [C11mim][Cl], [C15mim][Cl],
and [C17mim][Cl] ILs. Usually, in healthy cells, this lipid

is constrained into the cell membrane inner leaflet, be-
cause its exposure to the extracellular environment is a
signal of cell apoptosis (Malhotra et al. 2014).

– Increase in the trans/cis ratio of unsaturated fatty acids has
been observed in the soil bacterium Pseudomonas putida
cell membrane after incubation in ammonium-based ILs
(Piotrowska et al. 2017). It has been highlighted that these
ILs directly affect bacterial membrane fluidity and acti-
vate membrane stress response.

Fig. 6 a SEM images (cross
sections at 10k magnification)
and b Young’s modulus of
bacterial membranes (BC) from
the bacterial strain
Gluconacetobacter sacchari neat
(BC, first row), treated with vita-
mins B (BC-Bx, second row) and
treated with choline-based vita-
min B ILs (BC-[Ch][Bx], third
row). Adapted from Chantereau
et al. (2020) and reproduced with
permission from the publisher

Fig. 5 AFM scan of the local elastic modulus of osteoblast cells a before
and b after the addition of [C4mim][Cl] at 0.1 M concentration, showing
the overall reduction of the cell membrane elasticity and the
destabilization of the cytoskeleton motif induced by the IL (Benedetto

and Ballone 2018a). In c and d, Young’s modulus mean values ± errors
for MDA-MB-231 cells interacting with different concentration of
[C4mim][Cl] and [C8mim][Cl], respectively (Galluzzi et al. 2018).
Figures reproduced with permission from the publisher
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– A correlation between surface activity of imidazolium-
based ILs (i.e., surface tension reduction in aqueous so-
lutions induced by ILs) and their toxicity activity against
bacteria (including both Gram-positive and Gram-
negative categories) and fungi has been recorded and
linked to their MoA (Łuczak et al. 2010).

– The accumulation of [P6,6,6,14][NTf2] into the cell mem-
brane of Escherichia coli (E. coli) cells has been mea-
sured by Fourier transform infrared (FT-IR) spectroscopy
(Cornmell et al. 2008).

– Ex vivo lipid extraction in (porcine) skin by a choline-based
IL has been observed and a theoretical model that elucidates
how IL-induced skin structural changes result in faster mac-
romolecular diffusion for enhanced permeability has been
proposed (Tanner et al. 2018; Qi and Mitragotri 2019).

ILs and cellular membranes—part 2: “hard
interactions”

The interaction between ILs and cell membranes could lead
to much stronger effects than the ones reported in the sec-
tion above, for example, ILs could alter the membrane per-
meability, nucleate pores, and even disrupt the entire mem-
brane. In these first two cases, ILs could indirectly perturb
the biochemical gradients between the extracellular envi-
ronment and the cytoplasm, and could also induce either
the diffusion of the intracellular content outside the cell or
the penetration of extracellular material into the cytoplasm.
In all these cases, the biochemical function of the cellular
membrane and several membrane proteins could be strong-
ly affected, leading to cell death. Important to highlight
here is that the permeabilization of the cellular membrane
is also one of the most common MoAs of antibiotics, e.g.,
Mwangi et al. (2019).

Several of these MoAs of ILs have been observed, more
specifically:

– Alteration in membrane permeability has been detected in
[C8mim][Cl]-treated PC12 cells (Li et al. 2012b).

– Enhanced membrane permeability has been observed in
fish ovary CCO cells after incubation in [Cnmim]-based
ILs; [C4mim][NTf2] and [C10mim][NTf2] induced also
membrane disintegration (Radošević et al. 2013).

– Reversible changes in membrane potential (which acti-
vates endogenous Ca2+ channels) and pore formation
have been observed in primary cultures of dorsal root
ganglion DRG neurons and human embryonic kidney

HEK-293 cells incubated in 1,3-alkylpyridinium salts
(McClelland et al. 2003; Scott et al. 2000). Interestingly,
the presence of extracellular zinc seems to attenuate those
effects. It has been suggested that the reversibility of the
process could be used to deliver materials to the intracel-
lular environment without cell damage. Several possible
explanations have been given to explain the reversibility
in pore formation, membrane potential, input resistance,
and current, including the possibility that the larger poly-
IL molecules may be sufficiently flexible that lipids can
rearrange themselves after pore formation and thus block
the ion-conducting pathways through the cell membrane.

– Membrane damage has been observed in red blood cells
(RBC) incubated in [C4mim][Br], [C10mim][BF4], and
[BTDA][Cl] (Thamke et al. 2017).

– Destabilization of the plasma cellular membrane of hu-
man corneal epithelial HCE cells and hemolysis of RBCs
have been observed after incubation in [P14444][Cl] and
[P14444][OAc] (Ruokonen et al. 2018). In the same study,
it has been shown that these two ILs switch the zeta po-
tential of model lipid liposomes from negative to positive,
evidencing a strong and possibly irreversible sorption of
the ILs into the liposome. To be noted is that the concen-
trations at which the zeta potentials turned positive are
relatively close to the EC50 values of these ILs.

– Cellular membrane destabilization has been observed in
mammalian murine fibroblast cells NIH/3T3 incubated in
the [C8quin][Br] and [C14quin][Br] alkyl-quinolinium
bromide ILs (McLaughlin et al. 2011).

– Destabilization of the cell membrane has been observed
in PC12 cells incubated in oxygenated and alkyl
imidazolium ILs; [C4mim][BF4] resulted to be the most
toxic compounds (Samorì et al. 2010).

– Membrane damage in PC12 cells has been observed after
incubation in [C8mim][Br] (Li et al. 2012a).

– Loss of membrane integrity has been registered in human
breast cancer MCF-7 cells incubated in [MPPyrro][Br]
(Kumar et al. 2009).

– Membrane destruction by [C2mim][BF4] has been ob-
served on HeLa cells (Wang et al. 2007).

– Membrane damage by ILs seems also to be a common
MoA of ILs against bacteria. For example, membrane
disruption has been observed in E. coli incubated in
choline- and geranate-based ILs (Ibsen et al. 2018), see
Fig. 7.
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– Membrane damage has been observed in both Gram-
negative and Gram-positive bacteria (i.e., E. coli and
Staphylococcus aureus) incubated in piperazinium- and
guanidinium-based ILs (Yu et al. 2016a), see Fig. 8.
Interestingly, E. coli appears to be more susceptible to
be destroyed by ILs than S. aureus, pointing to different
interactions of ILs with bacterial membrane and cell wall,
which are different between gram-negative and gram-
positive bacteria.

– Membrane damage has been observed in Clostridium sp.
incubated in [EtPy][BF4] and [EtPy][CF3COO] ILs
(Zhang et al. 2014).

– Increase in membrane permeability was observed in
E. coliDH5a incubated in [C8mim][Cl] (Jing et al. 2014).

– Permeabilization of the cell membrane has been observed
in bacteria (E. coli), yeast (Saccharomyces cerevisiae),
and RBCs after incubation in [C8mim][Cl] (Cook et al.
2019), see Fig. 9. In the same study, it has also been
shown that [C8mim][Cl] is able to induce permeability
in large unilamellar vesicles of DOPC/DOPG at its CMC.

– Increase in membrane permeability and membrane dam-
age has been also observed in cells extracted from algae,
Chlorella vulgaris (C. vulgaris) and Scenedesmus

Fig. 7 E. coli membrane disruption induced by choline- and geranate-
based IL (CAGE) variants with varying ratios of choline and geranic acid.
a SEM images of E. coli cells untreated and incubated in CAGE variants
for 2 h at 37 °C, showing surface disruption on CAGE-treated cells.
Magnification of top row images is × 5000−10,000 and bottom row
images is × 40,000. b Fourier transform infrared spectroscopic analysis
of treated cells show an altered lipid profile similar to phase transition,

indicating the disruption of the lipid bilayer conformation. Cells incubat-
ed in sublethal doses of 1:2 CAGE for 2 h (dashed red line) or 24 h (solid
red line) exhibited an increase in peak heights indicative of lipid content
compared with an untreated control (solid black line). An increase in
vibrational frequency of CH2 stretching was observed at 2853 and to a
lesser extent at 2924 cm−1. Adapted from Ibsen et al. (2018) and
reproduced with permission from the publisher

Fig. 8 SEM images of a E. coli and b S. aureus bacteria treated with
[C2pi][BF4] for 12 h. (a1, b1) control, untreated; (a2, b2) treated with
0.1 mg mL−1; (a3, b3) treated with 1.0 mg mL−1; (a4, b4) treated with

2.0 mg mL−1. Figure taken from Yu et al. (2016a) and reproduced with
permission from the publisher
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quadricauda (S. quadricauda), after incubation in
[Cnmim][Cl] ILs (Deng et al. 2020).

– Membrane damage has been observed in marine
macroalga Ulva lactuca (U. lactuca) incubated in
[C12mim][Br] (Kumar et al. 2011).

– Membrane and cell wall damage by ILs has also been
observed in fungi. For example, it has been shown that
the phosphonium-based ILs [P444n][Cl] can induce mem-
brane damage in conidia of the filamentous fungus
Aspergillus nidulans (Petkovic et al. 2012).

– Morphological membrane damages have also been ob-
served inCaenorhabditis elegans, a well-studied free-liv-
ing soil roundworm with a transparent anatomy, after
incubation in [Cnmim][Cl] ILs (Swatloski et al. 2004).

– Rupture of the membrane and increased release of cyto-
plasmic contents have been observed in Sf-9 cells follow-
ing incubation in [C2mim][Br] (Wu et al. 2018).

ILs and membrane proteins

ILs could directly interact with and bind to membrane pro-
teins and enzymes affecting their biochemical function. For
example, ILs could bind to transmembrane lipid-transporter
proteins (e.g., flippases and floppases) responsible for
aiding the movement of phospholipid molecules between
the two leaflets of the cell membrane, and to maintain their
asymmetric lipid composition. ILs could also bind to trans-
membrane protein channels (e.g., porins and aquaporins)
responsible for the passage of water, other (ionic) mole-
cules, and nutrients. Similar MoAs have been observed
for antibiotics (Feng et al. 2015). Moreover, ILs could use

both lipid-transporter proteins and transmembrane protein
channels to diffuse into the cytoplasm. ILs could bind to
glycoproteins and glycolipids important in the recognition
of the cell by the immune system, or to the several proteins
responsible for cell adhesion and mobility. ILs could also
affect the overall viscoelasticity and stability of cells and of
cell colonies by binding to cytoskeleton-anchored trans-
membrane proteins as well as to cellular-cellular channels
responsible for the exchange of molecules between
(adjacent) cells (or by acting on the extracellular matrix).
ILs could finally interfere with several signaling pathways
occurring at the cellular membrane level. For example, in
bacteria, ILs could bind or destabilize the peptidoglycan
structure, which could affect the ability of the relevant en-
zyme to synthesize it, or in a complementary way, they
could alter the function of the enzymes responsible to the
synthesis of the cell wall (e.g., peptidoglycan). Similar
MoAs have been observed for antibiotics (Ling et al.
2015; Batson et al. 2017; Grein et al. 2020). More in gen-
eral, ILs could interfere with active transporters also by
affecting the conversion from adenosine diphosphate
(ADP) to adenosine triphosphate (ATP), for example, by
directly binding ADP/ATP. ILs could also affect electron
and proton transfer pathways.

Several of these MoAs of ILs have been observed, more
specifically:

– Inhibition of the enzyme acetylcholinesterase (AChE) in
PC12 cells has been observed after incubation in
[C4mim][BF4] (Samorì et al. 2010). In this cell line, four
AChE monomers are organized in a globular tetramer
directed onto the membrane surface for its cholinergic
function by a membrane anchor protein.

– Inhibition of p-glycoprotein, which is a plasma mem-
brane protein exporting drugs out of the cell, has been
observed in several human cancer cell lines originating

Fig. 9 Permeabilization induced by [Cnmim][Cl] ILs on bacteria
(E. coli), fungi (S. cerevisiae), ovine RBCs, and large unilamellar
98%DOPC/2%DOPG vesicles (LUV). a E. coli outer membrane
permeabilization by varying IL-concentrations. Data represent
absorbance measured after 30 min of exposure to ILs; all data are
averages of 3 replicates. b Effect of IL-chain length on S. cerevisiae
permeability. Cells with positive fluorescence at 575 nmwere considered
permeable. Exposure to cetyltrimethylammonium bromide (CTAB) (102

μM) yielded 94% permeable cells vs. PBS treatment 4% (dotted lines). c
Ovine RBC permeabilization by varying IL-concentrations. Data repre-
sents hemolysis induced by 1 h exposure to ILs. Percent hemolysis was
calculated by normalizing against cells treated with Triton X-100 set to
100% leakage. All data are averages of 3 replicates. d Laser-induced
fluorescence lifetimes of LUVs entrapped with Ru(bpy)3

2+ in the pres-
ence of 0.5 M ILs. Adapted from Cook et al. (2019) and reproduced with
permission from the publisher
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from breast and colon cancers after incubation in a series
of newly synthesized imidazolium ILs tethered
benzothiazole moieties with fluorinated counter anions
(Al-blewi et al. 2019).

– Inhibition of the Na-K-ATPase, an enzyme located onto
the cell membrane and responsible for cell growth by
regulating the in and out transport of, respectively, K+

and Na+ ions has been observed in CCO cells incubated
in [Cnmim][NTf2] ILs (Radošević et al. 2013; Stolte et al.
2006). It has been suggested that the inhibition is due to
the IL anion ability to form free fluoride ions.

– The binding of phosphoinositide 3-kinases (PI3Ks) p110α
domain with a series of di-cationic pyridinium-based ILs
have been tested by in silico molecular docking approach
to investigate the potential MoA of these ILs that show
cytotoxicity in the millimolar range against human breast
cancer (MCF-7, MDA-MB-231, and T47D) and colon can-
cer (Caco-2) cell lines. The docking study revealed that this
family of ILs exhibits bonds with one or more amino acids
in the receptor active pocket site of the enzyme, and that the
IL exhibiting the highest cytotoxicity has the highest binding
energy (Rezki et al. 2018). PI3Ks belongs to the family of
lipid kinase enzymes, it regulates cellular growth and apo-
ptosis in cancer cells, and catalyzes the phosphorylation of
phosphatidylinositol that can activate the serine/threonine
kinase AKT, which regulates several signaling pathways
controlling cell survival, proliferation, apoptosis, and
motility.

– The lifetimes of gramicidin A channels have in-
creased by incubation in [Cnmim][Cl] ILs, which
have been suggested to stabilize the compressed
structure of the lipid bilayer (Ryu et al. 2015), see
Fig. 10. Decrease rate of ion flux through the chan-
nels has also been observed in the same study and
associated with the ability of the ILs to change the
membrane surface charge. To be noted, both IL-

effects have shown to increase with increasing con-
centration and alkyl chain length.

