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In this study we have explored the effects of different groups of ionic liquids (ILs) on membrane
fusion. The ILs used contain different head groups: N-methylimidazolium, 3-methylpyridinium and
N-methylpyrrolidinium; short alkyl or ether functionalized side chains (with one or two ethoxy function-
alities), paired with chloride anion. These ILs have been compared with 1-dodecyl-3-methylimidazolium
bromide as example of a highly lipophilic IL. The effect of ILs on membrane fusion was investigated
through pyrene steady state fluorescence probing, using the IE factor and excimer/monomer ratio (IE/IM)
as parameters. The ratio between the vibronic bands of pyrene (I1/I3 ratio) has been used to monitor the
onic liquids
gg-PC membrane fusion
yrene fluorescence

effect of ILs on the aggregation properties of egg-PC liposomes. The effect of different ILs’ families was
evident; the pyridinium ILs induced a greater extent of fusion than pyrrolidinium and imidazolium ILs
having the same side chain. Marginal effect could be attributed to different anions. ILs with short alkyl
chains were usually more effective than ether functionalized ones. The aggregation behaviors of ILs having
dioxygenated chains have been measured in buffer solution.
. Introduction

Ionic liquids (ILs) have received considerable interest because
f their unique physico-chemical properties such as very low
olatility, wide electrochemical window, non-flammability, high
hermal stability and wide liquid temperature range [1,2]. ILs have
een explored as alternative media for chemical reactions [3] and
ecently the applications on small industrial scale gained the first
uccessful developments in pilot plants [4]. ILs have been claimed
o be green solvents, despite their wide chemical composition
nd diversity before reaching a deeper knowledge of their behav-
or in the environment. In the last decade many studies have
een conducted dealing with ILs properties such as ecotoxicity
5–7], biodegradability [8], biological effects on microorganisms
9], lipophilicity [10], physicochemical properties [11] and inter-

ction with sediments [12,13]. Due to their amphiphilic nature,
ome ILs have been also used as solvents for self-assembling struc-
ures such as micelles [14,15], reverse micelles, as phase transfer

∗ Corresponding author.
E-mail address: danilo.malferrari2@unibo.it (D. Malferrari).
catalysts [16] and amphiphilic self-assembling media [17]. In the
literature there is plenty of data about the measurements of the
micellar properties of ILs with long alkyl chains [18–20], but lit-
tle is known about the behavior of ILs with short-chains or with
chains containing oxygen atoms. Moreover, poor attention has been
paid to the effects that ILs have on cell membrane properties, either
using living cells or membrane models. Studies on changes in ILs
structures pointed out the attention on their effect on model mem-
branes [21,22]. Thus a detailed knowledge of ILs’ effects and mode
of action toward membranes, that are the interface between the
cell and the environment, is needed for a deep evaluation of ILs
biological effects.

Initial investigations on membrane effects of ILs with differ-
ent alkyl chain lengths [22] highlighted that imidazolium ILs
with alkyl chains longer than six carbon atoms deeply alter
a membrane bilayer, inducing leakage of content and com-
pletely disrupting the model membrane at concentrations near
100 mM. ILs with shorter alkyl chains (four carbon atoms), even
at concentrations up to 500 mM, induce a slow and little leak-

age of content that is not indicative of membrane disruption.
Similar results have been recently reached in another study
employing model membranes as biomimetic system and the
microorganism Shewanella oneidensis [23]. In two recent studies

dx.doi.org/10.1016/j.colsurfb.2014.11.021
http://www.sciencedirect.com/science/journal/09277765
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small group of ILs, 1-octyl-3-methylimidazolium chloride,
-buytl-3-methylimidazolium tetrafluoroborate and 1-benzyl-3-
ethylimidazolium tetrafluoroborate have been evaluated on

ipalmytoylphosphatidylcholine (DPPC) and dimyristoylphos-
hatidylcholine (DMPC) liposomes [24,25]. The authors found that
long chain IL (1-octyl-3-methylimidazolium chloride) reduces the
hase transition temperature of lipids and high molar ratio causes
usion of solid gel and liquid crystalline phases of liposomes. A
hort chain IL does not appreciably influence the phase transition
emperature in the studied molar ratio.

ILs with different cationic head group and chain length have
een recently studied and exhibit distinct mechanisms of mem-
rane interaction, insertion and disruption that could be correlated
ith their biological activities, depending on the lipid nature and
embrane lipid domains [26]. The results indicate, in particular,

hat both the ILs side chain composition (number and presence of
xygen atoms) and the ILs head-groups are important elements for
embrane activity and cell toxicity.
In this paper we investigate the effects that ILs with dif-

erent cationic head groups, anions and side-chain length have
n membrane fusion using pyrene (Py) as fluorescence probe,
onsidering also the presence of ethoxy units in the side chain
f the cation moiety. Membrane fusion is commonly defined
s a process that transforms two lipid bilayers from topolog-
cally distinct compartments into one connected compartment
27].

Liposomes of l-�-phosphatidylcholine (Egg-PC) were used
s models for cell membranes [28]. The ILs used are com-
osed by N-methylimidazolium 1, 3-methylpyridinium 2 or
-methylpyrrolidinium 3 head groups, functionalized with short
lkyl chains (butyl a, ether side chains (2-methoxyethyl b, 2-
2-methoxyethoxy)ethyl c)) and with chloride, tetrafluoroborate
r dicyanamide as counter anions. The head group structures
nd one of the three ILs families are depicted in Chart 1. For
omparison we have also tested an IL with a long alkyl chain,
-dodecyl-3-methylimidazolium bromide (1f), whose aggrega-
ion properties are well known and described in the literature
29–31].

The ether-functionalized imidazolium-based ILs 1b and 1c are
promising class of alternative solvents with some interesting

roperties, such as high solubility for carbohydrates [32], suit-
ble features as reaction media for some biocatalytic processes
33] and for catalytic asymmetric reactions [34], capability to be
xploited in dye-sensitized photoelectrochemical solar cells [35]
nd nanoparticles stabilizing properties [36]. In previous papers
e have demonstrated that the introduction of one oxygen atom

nto the lateral chain of imidazolium-based ILs decreases their tox-
city with respect to the alkyl counterparts toward the crustacean
aphnia magna and the bacterium Vibrio fischeri [37] although it
lso decreases their biodegradability in soils [38]. Herein a further
oal was to verify if the previously observed trend of reducing tox-
city by increasing the polarity of the cation [21] can be related to

embrane fusion.

. Experimental

.1. Materials

All reagents and solvents used were purchased from Aldrich;
-methylimidazole, 3-methylpyridine, 1-methylpyrrolidine, 1-
hlorobutane and 2-chloroethyl methyl ether were re-distilled
efore use to avoid the formation of colored impurities in ILs

see Supplementary Material for purification details). Pyrene was
urchased from Fluka, Milan, Italy. Milli-RO water (resistivity
8.2 M� cm at 25 ◦C; filtered through a 0.22 �m membrane) was
sed for sample preparation.
143

Synthetic and purification procedures of ILs are reported in the
Supplementary Material. ILs used in the experiments were dried
overnight at 80 ◦C under vacuum just before the experiments. The
stock solution of Py in ethanol (3 mM) was prepared daily and
stored in the dark at 4 ◦C for one night before usage. For the prepara-
tion of buffer solution containing Py, an aliquot of ethanol solution
containing Py was used, the solvent was evaporated under vacuum
and then an adequate volume of buffer was added to obtain the
concentration of 3 �M [39]. The different ILs concentrations were
obtained by adding progressive amounts of ILs to the same vol-
ume of buffer solution containing Py and egg-PC liposomes. The
ratio of Py: total phospholipids was 1:100 (mol/mol), and the total
phospholipids concentration was 0.25 mM in all cases.