– Diffusion through biological nanopores, such as OmpF
and its mutant D113A, has been observed for
[C4mim][Cl] (Modi et al. 2011).

– Diffusion into the cytoplasm via special membrane trans-
porter proteins (e.g., PEPT1 transporter), similar to some
amino acid prodrugs, has been suggested as a MoA of
amino acid–based ILs, showing a much higher toxicity
against NIH/3T3 cells in comparison with the equivalent
most common imidazolium ILs (Egorova et al. 2015).

– Interaction between ILs and membrane proteins and en-
zymes has also been observed and proposed as a MoA of
ILs against bacteria. For example, it has been suggested
that in S. aureus bacteria incubated in piperazinium
[BF4]– and guanidinium [BF4]–based ILs, the free fluo-
rine resulting from the hydrolysis of the F-containing
group can inhibit the Na-K-ATPase, which by
transporting K+ into the cell and Na+ outwards regulate
the cell growth (Yu et al. 2016a).

As a result of their interactions at cell membrane level, ILs
could reach the intracellular environment by several routes.
More specifically, once diffused into the outer cellular mem-
brane, they could flip and then diffuse into the cytoplasm.
They could also reach the intracellular region via transmem-
brane lipid-transporter proteins (e.g., flippases and floppases),
transmembrane protein channels (e.g., porins and aquaporins),
and, of course, by self-induced cell permeability and pores.
Once in the cytoplasm, ILs could interact with several biomol-
ecules and protein complexes (firstly driven by Coulombic
attraction), and with organelles (driven also by the lipophilic-
ity of ILs); reach the cell nuclei; and also interfere with several
signaling pathways including the ones responsible for cell
cycle, cell growth, cell proliferation and differentiation, cell

Fig. 10 Cartoon representation of the effect of ILs on the structure and
ionic conductivity of gramicidin A embedded in a supported DPhPC/n-
decane phospholipid bilayer. Each current trace represents events a prior
to and b after addition of 300 μM [C10mim][Cl] (applied voltage 200

mV). In c, lifetime distribution of gramicidin A dimer: N(t) is the number
of channels with lifetimes longer than time t. In d, conductance transition
amplitude histograms depending on presence of IL. Adapted from Ryu
et al. (2015) and reproduced with permission from the publisher
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mobility, and apoptosis. The cytoplasm is a very crowded
environment which comprises a huge variety of biopolymers
that are predominantly anionic (e.g., DNA, ribosomes, RNA,
and most proteins). The presence of ILs (cations) could alter
the electrostatic equilibrium of the cytoplasm and change its
viscosity, affecting the rate of diffusion of the biopolymers, as
shown for antimicrobial peptides (Zhu et al. 2019). In this
respect, it could be interesting to investigate how ILs affect
protein mobility in cells and bacteria by tracking single mol-
ecules, e.g., Kapanidis et al. (2018).

ILs, cytoplasmatic proteins and enzymes, RNA, and
ribosomes

ILs could interfere with protein synthesis by binding to RNA
that is one of the most charged molecules in the cytoplasm, or
to ribosomes which are the machineries that synthesize pro-
teins; RNA contains the genetic code needed by the ribosomes
for protein synthesis. This can lead to either defects (muta-
tions), upregulations, or downregulations in the expression of
proteins, or to the overall inhibition of the ability of ribosomes
to protein synthesis. Alteration in protein synthesis can affect
the cell cycle, cell growth, and cell differentiation, and can
lead to cell death. These types of MoAs have been already
observed for antibiotics, e.g., Holm et al. (2016) and Marks
et al. (2016). Direct affinity and interaction between ILs and
nucleic acids (DNA and RNA), on the other hand, has been
observed and it is at the base of several applications in bio-
nanotechnology, e.g., magnetic ILs have been used for RNA
extraction (Zhu et al. 2020). Moreover, ILs have been shown
to interact with purified/isolated proteins and enzymes, so they
could directly interact with the proteins and enzymes present
in the cytoplasm. For example, they could bind cell cycle
regulatory proteins or activate or inactivate proteins responsi-
ble for cell growth, cell replication, and apoptotic pathways.

Several of these MoAs of ILs have been observed, more
specifically:

– Upregulation of cytochrome P450 members including
CYP1A1, CYP2E1, and CYP3A, at mRNA level, has been
observed in mouse mammary carcinoma EMT6 cells

incubated in [C8mim][Cl]; this suggested that
imidazolium-based ILs can activate CYPs (Li et al. 2013).

– Activation of caspase-3 has been observed in PC12 cells
following incubation in [C8mim][Br] (Li et al. 2012a).
Caspase-3 is activated in the apoptotic cell both by extrin-
sic (programmed death ligand, PD-L1) and intrinsic
(mitochondrial) pathways.

– The transcriptions of caspase-3, caspase-8, caspase-9, p53,
and Bax turned out to be markedly upregulated, while Bcl-2
transcription significantly downregulated in HepG2 cells in-
cubated in [C8mim][Br] (Li et al. 2015), see Fig. 11.
Caspases are a family of cysteine proteases that are broadly
grouped into initiators such as caspase-8 and caspase-9 and
executioners such as caspase-3 and caspase-7 of apoptosis,
which play a key role in apoptosis induction and execution.
Particularly, caspase-8 is a key initiator in the death receptor-
mediated pathway, while caspase-9 plays a critical role in
mitochondria-mediated pathway. The activated caspase-8 or
caspase-9 acts directly on downstream executioner caspase-
3 which is responsible for the cleavage of death substrates
and execution of apoptosis. p53 is an important anti-
oncogene that plays a key role in apoptosis of cancer cells;
moreover, Bcl-2 and Bax families suppress and promote
apoptosis, respectively, and their proportion in cells can de-
cide death (by apoptosis) or survival of the cell.

– Activation of the effector caspase-3 and caspase-7 by
[C15mim][Cl] and [C17mim][Cl], and activation of the
initiator caspase 8 by [C11mim][Cl] and [C17mim][Cl]
has been observed in A431 cells (Malhotra et al. 2014).
Taken together, these sets of data suggested that these ILs
can activate an extrinsic apoptotic pathway.

– Upregulation of the transcriptional levels of p53 and Bax
and downregulation for Bcl-2 have been observed inHepG2
cells incubated in [C16mim][Cl] (Wan et al. 2018).

– Inhibition of superoxide dismutase (SOD) and catalase
(CAT) activities, reduction of glutathione (GSH) content,

Fig. 11 The transcriptional levels of a p53 and b caspase-3, and the enzymatic activity of c caspase-3 in HepG2 cells incubated in [C8mim][Br]. Adapted
from Li et al. (2015) and reproduced with permission from the publisher
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and increase of the activity of caspase-3 have been ob-
served in QGY-7701 cells incubated in [C8mim][Cl]
(Jing et al. 2013).

– Selective inhibition of butrylcholinesterase enzyme has
been observed in HeLa, H460 (lung), and NIH/3T3 cell
lines after incubation in imidazolium aurate-based ILs
(Sioriki et al. 2019). The selectivity character of these
ILs has been determined by investigating their inhibition
ability against several enzymes, including prolyl-endo-
peptidase, butryl-cholinesterase, tyrosinase, dipeptidyl
peptidase IV, and carbonic anhydrase.

– Inhibition of the activity of the acetylcholinesterase en-
zyme has been observed in IPC-81 rat promyelocytic leu-
kemia cell lines incubated in 1-alkoxymethyl-3-
hydroxypyridinium cations + acesulfamate anion ILs
(Stasiewicz et al. 2008).

– Increase in enzymes activity and proteins damage has
also been observed in the plant Vicia faba (V. faba) due
to incubation in imidazolium-based ILs (Xu et al. 2020;
Liu et al. 2015a; Liu et al. 2016).

– Modulation of three relevant intracellular signaling path-
ways, i.e., MEK, NF-kB, and JNK, by the novel betulinic
acid (BA)–derived IL [P6,6,6,14][BA] has been observed
in HFF-1 (fibroblast), HepG2, T47D, and A459 cell lines.
More specifically, the addition of this IL downregulates
NF-kB and upregulates JNK in HFF-1 cells, and upregu-
late NF-kB in HepG2 and T47D cells (Silva et al. 2019).

– Formation of vesicles in the cytoplasm of HeLa cells after
incubation in [C2mim][BF4] has also been observed
(Wang et al. 2007).

– Formation of vesicles in the cytoplasm has also been ob-
served in Sf-9 cells following incubation in [C2mim][Br],
leading to organelle breakdown (Wu et al. 2018), see Fig. 12.

ILs, mitochondria, and ATP

ILs could diffuse into the mitochondria (membrane) and in-
terfere with the function of this very important organelle in-
cluding the generation of ATP, and with several signaling
processes involved in cell cycle, cell growth, cell differentia-
tion, and cell death. For example, the mitochondrial mem-
brane potential, which is essential to generate ATP in mito-
chondria, can collapse if mitochondrial permeability transition
pores open, which can also lead to the release of cytochromeC
into the cytosol, a key event in the initiation of apoptosis.
Moreover, alteration in the mitochondrial function can lead
to the production of reactive oxygen species (ROS), and to
lipid peroxidation, this can be triggered, for example, by in-
creasing the protein expression levels of intercellular antioxi-
dant enzymes. High ROS values could be induced by ILs
either by alteration of the mitochondria function itself or by
interfering with other processes in the cytoplasm, and they can
damage many types of biological macromolecules, such as
membrane lipids, DNA, and enzymes.

ILs could also directly interact with ATP, which is one of
the most charged molecules present in the cytoplasm. ATP is
the source of chemical energy responsible for the majority of
cell processes, and the conversion from ATP to ADP is essen-
tial for the life of cells. ILs could either bind directly to ATP or
affect the conversion from ATP to ADP. In both cases, the
major cell processes could be affected, and this could lead to
cell death. In this respect, there is only one study somehow
(partially) related to this MoA of ILs in which very low level
of ATP has been observed in PC12 cells treated with
[C8mim][Cl] (Li et al. 2012b). Low level of ATP, however,
can be also associated to mitochondrial dysfunction induced
by ILs, apart from inactivation of ATP directly by ILs.

Several of these MoAs of ILs have been observed, more
specifically:

– Alterations in mitochondrial membrane potential and per-
meabilization have been reported in A431 cells incubated
in [C15mim][Cl] ILs (Malhotra et al. 2014).

Fig. 12 Representative transmission electron microscope (TEM) images
of Sf-9 cells a untreated and incubated in 0.6250mg/mL [C2mim][Br] for
b 12 h, c 24 h, and d 48 h. The arrows indicate the formation of vesicles

in the cytoplasm induced by the presence of the IL. Adapted from Wu
et al. (2018) and reproduced with permission from the publisher
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– Decrease in mitochondrial membrane potential has been
observed in MDA-MB-231 cells incubated in
[C4mim][Br] and [C10mim][BF4] (Thamke et al. 2019),
see Fig. 13.

– Decrease in mitochondrial membrane potential has been
observed in RT112 cells incubated in a new imidazolium
IL with a triphenylphosphonium substituent, TPP1
(Stromyer et al. 2020), see Fig. 14. The same study shows
that this mitochondrial membrane potential dysfunction trig-
gers the release of cytochrome C that initiates cell apoptosis.

– Decrease in mitochondrial membrane potential has been
observed in HeLa cells after incubation in [C2mim][BF4]
(Wang et al. 2007). The same study reports that the pro-
duction of ROS also increased as well as the concentra-
tion of intracellular calcium, suggesting that the cells un-
dergo apoptosis in the presence of this IL.

– Mitochondrial dysfunction and overproduction of ROS
has been observed in PC12 cells incubated in
[C8mim][Br] (Li et al. 2012a) and in [C8mim][Cl] (Li
et al. 2012b). Moreover, it has been proposed that
[C8mim][Cl] is able to open the mitochondrial permeabil-
ity transition pores inducing the release of mitochondrial
Ca2+ into the cytoplasm, the excess of ROS, and the de-
crease of ATP, resulting eventually in cell apoptosis (Li
et al. 2012b), see Fig. 15.

– Overproduction of ROS and lipid peroxidation has been
observed in QGY-7701 cells incubated in [C8mim][Cl],
suggesting that ROS-mediated oxidative stress may be
responsible for cell apoptosis (Jing et al. 2013).

– Overproduction of ROS and decrease in glutathione con-
tent, an endogenous antioxidant, have been observed in
HaCaT cells after incubation in [BMPY][TFSI] (Hwang
et al. 2018).

– Overproduction of ROS, inhibition of superoxide dismutase
and catalase, reduction of glutathione content, and increase
in the cellular malondialdehyde level have been observed in
HepG2 cells incubated in [C8mim][Br] (Li et al. 2015).

– Oxidative stress has been observed in HepG2 cells incu-
bated in [C16mim][Cl] (Wan et al. 2018). More specifi-
cally, inhibition of superoxide dismutase, decrease in

Fig. 14 Representative pictures from live cell imaging of JC-1 stained
RT112 cells a 1 h, b 2 h, and c 4 h after a treatment with 200 mM TPP1
IL. JC-1 is a mitochondrial dye that stains polarized mitochondria red and
depolarized mitochondria green, and that reversibly changes color from

red to green as the membrane potential decreases. After 1 h of incubation
in TPP1, cells had red punctate markings which indicated the presence of
intact (polarized) mitochondria, but as time passes, the shift from the red
to green color indicates the loss of membrane potential.

Fig. 13 Shift in the mitochondrial membrane potential of MDA-MB-231
cells treated with various ILs. Figure taken from Thamke et al. (2019) and
reproduced with permission from the publisher
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glutathione content , and increase in cel lular
malondialdehyde levels have been recorded.

– Generation of ROS and other effects, as oxidative dam-
age and lipid peroxidation, have also been observed in
bacteria, algae, and plants. It is interesting to comment
here that ILs have been shown phytotoxicity as well
(Pawłowska et al. 2019). The MoAs behind the IL phy-
totoxicity have been investigated and similar results to the
case of human cell lines have been obtained. For exam-
ple, in the plant V. faba, it has been observed that
imidazolium-based ILs lead to the generation of ROS
and then cause oxidative damage, including lipid perox-
idation, protein damage, and DNA damage, which trigger
an increase in antioxidant content and enzyme activity
(Xu et al. 2020; Liu et al. 2015b; Liu et al. 2016).

– In the case ofVibrio fischeri bacteria, it has been shown that
[C2mim]-based ILs are able to affect the content and the
activity of triphosphopyridine nucleotide (NADPH), nico-
tinamide adenine dinucleotide (NADH), flavin mononucle-
otide, ATP, ROS, super-oxide dismutase, catalase, glutathi-
one, and lipid peroxidases (Yu et al. 2016b).

– Generation of ROS and lipid peroxidation have been ob-
served in the marine macroalga U. lactuca incubated in
[C12mim][Br] IL (Kumar et al. 2011). These effects have
been attributed to lipoxygenase (LOX) activity coupled

with the induction of two LOX isoforms. Interestingly, pre-
treatment of the algal thallus with enzyme inhibitors such as
diphenylene iodonium, sodium azide, cantharidin, and
oxadiazoloquinoxalin-1-one, prior to [C12mim][Br] expo-
sure, showed the regulation of ROS by the activation of
membrane-bound NADPH-oxidase and cytochrome oxi-
dase. Furthermore, an enhancement in several antioxidant
enzyme activities (e.g., superoxide dismutase (SOD), ascor-
bate peroxidase (APX), and glutathione reductase (GR)), a
reduction in glutathione peroxidase (GSH-Px) activity and
a significant decrease in total chlorophyll content have been
also registered. The IL exposure resulted in the accumula-
tion of n-3 and n-6 fatty acids, indicating the induction of
desaturase enzymes.

ILs, chloroplast, and chlorophyll

In algae and plants, chlorophyll (Chl) content is a good indicator
of the physiological state of cells, as it provides information on
metabolite absorption and distribution, cellular energy use in
preparation for photosynthesis, and can be associated with struc-
tural damage in chloroplasts. ILs could diffuse into and interact
directly with chloroplasts and/or affect the photosynthesis by
altering the charge transfer processes.

Several of these MoAs of ILs have been observed, more
specifically:
– Inhibition and enhancement of Chl a have been observed

in S. quadricauda and C. vulgaris, respectively, after in-
cubation in [Cnmim][Cl] ILs. The reduction in Chl con-
tent in S. quadricauda has been associated to the inhibi-
tion of the electron flow on the donor side of the photo-
system II (PSII) reaction center, whereas its increase in
C. vulgaris has been explained by an inhibition of the
electron flow on the acceptor side of the PSII reaction
center (Deng et al. 2020).

– A decrease in Chl total content has been observed in
Chlorella ellipsoidea after incubation in [Cnmim][Br]
ILs (Ma et al. 2010), see Fig. 16.

– A significant decrease in total Chl content has been ob-
served in the marine macroalga U. lactuca incubated in
[C12mim][Br] IL (Kumar et al. 2011), see Fig. 17.

– A decrease in Chl total content has been observed in
Hordeum vulgare after incubation in [Cnmim][Br] ILs
(Cvjetko Bubalo et al. 2014). Moreover, when seed-
lings were exposed to higher concentrations of ILs,
the antioxidant system could not effectively remove
ROS, leading to lipid peroxidation and damage of the
photosynthetic system.

Fig. 15 The intracellular Ca2+ contents, ROS levels, and opening of
mitochondrial permeability transition pores (MPTPs) of PC12 cells after
24 h of incubation in [C8mim][Cl]. The results are presented as the nor-
malized relative fluorescence units (NRFU) (U/cell). In MPTP detection,
the decreased NRFU indicate that the IL may induce mitochondrial per-
meability transition in PC12 cells. Data is expressed as the means ± errors
from three independent experiments with triplicate. Asterisk denotes a
response that is significantly different from the control (*p < 0.05, **p
< 0.01). Figure taken from Li et al. (2012a) and reproduced with permis-
sion from the publisher
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– Photosynthetic activity inhibition of Pseudokirchneriella
subcapitata has been observed at relatively low concen-
trations (from 10 mM to 0.1 M) of imidazolium- and
pyridinium-derived ILs (Pham et al. 2008).

– Reduction in total content of Chl a, Chl b, and carotenoids
has been observed in the plant V. faba after incubation in
imidazolium-based ILs (Liu et al. 2015a; Liu et al. 2016).

– Reduction in total content of Chl a, Chl b, and carotenoids
has been observed in wheat seedlings after incubation in
[C8mim][PF6] (Liu et al. 2014).

– Reduction in total content of Chl a and Chl b, damage
of the PSII, inhibition of the transmission of excita-
tion energy, and decrease in the efficiency of photo-
synthesis have been observed in green alga

Fig. 17 ROS generation (first
row: H2O2, and second row: O2

-)
in U. lactuca a control, b
exposure to [C12mim][Br] for 4
days, and c effect of pretreatment
by the NADPH-oxidase inhibitor
diphenylene iodonium (DPI).
Adapted fromKumar et al. (2011)
and reproduced with permission
from the publisher

Fig. 16 Effect of [C10mim][Br] on the content of Chl of S. obliquus. At
the lowest IL-concentration of 0.01 mg/L (10−1 of EC50), a significant
decrease in total Chl content, compared with the base value, is observed.
Total Chl content continues to decrease with increase in IL-concentra-
tions. Values are means ± errors of four replicates per treatment. Symbols

were used to indicate significant differences when one-way ANOVA
analysis for repeated measures was significant, *p < 0.05, as compared
with control values. Figure was taken from Ma et al. (2010) and
reproduced with permission from the publisher
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Scenedesmus obliquus (S. obliquus) exposed to 1-
alkyl-3-methyl imidazolium tartrate IL (Liu et al.
2015b).

– Alterations in cell morphology have been observed in
green alga S. obliquus incubated in [Cnmim][Cl]: the cell
wall of treated algae became wavy and separated from the
cell membrane, chloroplast grana lamellae became obscure
and loose, osmiophilic material was deposited in the chlo-
roplast, and mitochondria and their cristae swelled (Liu
et al. 2015c).

– Chl fluorescence parameters such as the maximum effective
quantum yield of PSII (Fv/Fm), the potential activity of PSII
(Fv/F0), the yield of photochemical quantum (Y(II)), the
photochemical quenching coefficient (qP), the non-
photochemical quenching coefficient (NPQ), and the rela-
tive electron transport ratio (rETR) turned out to be affected
in rice seedlings incubated in [Cnmim][Cl], showing that
these ILs can damage the PSII (Liu et al. 2015d).

– Chl fluorescence parameters (F0, Fv/Fm, Fv/F0, Y(II), and
NPQ) were affected in green alga S. obliquus after incuba-
tion in 1-decylpyridinium bromide IL, indicating a damage
induced on PSII (Liu et al. 2018). Moreover, transfer of
excitation energy was inhibited, photosynthetic efficiency
was reduced, Chl content decreased, cell membrane perme-
ability increased, and ROS level increased.

ILs, DNA, and plasmids

DNA is one of the most charged intracellular molecules. In eu-
karyotic cells, for the majority of the cell cycle, DNA is stored in
the cell nucleus; however, during mitosis, DNA is released in the
cytoplasm. In prokaryotic cells, instead, DNA is dispersed in the
cytoplasm for the whole duration of the cell life/cycle. ILs could
bind directly to DNA in the cytoplasm or, after having diffused
into the cell nuclei. DNA contains all the genetic code of the cell,
so altering DNA (e.g., decrease DNA replication or induce DNA
fragmentation) could lead to several effects including cell death
and alteration of cell genome (which, however, is also at the base
of gene therapy with ILs). Finally, we would like to mention that
ILs could also interact with plasmids, which are dispersed in the
cytoplasm and contain genetic data that could become part of the
DNA during mitosis, potentially leading to alteration in the cell
genome.

More specifically, DNA fragmentation and damage by ILs
have been observed in:

– PC12 cells incubated in [C8mim][Br] (Li et al. 2012a) and
[C8mim][Cl] (Li et al. 2012b).

– A431 cells incubated in [C17mim][Cl] (Malhotra et al.
2014).

– MDA-MB-231 cells incubated in [C10mim][BF4] and
[BTDA][Cl] (Thamke et al. 2019), see Fig. 18.

Fig. 18 Genotoxicity on MDA-
MB-231 cells (expressed in % tail
DNA) when treated with different
concentration of different ILs
compared with control. The rep-
resentative images of comet for-
mation in the cells are also shown.
Figure was taken from Thamke
et al. (2019) and reproduced with
permission from the publisher
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– HepG2 cells incubated in [C16mim][Cl] (Wan et al.
2018).

– Human blood lymphocytes cells (Thamke et al. 2017)
and in guppy fish Poecilia reticulata liver cells
( T h amk e a n d Kod am 201 6 ) i n c u b a t e d i n
[C10mim][BF4] and [BTDA][Cl].

– CCO cells incubated in [C4mim]-based ILs (Radošević
et al. 2013).

– DNA damage has also been observed in insect, algae, and
plants. For example, DNA fragmentation has been ob-
served in Sf-9 cel ls fol lowing incubat ion in
[C2mim][Br] (Wu et al. 2018).

– DNA damage has been observed in marine macroalga
U. lactuca incubated in [C12mim][Br] (Kumar et al.
2011), see Fig. 19.

– DNA damage has been reported for the plant V. faba
incubated in imidazolium-based ILs (Xu et al. 2020; Liu
et al. 2015a; Liu et al. 2016).

– On the good side of DNA-IL interaction, it has been
shown how some ammonium-based ILs, which are not
toxic against HeLa and K562 cells, can be then used as
gene delivery vehicles since they could electrostatically
interact with negatively charged DNA or RNAmolecules
(Bachowska et al. 2012).

ILs and cell nuclei:

ILs could also find their way to the cell nucleus and either
disrupt it or diffuse into it reaching the DNA. The disruption
of the nucleus membrane is also a key step in the cell cycle, for
instance alteration in its viscoelasticity and integrity could com-
promise the life of the cell as well as its ability to (properly)
replicate.

Several of these MoAs of ILs have been observed, more
specifically:

– Shrinkage of cell nuclei and shape changing to elliptical
has been observed in PC12 cells incubated in
[C8mim][Br] (Li et al. 2012a).

– Diffusion into the cell nuclei followed by DNA damage
have been observed in PC12 cells incubated in
[C8mim][Cl] (Li et al. 2012b).

– Nucleolus-shape alteration and nucleolus-penetration has
been observed in CCO cells incubated in [Cnmim]-based
ILs (Radošević et al. 2013).

– Fragmented nuclei and chromatin condensation has been
observed in QGY-7701 cells incubated in [C8mim][Cl]
(Jing et al. 2013).

– Nuclear fragmentation has been observed in NIH/3T3
cells incubated in [C4mim][Cl] and [C4mim][Gly]
(Egorova et al. 2015).

– Breakdown of the nuclear membrane has been observed
in Sf-9 cells following incubation in [C2mim][Br] (Wu
et al. 2018).

– Chromosome breaks, adherence, bridges, multipolar ana-
phase, C-metaphase, nuclear bud, bi-nucleated cells,
polyploidy cells, delayed chromosome, and genetic ma-
terial loss have been observed in Allium cepa cells incu-
bated in [C4mim][Br], [C10mim][BF4], and [BTDA][Cl]
(Thamke et al. 2017), see Fig. 20.

ILs and cell cycle

A consistent set of other studies/findings focuses on the
effect of ILs on cell cycle and cell death pathways,

Fig. 19 Comet assay for DNA damage. Comets showing tails of different
length induced by various concentrations of [C12mim][Br] exposure in
U. lactuca: a control; b × 0.5 LC50; c LC50; and d × 2 LC50. LC50 stays

for lethal concentration, and it is the IL-concentration that causes the
death of 50% of the cells. Adapted from Kumar et al. (2011) and
reproduced with permission from the publisher
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determining whether the IL-induced cell death is occurring
via apoptosis or necrosis. Obviously, specific MoAs of ILs,
as the ones discussed above, are ultimately responsible for
cell death. Several flow cytometry experiments have been
used for these investigations in which, for example,
annexin V assays have been used to discriminate between
apoptotic and necrotic cell death, and propidium iodide dye
assays have been adopted for cell cycle investigations.
Below, a list of several representative studies is reported
to give to the reader a glimpse of these investigations as
well.

– Cell cycle arrest at sub-G0 phase has been reported in A431
cells incubated in [C17mim][Cl] ILs (Malhotra et al. 2014).

– Reduction of the number of cells in the G1 phase and
increment in the S phase has been observed in HEK-
293 and ra t C6 gl ioma ce l l s incuba ted in a
piperazinium-based ILs, [C2pi][BF4] (Yu et al. 2016a).

– Cell death via necrosis has been observed in HaCaT cells
after incubation in [BMPY][TFSI] (Hwang et al. 2018).

– Early apoptosis in MDA-MB-231 cells has been ob-
served after incubation in [C4mim][Br] and
[C10mim][BF4] (Thamke et al. 2019), see Fig. 21.
Both ILs also induce a significant decrease in the
G2 and S phases. Interestingly, this study indicates
that long alkyl chain ILs affect S and G2 phases at
lower concentration as compared with short alkyl
chain ILs.

– Apoptosis has been observed in HepG2 cells incubated in
[C8mim][Br] (Li et al. 2015).

– Increase in the amount of cells at G2/M phase, leading to
G2/M phase arrest, have been observed in HepG2 cells
incubated in [C16mim][Cl] (Wan et al. 2018).

– Apoptosis has been observed in PC12 cells (Li et al.
2012a) and QGY-7701 cells (Jing et al. 2013) incubated
in [C8mim][Br].

– Apoptosis has been observed in NIH/3T3 cells incubated
in [C4mim][Cl] and [C4mim][Gly] (Egorova et al. 2015).

Fig. 20 Representative images of different abnormalities observed in
Allium cepa cells incubated in [C4mim][Br], [C10mim][BF4], and
[BTDA][Cl] ILs. (a1) Normal prophase. (a2) Prophase with
chromosomal loss. (a3) Abnormal prophase. (b1) Normal anaphase. (b2)
Anaphase bridge. (b3) Abnormal anaphase. (c1) Normal metaphase. (c2)

Metaphase with chromosomal break. (d1) Micronuclei formation. (d2) Bi-
nucleated cells. (d3) Nuclear bud. (d4) Genetic material loss. Adapted
from Thamke et al. (2017) and reproduced with permission from the
publisher
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– Apoptosis has been observed in T47D cells incubated in a
series of newly synthesized imidazolium-tethered
benzothiazole moieties with fluorinated counter anion ILs
(Al-blewi et al. 2019). Interestingly, none of the targeted
compound was able to permeate through the blood-brain
barrier.

– Early apoptosis in Sf-9 cells has also been observed after
incubation in [C2mim][Br], together with a significant de-
crease in G2 and S phases (Wu et al. 2018), see Fig. 22. It
has been suggested that early and late apoptosis are the
main mechanism at lower and higher IL-concentrations,
respectively. At even higher IL-concentrations, on the oth-
er hand, no variation in the cell cycle has been observed,
suggesting that higher doses of ILs induce necrosis.

“System biology” of ILs

The MoAs presented up to here are all based on in vitro stud-
ies, apart for few cases mainly on plants. The development of

actual applications of ILs in nanomedicine, however, requires
also the knowledge of how organisms process ILs. ILs can be
delivered to organisms in different ways, including oral deliv-
ery and injection through the blood stream. ILs can also inter-
act with the skin and get transdermally absorbed as well. At
the moment, however, the system biology investigations of
ILs are limited, but the few studies reported in the literature
somehow confirm that the effect observed in vitro are relevant
at in vivo level as well. For example:

– Liver damage, increase in hepatosomatic index, and mod-
ified activities of defense enzymes (CAT, GPX, and
GST) have been observed in mouse liver exposed to in-
traperitoneal injection of [C8mim][Br] (Yu et al. 2008).

– Marked changes in the gut microbiome have been ob-
served in mice exposed to imidazolium-based ILs via
drinking water; however, only mild hepatic and renal ef-
fects were observed (Young et al. 2020).

– As a system biology potential application of ILs, it has
been shown that in rats, oral delivery of a choline-based

Fig. 21 Flow cytometry analysis of apoptosis rates in MDA-MB-231 cells treated with two different imidazolium-based ILs. Adapted from Thamke
et al. (2019) and reproduced with permission from the publisher

Fig. 22 Flow cytometry analysis of apoptosis rates in Sf-9 cells after 24 h of treatment with various concentrations of [C2mim][Br]. Adapted fromWu
et al. (2018) and reproduced with permission from the publisher.

1206 Biophys Rev (2020) 12:1187–1215



IL prevent the absorption of fat molecules through intes-
tinal tissue, potentially providing a feeling of satiety
(Nurunnabi et al. 2019). Biochemistry and histology re-
sults indicated that the choline-based IL used in the study
was tolerated by the rats.

– It has also been shown that a choline-based IL enhances
paracellular transport of insulin: a sustained decrease in
blood glucose was observed following oral delivery of
insulin-IL capsules in rats (Banerjee et al. 2018).

– Exfoliation of the surface layer of the colon, alveolar sep-
ta in lung parenchyma, reduced body weight gain, slight-
ly reduced food consumption, slight hematology changes,
and statistically significant changes in clinical chemistry
parameters (increases in the ALT, SDH, ALP, and GGT
activities, and in glucose, blood urea nitrogen, and creat-
inine concentrations) have been observed in rat exposed
to dodecyl-dimethyl-ammonium saccharinate (Jodynis-
Liebert et al. 2010).

– Reduction of fetal weight and malformations have been
observed in CD-1 mice treated with [C4mim][Cl] (Bailey
et al. 2008).

– A new imidazolium ILwith a triphenylphosphonium sub-
stituent (TPP1), applied intravesically to a bladder cancer
m o u s e m o d e l i n d u c e d b y N - b u t y l - N - ( 4 -
hydroxybutyl)nitrosamine (BBN), has selectively killed
cancer cells leaving healthy cells unaffected as BBN-
induced tumors exhibited apoptosis but normal adjacent
urothelium did not (Stromyer et al. 2020), see Fig. 23.

– Adult male C57Bl6 mice were acutely exposed to 0–10
mg/kg body we igh t ion i c l i qu id 1 -oc ty l -3 -
methylimidazolium (M8OI) via 2 intraperitoneal injec-
tions at 0 h and 18 h. After 24 h, dose-dependent degen-
eration was observed in the kidney as well as mild
cholangiopathic changes in the liver; no pathological

changes were observed, instead, in the heart and brain
(Leitch et al. 2020b), see Fig. 24.

– Hepatopancreas, intestine, and kidney damages have
been observed in adult goldfish due to [C8mim][Br] ex-
posure, indicating that these are possible target organs (Li
et al. 2012c). Subsequent biochemical assays show that
[C8mim][Br] also induces changes in the activities of the
superoxide dismutase, catalase, glutathione peroxidase,
malondialdehyde, and glutathione content of hepatopan-
creas, inducing oxidant stress and lipid peroxidation in
hepatopancreas.

– Decrease in antioxidant enzyme activities, DNA damage,
production of excess ROS, and increase inmalondialdehyde
content have been observed in zebrafish liver exposed to
[C10mim][Br] (Dong et al. 2013).

– Cardiotoxic and hepatotoxic effects induced by ILs have
been observed in zebrafish, suggesting potential unantic-
ipated effects on (human) health (Pandey et al. 2017).

– Change in the levels of antioxidant enzymes, glutathione,
and malondialdehyde has been observed in earthworm
Eisenia foetida (E. foetida) exposed to [C8mim][Br], sug-
gesting cellular lipid peroxidation and formation of ROS
in earthworms (Li et al. 2010).

– Inhibition of the activities of Na+–K+–ATPase, Mg++–
ATPase, and acetylcholinesterase and variation in cellu-
lase content have been observed in the earthworm
E. foetida after of exposure to [C8mim][Br] (Luo et al.
2009; Luo et al. 2010). The experimental results sug-
gested that the IL could interfere with the nervous func-
tion of the earthworms.

– Increase in root membrane permeabil i ty and
malondialdehyde content and decrease in the antioxidant
enzyme activity in roots and leaves have been observed in

Fig. 23 Mouse bladder
immunohistology with anti-
caspase-3 antibody (dark brown)
after treatment with TPP1 on
BBN-induced tumors. a Area of
bladder urothelium with tumor. b
Sections of tumor-adjacent nor-
mal urothelium area clearly
showing that the IL selectively
kills cancer cells leaving healthy
cells unaffected. Adapted from
Stromyer et al. (2020) and
reproduced with permission from
the publisher
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rice seedlings exposed to [C8mim][Cl], which also affect
the cellular structures, such as chloroplasts, mitochondria,
and rough endoplasmic reticulum (Liu et al. 2013).

– Increase in the activities of antioxidant defense enzymes
(superoxide dismutase, catalase, glutathione peroxidase,
and glutathione S-transferase) and in levels of the antiox-
idant glutathione and lipid peroxidation have been ob-
served in Daphnia magna exposed to imidazolium-
based ILs (Yu et al. 2009).

– Moreover, ILs have been used in tandem with drugs in
several in vivo studies. For example, it has been shown
that an IL-mediated paclitaxel formulation administered
intravenously to C57BL/6 mice has a similar antitumor
activity and systemic circulation time, slower elimination
rate, and significantly smaller hypersensitivity effect
compared with cremophor EL-mediated paclitaxel
(Chowdhury et al. 2019).

– Topical delivery of siRNA using ILs capable of
complexing with siRNA non-covalently and delivering
it effectively into skin tested in vivo to SKH-1E hairless
mice has significantly suppressed GAPDH expression
with no clinical evidence of toxicity (Dharamdasani
et al. 2020).

Final considerations and remarks
for the future

In the above paragraph, the state of the art of the MoAs of ILs
towards cells has been presented together with few system
biology studies. Overall, it is not always possible to determine
whether a measured effect/MoA is directly induced by the ILs
or is just a consequence of some other IL-effect. However, the
variety of effects is a clear indication of the ability of these

Fig. 24 Typical histopathological views of mouse heart (first row) and of
mouse kidney (second and third rows), hematoxylin and eosin–stained
sections. No changes are visible in the heart tissue, but the IL affect the

morphology of the kidney tissue for which morphological changes in
both the glomerular and duct regions can be seen. Adapted from Leitch
et al. (2020b) and reproduced with permission from the publisher
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organic electrolytes to interact with cells via a variety of dif-
ferent mechanisms, including alteration of lipid distribution
a n d c e l l m emb r a n e v i s c o e l a s t i c i t y , c e l l a n d
nuclear membrane damage, mitochondrial permeabilization
and dysfunction, generation of reactive oxygen species, chlo-
roplast damage (in plants), alteration of transmembrane and
cytoplasmatic protein/enzyme functions, alteration of signal-
ing pathways, and DNA fragmentation (Fig. 25). The experi-
mental and, in few cases, computational methods used in the
reported investigations consist of very standard approaches
including fluorescence microscopy, flow cytometry, DNA as-
says, and enzyme activity measurements. Overall, the study of
the MoAs of ILs towards cells comprises about 60 original
research works, and about twice is the number of works pub-
lished on the biophysics and chemical-physics of the interac-
tion between ILs and (model) cell membranes. If we compare
these numbers with the huge literature on the interaction be-
tween antibiotics and drugs with cells, we can certainly con-
clude that the IL-research effort is still at its infancy.
Comparing those numbers is also a meter to highlight the level
of details and knowledge in the field of “ILs and cells.” The
comparison can finally be useful to guide the IL community to
a set of new investigations, as well as stimulate the curiosity of
the antibiotic and drug communities to further explore the
impact of ILs in their fields. For example, it has been shown
that ILs combined with antibiotics and drugs enhance their
delivery across skin layers (Moniruzzaman et al. 2010;
Zakrewsky et al. 2014; Tanner et al. 2018; Hattori et al.
2019; Tanner et al. 2019; Qi and Mitragotri 2019).
Furthermore, even though there are several studies on both
cells and model biomembranes on the insertion of ILs, there
are no investigations focusing on the effect of pH on IL-inser-
tion, which can offer, however, a pathway to specificity and

selectivity of ILs towards cancer cells, as shown for mem-
brane peptides targeting tumors and other acidic tissues
(Andreev et al. 2007). Moreover, the membrane disruption
mechanism of ILs need to be further investigated to better
understand this MoA at microscopic level, as it has been done
for antibiotics, e.g., Ma et al. (2019). Finally, we can also
mention that effects on cell genomics induced by ILs have
never been investigated; genomics studies, however, can be a
very important addition to our knowledge of the effect of ILs
on cells, and they can also lead to identify new MoAs of ILs,
as in the case of antibiotics (Rees et al. 2016). This review
would like to promote new and advanced research in the field
as well as propose a change of paradigm moving from the
“aim to reduce toxicity” to the “aim to use toxicity” as a meter
of affinity for applications and start to focus, for example, on
identifying how changes in IL physical-chemistry can either
neglect or amplify specific MoAs, offering a molecular han-
dle to act on cell biochemistry and mechanobiology via ILs.
In this context, it would also be interesting to investigate the
effect of sub-toxic doses of ILs (Kumari et al. 2020) and IL-
nanodomains on cell behavior rather than just toxicity. In
conclusion, the interaction between ILs and cells offers a vast
playground for fundamental research which holds the prom-
ise of new applications in bio-nanomedicine and bio-nano-
technology. At the core of this new research field, there is a
strong and clear connection between physics, chemistry, and
biology, which may lead to the identification of (new) bio-
chemical-physical MoAs of ILs, e.g., Kumari et al. 2020.
New investigations at more detailed level as in the case of
the MoAs of antibiotics and drugs will, hopefully, be inspired
by this review and will lead to a more solid and stronger
effort of our scientific communities in the field of “ILs, bio-
molecules, and cells.”

Fig. 25 Sketch summarizing the main MoAs of ILs towards living cells presented in this review. The red star stays for ILs

1209Biophys Rev (2020) 12:1187–1215



Acknowledgments The authors thank Prof. Pietro Ballone for fruitful
discussions and for a careful reading of the manuscript.

Funding Open access funding provided by Università degli Studi Roma
Tre within the CRUI-CARE Agreement. This study received support
from the Italian Ministry of Education, University and Research (grant
no. MIUR-DM080518-372) and Science Foundation Ireland (grant no.
15-SIRG-3538).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Agatemor C, IbsenKN, Tanner EEL,Mitragotri S (2018) Ionic liquids for
addressing unmet needs in healthcare: AGATEMOR et al. Bioeng
Transl Med 3:7–25. https://doi.org/10.1002/btm2.10083

Al-blewi F, Rezki N, Naqvi A et al (2019) A profile of the in vitro anti-
tumor activity and in silico ADME predictions of novel
benzothiazole amide-functionalized imidazolium ionic liquids.
IJMS 20:2865. https://doi.org/10.3390/ijms20122865

Andreev OA, Dupuy AD, SegalaM et al (2007)Mechanism and uses of a
membrane peptide that targets tumors and other acidic tissues
in vivo. Proc Natl Acad Sci 104:7893–7898. https://doi.org/10.
1073/pnas.0702439104

Bachowska B, Kazmierczak-Baranska J, Cieslak M et al (2012) High
cytotoxic activity of phosphonium salts and their complementary
selectivity towards HeLa and K562 cancer cells: identification of
tri-n-butyl-n-hexadecylphosphonium bromide as a highly potent
anti-HeLa phosphonium salt. ChemistryOpen 1:33–38. https://doi.
org/10.1002/open.201100003

Bakshi K, Mitra S, Sharma VK et al (2020) Imidazolium-based ionic
liquids cause mammalian cell death due to modulated structures
and dynamics of cellular membrane. Biochim Biophys Acta
Biomembr 1862:183103. https://doi.org/10.1016/j.bbamem.2019.
183103

Bai S, Da P, Li C et al (2019) Planar perovskite solar cells with long-term
stability using ionic liquid additives. Nature 571:245–250. https://
doi.org/10.1038/s41586-019-1357-2

Bailey MM, Townsend MB, Jernigan PL et al (2008) Developmental
t ox i c i t y a s se s smen t o f t he ion i c l i qu id 1 -bu ty l -3 -
methylimidazolium chloride in CD-1 mice. Green Chem 10:1213.
https://doi.org/10.1039/b807019a

Banerjee A, Ibsen K, Brown T et al (2018) Ionic liquids for oral insulin
delivery. Proc Natl Acad Sci U S A 115:7296–7301. https://doi.org/
10.1073/pnas.1722338115

Batson S, de Chiara C, Majce V et al (2017) Inhibition of D-Ala:D-Ala
ligase through a phosphorylated form of the antibiotic D-cycloser-
ine. Nat Commun 8:1939. https://doi.org/10.1038/s41467-017-
02118-7

Benedetto A (2017) Room-temperature ionic liquids meet bio-mem-
branes: the state-of-the-art. Biophys Rev 9:309–320. https://doi.
org/10.1007/s12551-017-0279-1

Benedetto A, Ballone P (2018a) Room-temperature ionic liquids and
biomembranes: setting the stage for applications in pharmacology,
biomedicine, and bionanotechnology. Langmuir 34:9579–9597.
https://doi.org/10.1021/acs.langmuir.7b04361

Benedetto A, Ballone P (2018b) An overview of neutron scattering and
molecular dynamics simulation studies of phospholipid bilayers in
room-temperature ionic liquid/water solutions. Phys B Condens
Matter 551:227–231. https://doi.org/10.1016/j.physb.2018.02.043

Benedetto A, Ballone P (2016) Room temperature ionic liquids meet
biomolecules: a microscopic view of structure and dynamics. ACS
Sustain Chem Eng 4:392–412. https://doi.org/10.1021/
acssuschemeng.5b01385

Benedetto A, Bingham RJ, Ballone P (2015) Structure and dynamics of
POPC bilayers in water solutions of room temperature ionic liquids.
J Chem Phys 142:124706. https://doi.org/10.1063/1.4915918

Benedetto A, Galla H-J (2018) Editorial of the “ionic liquids and biomol-
ecules” special issue. Biophys Rev 10:687–690. https://doi.org/10.
1007/s12551-018-0426-3

Benedetto A, Bodo E, Gontrani L, Ballone P, Caminiti R (2014a) Amino
acid anions in organic ionic compounds. An ab initio study of se-
lected ion pairs. J Phys Chem 118:2471–2486. https://doi.org/10.
1021/jp412281n

Benedetto A, Heinrich F, Gonzalez MA et al (2014b) Structure and sta-
bility of phospholipid bilayers hydrated by a room-temperature ionic
liquid/water solution: a neutron reflectometry study. J Phys Chem B
118:12192–12206. https://doi.org/10.1021/jp507631h

Bernot RJ, Kennedy EE, Lamberti GA (2005) Effects of ionic liquids on
the survival, movement, and feeding behavior of the freshwater
snail, Physa Acuta. Environ Toxicol Chem 24:1759. https://doi.
org/10.1897/04-614R.1

Bharmoria P, Mondal D, Pereira MM et al (2020) Instantaneous fibrilla-
tion of egg white proteome with ionic liquid and macromolecular
crowding. Commun Mater 1:34. https://doi.org/10.1038/s43246-
020-0035-0

Bhattacharya G, Giri RP, Saxena H, Agrawal VV, Gupta A,
Mukhopadhyay MK, Ghosh SK (2017) X-ray reflectivity study of
the interaction of an imidazolium-based ionic liquid with a soft
supported lipid membrane. Langmuir 33:1295–1304

Bhattacharya G, Mitra S, Mandal P et al (2018) Thermodynamics of
interaction of ionic liquids with lipid monolayer. Biophys Rev 10:
709–719. https://doi.org/10.1007/s12551-017-0390-3

Blair JMA, Webber MA, Baylay AJ et al (2015) Molecular mechanisms
of antibiotic resistance. Nat Rev Microbiol 13:42–51. https://doi.
org/10.1038/nrmicro3380

BlesicM,MarquesMH, PlechkovaNV, SeddonKR, Rebelo LPN, Lopes
A (2007) Self-aggregation of ionic liquids: micelle formation in
aqueous solution. Green Chem 9:481–490

Bornemann S, Herzog M, Roling L et al (2020) Interaction of
imidazolium-based lipids with phospholipid bilayer membranes of
different complexity. Phys Chem Chem Phys 22:9775–9788.
https://doi.org/10.1039/D0CP00801J

Brogden KA (2005) Antimicrobial peptides: pore formers or metabolic
inhibitors in bacteria? Nat RevMicrobiol 3:238–250. https://doi.org/
10.1038/nrmicro1098

Bubalo MC, Radošević K, Redovniković IR et al (2017) Toxicity mech-
anisms of ionic liquids. Arch Ind Hyg Toxicol 68:171–179. https://
doi.org/10.1515/aiht-2017-68-2979

Bui-Le L, Clarke CJ, Bröhl A et al (2020) Revealing the complexity of
ionic liquid–protein interactions through a multi-technique investi-
gation. Commun Chem 3:55. https://doi.org/10.1038/s42004-020-
0302-5

1210 Biophys Rev (2020) 12:1187–1215

https://doi.org/
https://doi.org/10.1002/btm2.10083
https://doi.org/10.3390/ijms20122865
https://doi.org/10.1073/pnas.0702439104
https://doi.org/10.1073/pnas.0702439104
https://doi.org/10.1002/open.201100003
https://doi.org/10.1002/open.201100003
https://doi.org/10.1016/j.bbamem.2019.183103
https://doi.org/10.1016/j.bbamem.2019.183103
https://doi.org/10.1038/s41586-019-1357-2
https://doi.org/10.1038/s41586-019-1357-2
https://doi.org/10.1039/b807019a
https://doi.org/10.1073/pnas.1722338115
https://doi.org/10.1073/pnas.1722338115
https://doi.org/10.1007/s12551-017-0279-1
https://doi.org/10.1007/s12551-017-0279-1
https://doi.org/10.1021/acs.langmuir.7b04361
https://doi.org/10.1016/j.physb.2018.02.043
https://doi.org/10.1021/acssuschemeng.5b01385
https://doi.org/10.1021/acssuschemeng.5b01385
https://doi.org/10.1063/1.4915918
https://doi.org/10.1007/s12551-018-0426-3
https://doi.org/10.1007/s12551-018-0426-3
https://doi.org/10.1021/jp412281n
https://doi.org/10.1021/jp412281n
https://doi.org/10.1021/jp507631h
https://doi.org/10.1897/04-614R.1
https://doi.org/10.1897/04-614R.1
https://doi.org/10.1038/s43246-020-0035-0
https://doi.org/10.1038/s43246-020-0035-0
https://doi.org/10.1007/s12551-017-0390-3
https://doi.org/10.1038/nrmicro3380
https://doi.org/10.1038/nrmicro3380
https://doi.org/10.1039/D0CP00801J
https://doi.org/10.1038/nrmicro1098
https://doi.org/10.1038/nrmicro1098
https://doi.org/10.1515/aiht-2017-68-2979
https://doi.org/10.1515/aiht-2017-68-2979
https://doi.org/10.1038/s42004-020-0302-5
https://doi.org/10.1038/s42004-020-0302-5


Carson L, Chau PKW, Earle MJ et al (2009) Antibiofilm activities of 1-
alkyl-3-methylimidazolium chloride ionic liquids. Green Chem 11:
492. https://doi.org/10.1039/b821842k

Chantereau G, Sharma M, Abednejad A et al (2020) Bacterial
nanocellulose membranes loaded with vitamin B-based ionic liquids
for dermal care applications. J Mol Liq 302:112547. https://doi.org/
10.1016/j.molliq.2020.112547

Chowdhury MR, Moshikur RM, Wakabayashi R et al (2019) In vivo
biocompatibility, pharmacokinetics, antitumor efficacy, and hyper-
sensitivity evaluation of ionic liquid-mediated paclitaxel formula-
tions. Int J Pharm 565:219–226. https://doi.org/10.1016/j.ijpharm.
2019.05.020

Coleman D, Gathergood N (2010) Biodegradation studies of ionic liq-
uids. Chem Soc Rev 39:600. https://doi.org/10.1039/b817717c

Cook, Tarnawsky, Swinton et al (2019) Correlating lipid membrane per-
meabilities of imidazolium ionic liquids with their cytotoxicities on
yeast, bacterial, and mammalian cells. Biomolecules 9:251. https://
doi.org/10.3390/biom9060251

Cornmell RJ, Winder CL, Tiddy GJT et al (2008) Accumulation of ionic
liquids in Escherichia coli cells. Green Chem 10:836. https://doi.org/
10.1039/b807214k

Costa SPF, Azevedo AMO, Pinto PCAG, Saraiva MLMFS (2017)
Environmental impact of ionic liquids: recent advances in
(eco)toxicology and (bio)degradability. ChemSusChem 10:2321–
2347. https://doi.org/10.1002/cssc.201700261

Cvjetko Bubalo M, Hanousek K, Radošević K et al (2014) Imidiazolium
based ionic liquids: effects of different anions and alkyl chains
lengths on the barley seedlings. Ecotoxicol Environ Saf 101:116–
123. https://doi.org/10.1016/j.ecoenv.2013.12.022

Deng Y, Beadham I, Ren H-Y et al (2020) A study into the species
sensitivity of green algae towards imidazolium-based ionic liquids
using flow cytometry. Ecotoxicol Environ Saf 194:110392. https://
doi.org/10.1016/j.ecoenv.2020.110392

Dharamdasani V, Mandal A, Qi QM et al (2020) Topical delivery of
siRNA into skin using ionic liquids. J Control Release 323:475–
482. https://doi.org/10.1016/j.jconrel.2020.04.038

Docherty KM, Kulpa CF Jr (2005) Toxicity and antimicrobial activity of
imidazolium and pyridinium ionic liquids. Green Chem 7:185.
https://doi.org/10.1039/b419172b

Dong M, Zhu L, Zhu S et al (2013) Toxic effects of 1-decyl-3-
methylimidazolium bromide ionic liquid on the antioxidant enzyme
system and DNA in zebrafish (Danio rerio) livers. Chemosphere 91:
1107–1112. https://doi.org/10.1016/j.chemosphere.2013.01.013

Drücker P, Rühling A, Grill D, Wang D, Draeger A, Gerke V, Glorius F,
Galla H-J (2017) Imidazolium salts mimicking the structure of nat-
ural lipids exploit remarkable properties forming lamellar phases
and giant vesicles. Langmuir 33:1333–1342

Earle MJ, Seddon KR (2000) Ionic liquids. Green solvents for the future.
Pure Appl Chem 72:1391–1398

Egorova KS, Ananikov VP (2014) Toxicity of ionic liquids:
eco(cyto)activity as complicated, but unavoidable parameter for
task-specific optimization. ChemSusChem 7:336–360. https://doi.
org/10.1002/cssc.201300459

Egorova KS, Gordeev EG, Ananikov VP (2017) Biological activity of
ionic liquids and their application in pharmaceutics and medicine.
Chem Rev 117:7132–7189. https://doi.org/10.1021/acs.chemrev.
6b00562

Egorova KS, Posvyatenko AV, Fakhrutdinov AN et al (2020) Assessing
possible influence of structuring effects in solution on cytotoxicity
of ionic liquid systems. J Mol Liq 297:111751. https://doi.org/10.
1016/j.molliq.2019.111751

Egorova KS, Seitkalieva MM, Posvyatenko AV, Ananikov VP (2015)
An unexpected increase of toxicity of amino acid-containing ionic
liquids. Toxicol Res 4:152–159. https://doi.org/10.1039/
C4TX00079J

Evans KO (2008) Supported phospholipid membrane interactions with 1-
butyl-3-methylimidazolium chloride. J Phys Chem B 112:8558–
8562

Feng X, ZhuW, Schurig-Briccio LA et al (2015) Antiinfectives targeting
enzymes and the proton motive force. Proc Natl Acad Sci U S A
112:E7073–E7082. https://doi.org/10.1073/pnas.1521988112

Frade RF, Afonso CA (2010) Impact of ionic liquids in environment and
humans: an overview. Hum Exp Toxicol 29:1038–1054. https://doi.
org/10.1177/0960327110371259

Galluzzi M, Schulte C, Milani P, Podestà A (2018) Imidazolium-based
ionic liquids affect morphology and rigidity of living cells: an atom-
ic force microscopy study. Langmuir 34:12452–12462. https://doi.
org/10.1021/acs.langmuir.8b01554

Ganapathi P, Ganesan K (2017) Anti-bacterial, catalytic and docking
behaviours of novel di/trimeric imidazolium salts. J Mol Liq 233:
452–464. https://doi.org/10.1016/j.molliq.2017.02.078

Grein F,Müller A, Scherer KM et al (2020) Ca2+-daptomycin targets cell
wall biosynthesis by forming a tripartite complex with
undecaprenyl-coupled intermediates and membrane lipids. Nat
Commun 11:1455. https://doi.org/10.1038/s41467-020-15257-1

Hallett JP, Welton T (2011) Room-temperature ionic liquids: solvents for
synthesis and catalysis. 2. Chem Rev 111:3508–3576. https://doi.
org/10.1021/cr1003248

Hattori T, Tagawa H, Inai M et al (2019) Transdermal delivery of
nobiletin using ionic liquids. Sci Rep 9:20191. https://doi.org/10.
1038/s41598-019-56731-1

Heckenbach ME, Romero FN, Green MD, Halden RU (2016) Meta-
analysis of ionic liquid literature and toxicology. Chemosphere
150:266–274. https://doi.org/10.1016/j.chemosphere.2016.02.029

Holm M, Borg A, Ehrenberg M, Sanyal S (2016) Molecular mechanism
of viomycin inhibition of peptide elongation in bacteria. Proc Natl
Acad Sci U S A 113:978–983. https://doi.org/10.1073/pnas.
1517541113

Hough WL, Smiglak M, Rodriguez H, Swatloski RP, Spear SK, Daly
DY, Pernak J, Grisel JE, Carliss RD, Soutullo MD, Davis JH,
Rogers RD (2007) The third evolution of ionic liquids: active phar-
maceutical ingredients. New J Chem 31:1429–1436

Hwang J, Park H, Choi DW et al (2018) Investigation of dermal toxicity
of ionic liquids in monolayer-cultured skin cells and 3D reconstruct-
ed human skin models. Toxicol in Vitro 46:194–202. https://doi.org/
10.1016/j.tiv.2017.09.025

Ibsen KN, Ma H, Banerjee A et al (2018) Mechanism of antibacterial
activity of choline-based ionic liquids (CAGE). ACS Biomater Sci
Eng 4:2370–2379. https://doi.org/10.1021/acsbiomaterials.8b00486

Jing C, Hu H, Guo M et al (2014) Cytotoxicity of 1-octyl-3-
methylimidazolium chloride on Escherichia coli DH5α. Toxin
Rev 33:91–94. https://doi.org/10.3109/15569543.2013.867885

Jing C, Li X, Zhang J, Wang J (2013) Responses of the antioxidant
system in QGY-7701 cells to the cytotoxicity and apoptosis induced
by 1-octyl-3-methylimidazolium chloride: antioxidant system in
Qgy-7701 cells. J Biochem Mol Toxicol 27:330–336. https://doi.
org/10.1002/jbt.21495

Jodynis-Liebert J, Nowicki M, Murias M et al (2010) Cytotoxicity, acute
and subchronic toxicity of ionic liquid, didecyldimethylammonium
saccharinate, in rats. Regul Toxicol Pharmacol 57:266–273. https://
doi.org/10.1016/j.yrtph.2010.03.006

Kapanidis AN, Uphoff S, Stracy M (2018) Understanding protein mobil-
ity in bacteria by tracking single molecules. J Mol Biol 430:4443–
4455. https://doi.org/10.1016/j.jmb.2018.05.002

Kashin AS, Galkin KI, Khokhlova EA, Ananikov VP (2016) Direct ob-
servation of self-organized water-containing structures in the liquid
phase and their influence on 5-(hydroxymethyl)furfural formation in
ionic liquids. Angew Chem Int Ed 55:2161–2166. https://doi.org/
10.1002/anie.201510090

1211Biophys Rev (2020) 12:1187–1215

https://doi.org/10.1039/b821842k
https://doi.org/10.1016/j.molliq.2020.112547
https://doi.org/10.1016/j.molliq.2020.112547
https://doi.org/10.1016/j.ijpharm.2019.05.020
https://doi.org/10.1016/j.ijpharm.2019.05.020
https://doi.org/10.1039/b817717c
https://doi.org/10.3390/biom9060251
https://doi.org/10.3390/biom9060251
https://doi.org/10.1039/b807214k
https://doi.org/10.1039/b807214k
https://doi.org/10.1002/cssc.201700261
https://doi.org/10.1016/j.ecoenv.2013.12.022
https://doi.org/10.1016/j.ecoenv.2020.110392
https://doi.org/10.1016/j.ecoenv.2020.110392
https://doi.org/10.1016/j.jconrel.2020.04.038
https://doi.org/10.1039/b419172b
https://doi.org/10.1016/j.chemosphere.2013.01.013
https://doi.org/10.1002/cssc.201300459
https://doi.org/10.1002/cssc.201300459
https://doi.org/10.1021/acs.chemrev.6b00562
https://doi.org/10.1021/acs.chemrev.6b00562
https://doi.org/10.1016/j.molliq.2019.111751
https://doi.org/10.1016/j.molliq.2019.111751
https://doi.org/10.1039/C4TX00079J
https://doi.org/10.1039/C4TX00079J
https://doi.org/10.1073/pnas.1521988112
https://doi.org/10.1177/0960327110371259
https://doi.org/10.1177/0960327110371259
https://doi.org/10.1021/acs.langmuir.8b01554
https://doi.org/10.1021/acs.langmuir.8b01554
https://doi.org/10.1016/j.molliq.2017.02.078
https://doi.org/10.1038/s41467-020-15257-1
https://doi.org/10.1021/cr1003248
https://doi.org/10.1021/cr1003248
https://doi.org/10.1038/s41598-019-56731-1
https://doi.org/10.1038/s41598-019-56731-1
https://doi.org/10.1016/j.chemosphere.2016.02.029
https://doi.org/10.1073/pnas.1517541113
https://doi.org/10.1073/pnas.1517541113
https://doi.org/10.1016/j.tiv.2017.09.025
https://doi.org/10.1016/j.tiv.2017.09.025
https://doi.org/10.1021/acsbiomaterials.8b00486
https://doi.org/10.3109/15569543.2013.867885
https://doi.org/10.1002/jbt.21495
https://doi.org/10.1002/jbt.21495
https://doi.org/10.1016/j.yrtph.2010.03.006
https://doi.org/10.1016/j.yrtph.2010.03.006
https://doi.org/10.1016/j.jmb.2018.05.002
https://doi.org/10.1002/anie.201510090
https://doi.org/10.1002/anie.201510090


KohanskiMA, Dwyer DJ, Collins JJ (2010) How antibiotics kill bacteria:
from targets to networks. Nat Rev Microbiol 8:423–435. https://doi.
org/10.1038/nrmicro2333

Kontro I, Svedström K, Duša F, Ahvenainen P, Ruokonen S-K, Witos J,
Wiedmer SK (2016) Effects of phosphonium-based ionic liquids on
phospholipid membranes studied by small-angle X-ray scattering.
Chem Phys Lipids 201:59–66

Kudłak B, Owczarek K, Namieśnik J (2015) Selected issues related to the
toxicity of ionic liquids and deep eutectic solvents—a review.
Environ Sci Pollut Res 22:11975–11992. https://doi.org/10.1007/
s11356-015-4794-y

Kumar V, Malhotra SV (2008) Synthesis of nucleoside-based antiviral
drugs in ionic liquids. Bioorg Med Chem Lett 18:5640–5642.
https://doi.org/10.1016/j.bmcl.2008.08.090

Kumar A, Venkatesu P (2014) A comparative study of myoglobin stabil-
ity in the presence of Hofmeister anions of ionic liquids and ionic
salts. Process Biochem 49:2158–2169

Kumar A, Bisht M, Venkatesu P (2017) Biocompatibility of ionic liquids
towards protein stability: a comprehensive overview on the current
understanding and their implications. Int J Biol Macromol 69:611–
651

Kumar M, Trivedi N, Reddy CRK, Jha B (2011) Toxic effects of
imidazolium ionic liquids on the green seaweed Ulva lactuca: oxi-
dative stress and DNA damage. Chem Res Toxicol 24:1882–1890.
https://doi.org/10.1021/tx200228c

Kumar RA, Papaïconomou N, Lee J-M et al (2009) In vitro cytotoxicities
of ionic liquids: effect of cation rings, functional groups, and anions.
Environ Toxicol 24:388–395. https://doi.org/10.1002/tox.20443

Kumar V, Malhotra SV (2009) Study on the potential anti-cancer activity
of phosphonium and ammonium-based ionic liquids. Bioorg Med
Chem Lett 19:4643–4646. https://doi.org/10.1016/j.bmcl.2009.06.
086

Kumari P, Pillai VVS, Rodriguez BJ, Prencipe M, Benedetto A (2020)
Sub-toxic concentrations of ionic liquids enhance cell migration by
reducing the elasticity of the cellular lipid membrane. J Phys Chem
Lett 11:7327–7333. https://doi.org/10.1021/acs.jpclett.0c02149

Leitch AC, Abdelghany TM, Probert PM et al (2020a) The toxicity of the
methylimidazolium ionic liquids, with a focus onM8OI and hepatic
effects. Food Chem Toxicol 136:111069. https://doi.org/10.1016/j.
fct.2019.111069

Leitch AC, Abdelghany TM, Charlton A et al (2020b) Renal injury and
hepatic effects from the methylimidazolium ionic liquid M8OI in
mouse. Ecotoxicol Environ Saf 202:110902. https://doi.org/10.
1016/j.ecoenv.2020.110902

Li X, Ma J, Jing C,Wang J (2013) Expression alterations of cytochromes
P4501A1, 2E1, and 3A, and their receptors AhR and PXR caused by
1-octyl-3-methylimidazolium chloride in mouse mammary carcino-
ma cells. Chemosphere 93:2488–2492. https://doi.org/10.1016/j.
chemosphere.2013.08.092

Li X,Ma J,Wang J (2015) Cytotoxicity, oxidative stress, and apoptosis in
HepG2 cells induced by ionic liquid 1-methyl-3-octylimidazolium
bromide. Ecotoxicol Environ Saf 120:342–348. https://doi.org/10.
1016/j.ecoenv.2015.06.018

Li X-Y, Jing C-Q, Lei W-L et al (2012a) Apoptosis caused by
imidazolium-based ionic liquids in PC12 cells. Ecotoxicol Environ
Saf 83:102–107. https://doi.org/10.1016/j.ecoenv.2012.06.013

Li X-Y, Jing C-Q, Zang X-Y et al (2012b) Toxic cytological alteration
and mitochondrial dysfunction in PC12 cells induced by 1-octyl-3-
methylimidazolium chloride. Toxicol in Vitro 26:1087–1092.
https://doi.org/10.1016/j.tiv.2012.07.006

Li X-Y, Zhou J, Yu M et al (2009) Toxic effects of 1-methyl-3-
octylimidazolium bromide on the early embryonic development of
the frog Rana nigromaculata. Ecotoxicol Environ Saf 72:552–556.
https://doi.org/10.1016/j.ecoenv.2007.11.002

Li X-Y, Luo Y-R, Yun M-X et al (2010) Effects of 1-methyl-3-
octylimidazolium bromide on the anti-oxidant system of earthworm.

Chemosphere 78:853–858. https://doi.org/10.1016/j.chemosphere.
2009.11.047

Li X-Y, Zeng S-H, Dong X-Y et al (2012c) Acute toxicity and responses
of antioxidant systems to 1-methyl-3-octylimidazolium bromide at
different developmental stages of goldfish. Ecotoxicology 21:253–
259. https://doi.org/10.1007/s10646-011-0785-z

Ling LL, Schneider T, Peoples AJ et al (2015) A new antibiotic kills
pathogens without detectable resistance. Nature 517:455–459.
https://doi.org/10.1038/nature14098

Liu T, Zhu L, Wang J et al (2015a) Biochemical toxicity and DNA
damage of imidazolium-based ionic liquid with different anions in
soil on Vicia faba seedlings. Sci Rep 5:18444. https://doi.org/10.
1038/srep18444

Liu H, Zhang S, Hu X, Chen C (2013) Phytotoxicity and oxidative stress
effect of 1-octyl-3-methylimidazolium chloride ionic liquid on rice
seedlings. Environ Pollut 181:242–249. https://doi.org/10.1016/j.
envpol.2013.06.007

Liu T, Zhu L, Xie H et al (2014) Effects of the ionic liquid 1-octyl-3-
methylimidazolium hexafluorophosphate on the growth of wheat
seedlings. Environ Sci Pollut Res 21:3936–3945. https://doi.org/
10.1007/s11356-013-2348-8

Liu H, Zhang X, Dong Y et al (2015b) Enantioselective toxicities of
chiral ionic liquids 1-alkyl-3-methyl imidazolium tartrate on
Scenedesmus obliquus. Aquat Toxicol 169:179–187. https://doi.
org/10.1016/j.aquatox.2015.10.024

Liu H, Zhang X, Chen C et al (2015c) Effects of imidazolium chloride
ionic liquids and their toxicity to Scenedesmus obliquus. Ecotoxicol
Environ Saf 122:83–90. https://doi.org/10.1016/j.ecoenv.2015.07.
010

Liu T, Zhu L,Wang J et al (2015d) The genotoxic and cytotoxic effects of
1-butyl-3-methylimidazolium chloride in soil on Vicia faba seed-
lings. J Hazard Mater 285:27–36. https://doi.org/10.1016/j.
jhazmat.2014.11.028

Liu T, Zhu L, Wang J et al (2016) Phytotoxicity of imidazolium-based
ILs with different anions in soil on Vicia faba seedlings and the
influence of anions on toxicity. Chemosphere 145:269–276.
https://doi.org/10.1016/j.chemosphere.2015.11.055

Liu D, Liu H, Wang S et al (2018) The toxicity of ionic liquid 1-
decylpyridinium bromide to the algae Scenedesmus obliquus:
growth inhibition, phototoxicity, and oxidative stress. Sci Total
Environ 622–623:1572–1580. https://doi.org/10.1016/j.scitotenv.
2017.10.021

Łuczak J, Jungnickel C, Łącka I et al (2010) Antimicrobial and surface
activity of 1-alkyl-3-methylimidazolium derivatives. Green Chem
12:593. https://doi.org/10.1039/b921805j

Luo Y-R, San-Hu W, Li X-Y et al (2010) Toxicity of ionic liquids on the
growth, reproductive ability, and ATPase activity of earthworm.
Ecotoxicol Environ Saf 73:1046–1050. https://doi.org/10.1016/j.
ecoenv.2010.01.017

Luo Y-R, Wang S-H, Yun M-X et al (2009) The toxic effects of ionic
liquids on the activities of acetylcholinesterase and cellulase in
earthworms. Chemosphere 77:313–318. https://doi.org/10.1016/j.
chemosphere.2009.07.026

Ma J-M, Cai L-L, Zhang B-J et al (2010) Acute toxicity and effects of 1-
alkyl-3-methylimidazolium bromide ionic liquids on green algae.
Ecotoxicol Environ Saf 73:1465–1469. https://doi.org/10.1016/j.
ecoenv.2009.10.004

Ma B, Fang C, Lu L et al (2019) The antimicrobial peptide thanatin
disrupts the bacterial outer membrane and inactivates the NDM-1
metallo-β-lactamase. Nat Commun 10:3517. https://doi.org/10.
1038/s41467-019-11503-3

Maddali K, Kumar V, Marchand C et al (2011) Biological evaluation of
imidazolium- and ammonium-based salts as HIV-1 integrase inhib-
itors. Med Chem Commun 2:143–150. https://doi.org/10.1039/
C0MD00201A

1212 Biophys Rev (2020) 12:1187–1215

https://doi.org/10.1038/nrmicro2333
https://doi.org/10.1038/nrmicro2333
https://doi.org/10.1007/s11356-015-4794-y
https://doi.org/10.1007/s11356-015-4794-y
https://doi.org/10.1016/j.bmcl.2008.08.090
https://doi.org/10.1021/tx200228c
https://doi.org/10.1002/tox.20443
https://doi.org/10.1016/j.bmcl.2009.06.086
https://doi.org/10.1016/j.bmcl.2009.06.086
https://doi.org/10.1021/acs.jpclett.0c02149
https://doi.org/10.1016/j.fct.2019.111069
https://doi.org/10.1016/j.fct.2019.111069
https://doi.org/10.1016/j.ecoenv.2020.110902
https://doi.org/10.1016/j.ecoenv.2020.110902
https://doi.org/10.1016/j.chemosphere.2013.08.092
https://doi.org/10.1016/j.chemosphere.2013.08.092
https://doi.org/10.1016/j.ecoenv.2015.06.018
https://doi.org/10.1016/j.ecoenv.2015.06.018
https://doi.org/10.1016/j.ecoenv.2012.06.013
https://doi.org/10.1016/j.tiv.2012.07.006
https://doi.org/10.1016/j.ecoenv.2007.11.002
https://doi.org/10.1016/j.chemosphere.2009.11.047
https://doi.org/10.1016/j.chemosphere.2009.11.047
https://doi.org/10.1007/s10646-011-0785-z
https://doi.org/10.1038/nature14098
https://doi.org/10.1038/srep18444
https://doi.org/10.1038/srep18444
https://doi.org/10.1016/j.envpol.2013.06.007
https://doi.org/10.1016/j.envpol.2013.06.007
https://doi.org/10.1007/s11356-013-2348-8
https://doi.org/10.1007/s11356-013-2348-8
https://doi.org/10.1016/j.aquatox.2015.10.024
https://doi.org/10.1016/j.aquatox.2015.10.024
https://doi.org/10.1016/j.ecoenv.2015.07.010
https://doi.org/10.1016/j.ecoenv.2015.07.010
https://doi.org/10.1016/j.jhazmat.2014.11.028
https://doi.org/10.1016/j.jhazmat.2014.11.028
https://doi.org/10.1016/j.chemosphere.2015.11.055
https://doi.org/10.1016/j.scitotenv.2017.10.021
https://doi.org/10.1016/j.scitotenv.2017.10.021
https://doi.org/10.1039/b921805j
https://doi.org/10.1016/j.ecoenv.2010.01.017
https://doi.org/10.1016/j.ecoenv.2010.01.017
https://doi.org/10.1016/j.chemosphere.2009.07.026
https://doi.org/10.1016/j.chemosphere.2009.07.026
https://doi.org/10.1016/j.ecoenv.2009.10.004
https://doi.org/10.1016/j.ecoenv.2009.10.004
https://doi.org/10.1038/s41467-019-11503-3
https://doi.org/10.1038/s41467-019-11503-3
https://doi.org/10.1039/C0MD00201A
https://doi.org/10.1039/C0MD00201A


Magazù S, Maisano G, Migliardo F, Benedetto A (2008) Mean square
displacement from self-distribution function evaluation by elastic
incoherent neutron scattering. J Mol Struct 882:140–145. https://
doi.org/10.1016/j.molstruc.2007.09.022

Magazù S, Maisano G, Migliardo F, Benedetto A (2010) Motion charac-
terization by self-distribution–function procedure. Biochimica et
Biophysica Acta (BBA) - Proteins and Proteomics 1804:49–55.
https://doi.org/10.1016/j.bbapap.2009.09.017

Magazù S,Migliardo F, Benedetto A et al (2012) Bio-protective effects of
homologous disaccharides on biological macromolecules. Eur
Biophys J 41:361–367. https://doi.org/10.1007/s00249-011-0760-x

Malhotra SV, Kumar V (2010) A profile of the in vitro anti-tumor activity
of imidazolium-based ionic liquids. BioorgMed ChemLett 20:581–
585. https://doi.org/10.1016/j.bmcl.2009.11.085

Malhotra SV, Kumar V, Velez C, Zayas B (2014) Imidazolium-derived
ionic salts induce inhibition of cancerous cell growth through apo-
ptosis. Med Chem Commun 5:1404–1409. https://doi.org/10.1039/
C4MD00161C

Marks J, Kannan K, Roncase EJ et al (2016) Context-specific inhibition
of translation by ribosomal antibiotics targeting the peptidyl trans-
ferase center. Proc Natl Acad Sci U S A 113:12150–12155. https://
doi.org/10.1073/pnas.1613055113

Marrucho IM, Branco LC, Rebelo LPN (2014) Ionic liquids in pharma-
ceutical applications. Annu Rev Chem Biomol Eng 5:527–546.
https://doi.org/10.1146/annurev-chembioeng-060713-040024

Matzke M, Stolte S, Arning J et al (2009) Ionic liquids in soils: effects of
different anion species of imidazolium based ionic liquids on wheat
(Triticum aestivum) as affected by different clay minerals and clay
concentrations. Ecotoxicology 18:197–203. https://doi.org/10.1007/
s10646-008-0272-3

McClelland D, Evans RM, Abidin I et al (2003) Irreversible and revers-
ible pore formation by polymeric alkylpyridinium salts (poly-APS)
from the sponge Reniera sarai. Br J Pharmacol 139:1399–1408.
https://doi.org/10.1038/sj.bjp.0705374

McLaughlin M, Earle MJ, Gîlea MA et al (2011) Cytotoxicity of 1-
alkylquinolinium bromide ionic liquids in murine fibroblast NIH 3
T3 cells. Green Chem 13:2794. https://doi.org/10.1039/c0gc00813c

Modi N, Singh PR, Mahendran KR et al (2011) Probing the transport of
ionic liquids in aqueous solution through nanopores. J Phys Chem
Lett 2:2331–2336. https://doi.org/10.1021/jz201006b

Moniruzzaman M, Tahara Y, Tamura M et al (2010) Ionic liquid-assisted
transdermal delivery of sparingly soluble drugs. Chem Commun 46:
1452. https://doi.org/10.1039/b907462g

Mookherjee N, Anderson MA, Haagsman HP, Davidson DJ (2020)
Antimicrobial host defence peptides: functions and clinical poten-
tial. Nat Rev Drug Discov 19:311–332. https://doi.org/10.1038/
s41573-019-0058-8

Müller A, Wenzel M, Strahl H et al (2016) Daptomycin inhibits cell
envelope synthesis by interfering with fluid membrane microdo-
mains. Proc Natl Acad Sci U S A 113:E7077–E7086. https://doi.
org/10.1073/pnas.1611173113

Mwangi J, Yin Y, Wang G et al (2019) The antimicrobial peptide ZY4
combats multidrug-resistant Pseudomonas aeruginosa and
Acinetobacter baumannii infection. Proc Natl Acad Sci U S A
116:26516–26522. https://doi.org/10.1073/pnas.1909585117

Nandi PK, English NJ, Futera Z, Benedetto A (2017) Hydrogen-bond
dynamics at the bio–water interface in hydrated proteins: a
molecular-dynamics study. Phys Chem Chem Phys 19:318–329.
https://doi.org/10.1039/C6CP05601F

Nurunnabi M, Ibsen KN, Tanner EEL, Mitragotri S (2019) Oral ionic
liquid for the treatment of diet-induced obesity. Proc Natl Acad Sci
U S A 116:25042–25047. https://doi.org/10.1073/pnas.1914426116

O’Toole G, Wathier M, Zegans ME, Shanks RMQ, Kowalski R,
Grinstaff MW (2012) Diphosphonium ionic liquids as broad-
spectrum anti-microbial agents. Cornea 31:810–816

Pandey A, Ekka MK, Ranjan S et al (2017) Teratogenic, cardiotoxic and
hepatotoxic properties of related ionic liquids reveal the biological
importance of anionic components. RSC Adv 7:22927–22935.
https://doi.org/10.1039/C7RA01520H

Paulisch TO, Bornemann S, Herzog M, Kudruk S, Roling L, Linard
Matos AL, Galla H-J, Gerke V, Winter R, Glorius F (2020) An
imidazolium-based lipid analogue as gene transfer agent. Chem
Eur J. https://doi.org/10.1002/chem.202003466

Pawłowska B, Telesiński A, Biczak R (2019) Phytotoxicity of ionic liq-
uids. Chemosphere 237:124436. https://doi.org/10.1016/j.
chemosphere.2019.124436

Petkovic M, Seddon KR, Rebelo LPN, Pereira CS (2011) Ionic liquids: a
pathway to environmental acceptability. Chem Soc Rev 40:1383–
1403

Petkovic M, Hartmann DO, Adamová G et al (2012) Unravelling the
mechanism of toxicity of alkyltributylphosphonium chlorides in
Aspergillus nidulans conidia. New J Chem 36:56–63. https://doi.
org/10.1039/C1NJ20470J

Pham TPT, Cho C-W, Min J, Yun Y-S (2008) Alkyl-chain length effects
of imidazolium and pyridinium ionic liquids on photosynthetic re-
sponse of Pseudokirchneriella subcapitata. J Biosci Bioeng 105:
425–428. https://doi.org/10.1263/jbb.105.425

Pham TPT, Cho C-W, Yun Y-S (2010) Environmental fate and toxicity
of ionic liquids: A review. Water Research 44:352–372. https://doi.
org/10.1016/j.watres.2009.09.030

Pillai VVS, Benedetto A (2018) Ionic liquids in protein amyloidogenesis:
a brief screenshot of the state-of-the-art. Biophys Rev 10:847–852.
https://doi.org/10.1007/s12551-018-0425-4

Piotrowska A, Syguda A, Wyrwas B et al (2017) Toxicity evaluation of
selected ammonium-based ionic liquid forms with MCPP and di-
camba moieties on Pseudomonas putida. Chemosphere 167:114–
119. https://doi.org/10.1016/j.chemosphere.2016.09.140

Pretti C, Chiappe C, Pieraccini D, Gregori M, Abramo F, Monni G,
Intorre L (2006) Acute toxicity of ionic liquids to the zebrafish
(Danio Rerio). Green Chem 8:238–240

Qi QM, Mitragotri S (2019) Mechanistic study of transdermal delivery of
macromolecules assisted by ionic liquids. J Control Release 311–
312:162–169. https://doi.org/10.1016/j.jconrel.2019.08.029

Radošević K, Cvjetko M, Kopjar N et al (2013) In vitro cytotoxicity
assessment of imidazolium ionic liquids: biological effects in fish
Channel Catfish Ovary (CCO) cell line. Ecotoxicol Environ Saf 92:
112–118. https://doi.org/10.1016/j.ecoenv.2013.03.002

Ranke J, Mölter K, Stock F et al (2004) Biological effects of imidazolium
ionic liquids with varying chain lengths in acute Vibrio fischeri and
WST-1 cell viability assays. Ecotoxicol Environ Saf 58:396–404.
https://doi.org/10.1016/S0147-6513(03)00105-2

Ranke J, Cox M, Müller A, Schmidt C, Beyersmann D (2006) Sorption,
cellular distribution, and cytotoxicity of imidazolium ionic liquids in
mammalian cells—influence of lipophilicity. Toxicol Environ
Chem 88:273–285

Ranke J, Müller A, Bottin-Weber U et al (2007) Lipophilicity parameters
for ionic liquid cations and their correlation to in vitro cytotoxicity.
Ecotoxicol Environ Saf 67:430–438. https://doi.org/10.1016/j.
ecoenv.2006.08.008

Rees MG, Seashore-Ludlow B, Cheah JH et al (2016) Correlating chem-
ical sensitivity and basal gene expression reveals mechanism of
action. Nat Chem Biol 12:109–116. https://doi.org/10.1038/
nchembio.1986

Rezki N, Messali M, Al-Sodies SA et al (2018) Design, synthesis, in-
silico and in-vitro evaluation of di-cationic pyridinium ionic liquids
as potential anticancer scaffolds. J Mol Liq 265:428–441. https://
doi.org/10.1016/j.molliq.2018.06.045

Rotella C, Kumari P, Rodriguez BJ et al (2018) Controlling the
mechanoelasticity of model biomembranes with room-temperature
ionic liquids. Biophys Rev 10:751–756. https://doi.org/10.1007/
s12551-018-0424-5

1213Biophys Rev (2020) 12:1187–1215

https://doi.org/10.1016/j.molstruc.2007.09.022
https://doi.org/10.1016/j.molstruc.2007.09.022
https://doi.org/10.1016/j.bbapap.2009.09.017
https://doi.org/10.1007/s00249-011-0760-x
https://doi.org/10.1016/j.bmcl.2009.11.085
https://doi.org/10.1039/C4MD00161C
https://doi.org/10.1039/C4MD00161C
https://doi.org/10.1073/pnas.1613055113
https://doi.org/10.1073/pnas.1613055113
https://doi.org/10.1146/annurev-chembioeng-060713-040024
https://doi.org/10.1007/s10646-008-0272-3
https://doi.org/10.1007/s10646-008-0272-3
https://doi.org/10.1038/sj.bjp.0705374
https://doi.org/10.1039/c0gc00813c
https://doi.org/10.1021/jz201006b
https://doi.org/10.1039/b907462g
https://doi.org/10.1038/s41573-019-0058-8
https://doi.org/10.1038/s41573-019-0058-8
https://doi.org/10.1073/pnas.1611173113
https://doi.org/10.1073/pnas.1611173113
https://doi.org/10.1073/pnas.1909585117
https://doi.org/10.1039/C6CP05601F
https://doi.org/10.1073/pnas.1914426116
https://doi.org/10.1039/C7RA01520H
https://doi.org/10.1002/chem.202003466
https://doi.org/10.1016/j.chemosphere.2019.124436
https://doi.org/10.1016/j.chemosphere.2019.124436
https://doi.org/10.1039/C1NJ20470J
https://doi.org/10.1039/C1NJ20470J
https://doi.org/10.1263/jbb.105.425
https://doi.org/10.1016/j.watres.2009.09.030
https://doi.org/10.1016/j.watres.2009.09.030
https://doi.org/10.1007/s12551-018-0425-4
https://doi.org/10.1016/j.chemosphere.2016.09.140
https://doi.org/10.1016/j.jconrel.2019.08.029
https://doi.org/10.1016/j.ecoenv.2013.03.002
https://doi.org/10.1016/S0147-6513(03)00105-2
https://doi.org/10.1016/j.ecoenv.2006.08.008
https://doi.org/10.1016/j.ecoenv.2006.08.008
https://doi.org/10.1038/nchembio.1986
https://doi.org/10.1038/nchembio.1986
https://doi.org/10.1016/j.molliq.2018.06.045
https://doi.org/10.1016/j.molliq.2018.06.045
https://doi.org/10.1007/s12551-018-0424-5
https://doi.org/10.1007/s12551-018-0424-5


Ruokonen S-K, Sanwald C, Robciuc A et al (2018) Correlation between
ionic liquid cytotoxicity and liposome-ionic liquid interactions.
Chem Eur J 24:2669–2680. https://doi.org/10.1002/chem.
201704924

Ryu H, Lee H, Iwata S et al (2015) Investigation of ion channel activities
of gramicidin A in the presence of ionic liquids using model cell
membranes. Sci Rep 5:11935. https://doi.org/10.1038/srep11935

Sahbaz Y, Nguyen T-H, Ford L et al (2017) Ionic liquid forms of weakly
acidic drugs in oral lipid formulations: preparation, characterization,
in vitro digestion, and in vivo absorption studies. Mol Pharm 14:
3669–3683. https://doi.org/10.1021/acs.molpharmaceut.7b00442

Samorì C, Malferrari D, Valbonesi P et al (2010) Introduction of oxygen-
ated side chain into imidazolium ionic liquids: evaluation of the
effects at different biological organization levels. Ecotoxicol
Environ Saf 73:1456–1464. https://doi.org/10.1016/j.ecoenv.2010.
07.020

Scott RH, Whyment AD, Foster A et al (2000) Analysis of the structure
and electrophysiological actions of halitoxins: 1,3 alkyl-pyridinium
salts from Callyspongia ridleyi. J Membr Biol 176:119–131. https://
doi.org/10.1007/s00232001078

Sharma VK, Ghosh SK, Mandal P et al (2017) Effects of ionic liquids on
the nanoscopic dynamics and phase behaviour of a phosphatidyl-
choline membrane. Soft Matter 13:8969–8979. https://doi.org/10.
1039/C7SM01799E

Sharma VK, Mukhopadhyay R (2018) Deciphering interactions of ionic
liquids with biomembrane. Biophys Rev 10:721–734. https://doi.
org/10.1007/s12551-018-0410-y

Shi Y, Zhao Z, Gao Y et al (2020) Oral delivery of sorafenib through
spontaneous formation of ionic liquid nanocomplexes. J Control
Release 322:602–609. https://doi.org/10.1016/j.jconrel.2020.03.
018

Silva AT, Cerqueira MJ, Prudêncio C et al (2019) Antiproliferative or-
ganic salts derived from betulinic acid: disclosure of an ionic liquid
selective against lung and liver cancer cells. ACS Omega 4:5682–
5689. https://doi.org/10.1021/acsomega.8b03691

Sioriki E, Gaillard S, Nahra F et al (2019) Investigating the biological
activity of imidazolium aurate salts. ChemistrySelect 4:11061–
11065. https://doi.org/10.1002/slct.201903435

SivapragasamM, MoniruzzamanM, Goto M (2020) An overview on the
toxicological properties of ionic liquids toward microorganisms.
Biotechnol J 15:1900073. https://doi.org/10.1002/biot.201900073

Sommer J, Fister S, Gundolf T et al (2018) Virucidal or not virucidal?
That is the question—predictability of ionic liquid’s virucidal poten-
tial in biological test systems. IJMS 19:790. https://doi.org/10.3390/
ijms19030790

Stasiewicz M, Mulkiewicz E, Tomczak-Wandzel R et al (2008)
Assessing toxicity and biodegradation of novel, environmentally
benign ionic liquids (1-alkoxymethyl-3-hydroxypyridinium chlo-
ride, saccharinate and acesulfamates) on cellular and molecular lev-
el. Ecotoxicol Environ Saf 71:157–165. https://doi.org/10.1016/j.
ecoenv.2007.08.011

Stoimenovski J, Dean PM, Izgorodina EI, MacFarlane DR (2012) Protic
pharmaceutical ionic liquids and solids: aspects of protonics.
Faraday Discuss 154:335–352

Stolte S, Arning J, Bottin-Weber U et al (2006) Anion effects on the
cytotoxicity of ionic liquids. Green Chem 8:621. https://doi.org/10.
1039/b602161a

Strahl H, Hamoen LW (2010) Membrane potential is important for bac-
terial cell division. Proc Natl Acad Sci 107:12281–12286. https://
doi.org/10.1073/pnas.1005485107

Stromyer ML, Southerland MR, Satyal U et al (2020) Synthesis, charac-
terization, and biological activity of a triphenylphosphonium-
containing imidazolium salt against select bladder cancer cell lines.
Eur J Med Chem 185:111832. https://doi.org/10.1016/j.ejmech.
2019.111832

Studzińska S, Buszewski B (2009) Study of toxicity of imidazolium ionic
liquids to watercress (Lepidium sativum L.). Anal Bioanal Chem
393:983–990. https://doi.org/10.1007/s00216-008-2523-9

Swatloski RP, Holbrey JD, Memon SB, et al (2004) Using
Caenorhabditis elegans to probe toxicity of 1-alkyl-3-
methylimidazolium chloride based ionic liquids. Chem Commun
668. https://doi.org/10.1039/b316491h

Takekiyo T, Yoshimura Y (2018) Suppression and dissolution of amyloid
aggregates using ionic liquids. Biophys Rev 10:853–860. https://
doi.org/10.1007/s12551-018-0421-8

Tanner EEL, Curreri AM, Balkaran JPR et al (2019) Design principles of
ionic liquids for transdermal drug delivery. Adv Mater 31:1901103.
https://doi.org/10.1002/adma.201901103

Tanner EEL, Ibsen KN,Mitragotri S (2018) Transdermal insulin delivery
using choline-based ionic liquids (CAGE). J Control Release 286:
137–144. https://doi.org/10.1016/j.jconrel.2018.07.029

Tanner EEL, Wiraja C, Curreri CA et al (2020) Stabilization and topical
skin delivery of framework nucleic acids using ionic liquids. Adv
Therap 3:2000041. https://doi.org/10.1002/adtp.202000041

Tateishi-Karimata H, Sugimoto N (2018) Biological and nanotechnolog-
ical applications using interactions between ionic liquids and nucleic
acids. Biophys Rev 10:931–940. https://doi.org/10.1007/s12551-
018-0422-7

ThamkeVR, Chaudhari AU, Tapase SR et al (2019) In vitro toxicological
evaluation of ionic liquids and development of effective bioremedi-
ation process for their removal. Environ Pollut 250:567–577. https://
doi.org/10.1016/j.envpol.2019.04.043

Thamke VR, Kodam KM (2016) Toxicity study of ionic liquid, 1-butyl-
3-methylimidazolium bromide on guppy fish, Poecilia reticulata and
its biodegradation by soil bacterium Rhodococcus hoagii VRT1. J
HazardMater 320:408–416. https://doi.org/10.1016/j.jhazmat.2016.
08.056

Thamke VR, Tapase SR, Kodam KM (2017) Evaluation of risk assess-
ment of new industrial pollutant, ionic liquids on environmental
living systems. Water Res 125:237–248. https://doi.org/10.1016/j.
watres.2017.08.046

VranešM, Tot A,Ćosić J et al (2019) Correlation between lipophilicity of
newly synthesized ionic liquids and selected Fusarium genus growth
rate. RSC Adv 9:19189–19196. https://doi.org/10.1039/
C9RA02521A

Wan R, Xia X, Wang P et al (2018) Toxicity of imidazoles ionic liquid
[C16mim]Cl to HepG2 cells. Toxicol in Vitro 52:1–7. https://doi.
org/10.1016/j.tiv.2018.05.013

Wang D, Richter C, Rühling A, Hüwel S, Glorius F, Galla H-J (2015)
Anti-tumor activity and cytotoxicity in vitro of novel 4,5-dialkyli-
midazolium surfactants. Biochem Biophys Res Commun 467:
1033–1038

Wang D, Jong DH, Rühling A, Lesch V, Shimizu K, Wulff S, Heuer A,
Glorius F, Galla H-J (2016) Imidazolium-based lipid analogues and
their interaction with phosphatidylcholine membranes. Langmuir
32:12579–12592

Wang D, Galla H-J, Drücker P (2018) Membrane interactions of ionic
liquids and imidazolium salts. Biophys Rev 10:735–746. https://doi.
org/10.1007/s12551-017-0388-x

Wang X, Ohlin CA, Lu Q et al (2007) Cytotoxicity of ionic liquids and
precursor compounds towards human cell line HeLa. Green Chem
9:1191. https://doi.org/10.1039/b704503d

Welton FT (1999) Room-temperature ionic liquids Solvents for synthesis
and catalysi. Chem Rev 99:2071–2084

Welton T (2018) Ionic liquids: a brief history. Biophys Rev 10:691–706.
https://doi.org/10.1007/s12551-018-0419-2

Wenzel M, Chiriac AI, Otto A et al (2014) Small cationic antimicrobial
peptides delocalize peripheral membrane proteins. Proc Natl Acad
Sci 111:E1409–E1418. https://doi.org/10.1073/pnas.1319900111

Williams HD, Sahbaz Y, Ford L et al (2014) Ionic liquids provide unique
opportunities for oral drug delivery: structure optimization and

1214 Biophys Rev (2020) 12:1187–1215

https://doi.org/10.1002/chem.201704924
https://doi.org/10.1002/chem.201704924
https://doi.org/10.1038/srep11935
https://doi.org/10.1021/acs.molpharmaceut.7b00442
https://doi.org/10.1016/j.ecoenv.2010.07.020
https://doi.org/10.1016/j.ecoenv.2010.07.020
https://doi.org/10.1007/s00232001078
https://doi.org/10.1007/s00232001078
https://doi.org/10.1039/C7SM01799E
https://doi.org/10.1039/C7SM01799E
https://doi.org/10.1007/s12551-018-0410-y
https://doi.org/10.1007/s12551-018-0410-y
https://doi.org/10.1016/j.jconrel.2020.03.018
https://doi.org/10.1016/j.jconrel.2020.03.018
https://doi.org/10.1021/acsomega.8b03691
https://doi.org/10.1002/slct.201903435
https://doi.org/10.1002/biot.201900073
https://doi.org/10.3390/ijms19030790
https://doi.org/10.3390/ijms19030790
https://doi.org/10.1016/j.ecoenv.2007.08.011
https://doi.org/10.1016/j.ecoenv.2007.08.011
https://doi.org/10.1039/b602161a
https://doi.org/10.1039/b602161a
https://doi.org/10.1073/pnas.1005485107
https://doi.org/10.1073/pnas.1005485107
https://doi.org/10.1016/j.ejmech.2019.111832
https://doi.org/10.1016/j.ejmech.2019.111832
https://doi.org/10.1007/s00216-008-2523-9
https://doi.org/10.1039/b316491h
https://doi.org/10.1007/s12551-018-0421-8
https://doi.org/10.1007/s12551-018-0421-8
https://doi.org/10.1002/adma.201901103
https://doi.org/10.1016/j.jconrel.2018.07.029
https://doi.org/10.1002/adtp.202000041
https://doi.org/10.1007/s12551-018-0422-7
https://doi.org/10.1007/s12551-018-0422-7
https://doi.org/10.1016/j.envpol.2019.04.043
https://doi.org/10.1016/j.envpol.2019.04.043
https://doi.org/10.1016/j.jhazmat.2016.08.056
https://doi.org/10.1016/j.jhazmat.2016.08.056
https://doi.org/10.1016/j.watres.2017.08.046
https://doi.org/10.1016/j.watres.2017.08.046
https://doi.org/10.1039/C9RA02521A
https://doi.org/10.1039/C9RA02521A
https://doi.org/10.1016/j.tiv.2018.05.013
https://doi.org/10.1016/j.tiv.2018.05.013
https://doi.org/10.1007/s12551-017-0388-x
https://doi.org/10.1007/s12551-017-0388-x
https://doi.org/10.1039/b704503d
https://doi.org/10.1007/s12551-018-0419-2
https://doi.org/10.1073/pnas.1319900111


in vivo evidence of utility. Chem Commun 50:1688–1690. https://
doi.org/10.1039/C3CC48650H

Wilson MZ, Wang R, Gitai Z, Seyedsayamdost MR (2016) Mode of
action and resistance studies unveil new roles for tropodithietic acid
as an anticancer agent and the γ-glutamyl cycle as a proton sink.
Proc Natl Acad Sci U S A 113:1630–1635. https://doi.org/10.1073/
pnas.1518034113

Witos J, Russo G, Ruokonen S-K, Wiedmer SK (2017) Unraveling in-
teractions between ionic liquids and phospholipid vesicles using
nanoplasmonic sensing. Langmuir 33:1066–1076

Wu S, Zeng L, Wang C et al (2018) Assessment of the cytotoxicity of
ionic liquids on Spodoptera frugiperda 9 (Sf-9) cell lines via in vitro
assays. J Hazard Mater 348:1–9. https://doi.org/10.1016/j.jhazmat.
2018.01.028

Xu Y, Wang J, Du Z et al (2020) Toxicity evaluation of three
imidazolium-based ionic liquids ([C6mim]R) on Vicia faba seed-
lings using an integrated biomarker response (IBR) index.
Chemosphere 240:124919. https://doi.org/10.1016/j.chemosphere.
2019.124919

Yoo B, Shah JK, Zhu Y, Maginn EJ (2014) Amphiphilic interactions of
ionic liquids with lipid biomembranes: a molecular simulation
study. Soft Matter 10:8641–8651

Yoo B, Jing B, Jones SE, Lamberti GA, Zhu Y, Shah JK, Maginn EJ
(2016a) Molecular mechanisms of ionic liquid cytotoxicity probed
by an integrated experimental and computational approach. Sci Rep
6:19889

Yoo B, Zhu Y,Maginn EJ (2016b)Molecular mechanism of ionic-liquid-
induced membrane disruption: morphological changes to bilayers,
multilayers, and vesicles. Langmuir 32:5403–5411

Young GR, Abdelghany TM, Leitch AC et al (2020) Changes in the gut
microbiota of mice orally exposed to methylimidazolium ionic liq-
uids. PLoS One 15:e0229745. https://doi.org/10.1371/journal.pone.
0229745

Yu M, Li S-M, Li X-Y et al (2008) Acute effects of 1-octyl-3-
methylimidazolium bromide ionic liquid on the antioxidant enzyme

system of mouse liver. Ecotoxicol Environ Saf 71:903–908. https://
doi.org/10.1016/j.ecoenv.2008.02.022

Yu M, Wang S-H, Luo Y-R et al (2009) Effects of the 1-alkyl-3-
methylimidazolium bromide ionic liquids on the antioxidant defense
system of Daphnia magna. Ecotoxicol Environ Saf 72:1798–1804.
https://doi.org/10.1016/j.ecoenv.2009.05.002

Yu J, Zhang S, Dai Y et al (2016a) Antimicrobial activity and cytotoxicity
of piperazinium- and guanidinium-based ionic liquids. J Hazard
Mater 307:73–81. https://doi.org/10.1016/j.jhazmat.2015.12.028

Yu Z, Mo L, Zhang J, Liu S (2016b) Time- and anion-dependent stimu-
lation on triphosphopyridine nucleotide followed by antioxidant re-
sponses in Vibrio fischeri after exposure to 1-ethyl-3-
methylimidazolium salts. Chemosphere 163:452–460. https://doi.
org/10.1016/j.chemosphere.2016.08.061

Zakrewsky M, Lovejoy KS, Kern TL et al (2014) Ionic liquids as a class
of materials for transdermal delivery and pathogen neutralization.
Proc Natl Acad Sci U S A 111:13313–13318. https://doi.org/10.
1073/pnas.1403995111

Zhang C, Malhotra SV, Francis AJ (2014) Toxicity of ionic liquids to
Clostridium sp. and effects on uranium biosorption. J Hazard Mater
264:246–253. https://doi.org/10.1016/j.jhazmat.2013.11.003

Zhu Y, Mohapatra S, Weisshaar JC (2019) Rigidification of the
Escherichia coli cytoplasm by the human antimicrobial peptide
LL-37 revealed by superresolution fluorescence microscopy. Proc
Natl Acad Sci U S A 116:1017–1026. https://doi.org/10.1073/pnas.
1814924116

Zhu C, VaronaM, Anderson JL (2020)Magnetic ionic liquids as solvents
for RNA extraction and preservation. ACS Omega 5:11151–11159.
https://doi.org/10.1021/acsomega.0c01098

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1215Biophys Rev (2020) 12:1187–1215

https://doi.org/10.1039/C3CC48650H
https://doi.org/10.1039/C3CC48650H
https://doi.org/10.1073/pnas.1518034113
https://doi.org/10.1073/pnas.1518034113
https://doi.org/10.1016/j.jhazmat.2018.01.028
https://doi.org/10.1016/j.jhazmat.2018.01.028
https://doi.org/10.1016/j.chemosphere.2019.124919
https://doi.org/10.1016/j.chemosphere.2019.124919
https://doi.org/10.1371/journal.pone.0229745
https://doi.org/10.1371/journal.pone.0229745
https://doi.org/10.1016/j.ecoenv.2008.02.022
https://doi.org/10.1016/j.ecoenv.2008.02.022
https://doi.org/10.1016/j.ecoenv.2009.05.002
https://doi.org/10.1016/j.jhazmat.2015.12.028
https://doi.org/10.1016/j.chemosphere.2016.08.061
https://doi.org/10.1016/j.chemosphere.2016.08.061
https://doi.org/10.1073/pnas.1403995111
https://doi.org/10.1073/pnas.1403995111
https://doi.org/10.1016/j.jhazmat.2013.11.003
https://doi.org/10.1073/pnas.1814924116
https://doi.org/10.1073/pnas.1814924116
https://doi.org/10.1021/acsomega.0c01098

	Mechanisms of action of ionic liquids on living cells: the state of the art
	Abstract
	Introduction
	Ionic liquids
	Toxicity of ILs
	The “positive side” of IL toxicity
	Biophysical and chemical-physical investigations of IL-biomembrane interactions

	Mechanisms of action of ILs
	ILs and cellular membranes—part 1: “soft interactions”
	ILs and cellular membranes—part 2: “hard interactions”
	ILs and membrane proteins
	ILs, cytoplasmatic proteins and enzymes, RNA, and ribosomes
	ILs, mitochondria, and ATP
	ILs, chloroplast, and chlorophyll
	ILs, DNA, and plasmids
	ILs and cell nuclei:
	ILs and cell cycle
	“System biology” of ILs

	Final considerations and remarks for the future

	This link is 10.1038/s41467-02118-,",
	References