2.2. Liposome preparation and characterization

The egg-PC liposomes preparation procedure was adapted from
previously described procedures [28,39]. Egg-PC was dissolved in
a chloroform/methanol mixture (3:1, v/v) and dried under vac-
uum at room temperature for 4 h to obtain a thin film. The film
was hydrated in 140 mM NaCl, 10 mM Tris HCl, 0.1 mM EDTA,
pH 8.0, vigorously vortexed for 7 min, and subjected to 20 cycles
of extrusion through 100 nm pore size polycarbonate membranes
(nominal), with a Lipofast syringe-type extruder (Avestin, Ottawa,
Canada) [39]. Egg-PC liposomes mean dimensions (133 nm) have
been characterized by Dynamic Light Scattering (DLS) employing a
Malvern Nano ZS instrument with a 633 nm laser diode; data are
reported in the Supplementary Fig. S1.

2.3. Steady state fluorescence measurements of membrane fusion
and scattering

Membrane fusion measurements using the IE factor were
adapted from the method of Schoen et al. [39] and were car-
ried out with a Jasco spectrofluorometer FP-6200 equipped with
a thermostated cuvette holder and a magnetic stirring device. Two
groups of egg-PC liposomes were used. An aliquot of egg-PC lipo-
somes was loaded with Py and then combined with an aliquot
of nude lipid vesicles. Final Py concentration in buffer solution
was 3 �M. The emission spectra excited at 334 nm were recorded
in the 350–550 nm range (right-angle geometry) and the fluores-
cence intensities of the monomer (IM) (395 nm) and excimer (IE)
(480 nm) emission peaks were measured. Excitation and emission
slits with a nominal bandpass of 5 nm were used for all measure-
ments [40]. The ILs induced fusion of lipid vesicles was performed
by adding nude egg-PC liposomes to Py-loaded egg-PC liposomes
(1:2, wt/wt) in the presence of ILs at different concentrations (30 �L
of egg-PC liposome solution). Fusion induced by ILs was expressed
as percentage relative to the fusion induced by Triton X-100, added
at 0.01% (v/v). Relative fluorescence was obtained by calculating
100 × (IE0 − IEx)/(IE0 − IEtot), where IE represents the excimer fluo-
rescence intensity (IE) during fusion, and IE0 and IEtot represent,
respectively, the intensities at zero concentration and after the
addition of Triton X-100. All the experiments were performed at
25 ◦C. All fluorescence spectra were background subtracted using
an appropriate blank.

The excimer to monomer fluorescence intensity ratio (IE/IM)
was determined by measuring fluorescence intensity at the
monomer (IM) and excimer (IE) peaks. The first (I1) and third (I3)
vibronic peaks of Py appear at 375 nm and 385 nm, respectively. Py

�I values in buffer solution and in egg-PC liposomes were calcu-
lated using the following equation:

�I = I − I0 (1)
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hart 1. The fluorescent probe pyrene (Py), head groups 1–2–3, and cation side ch
f one representative family 1a–f.

here I0 and I denote the fluorescence intensities in the absence
nd presence of ionic liquid 1a, respectively (see Supplementary
ig. S3).

Imidazolium ILs are weakly fluorescent and their absorption
s not significant as compared with Py monomer. Before data
reatment ILs fluorescence emission spectra (see Supplementary
ig. S2) were subtracted from Py spectra. The obtained spectra are

n agreement with data present in the literature [41]. Fluorescence
cattering measurements were recorded with the spectrofluorom-
ter mentioned above, the emission spectra excited at 400 nm were
ecorded in the 380–420 nm range (see Supplementary Fig. S8).
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ig. 1. Panel A: Overlapped fluorescence emission spectra of Py acquired at different
a concentrations (mM) in buffer solution without liposomes. Panel B: Overlapped
uorescence emission spectra of Py in liposomes recorded at different 1a concen-
rations (mM), or with Triton X-100.
–b–c of the ILs used in this study are shown together with the complete structure

2.4. Critical micellar concentration (cmc) measurements

The cmc of compounds 1a, 1b, 1c, 1f, 2c and 3c has been mea-
sured as stated in the literature [42], using the Boltzmann equation
(2) and the �2 (chi-square) coefficient. In Eq. (2) the dependent
variable y corresponds to the Py I1/I3 ratio value, the independent
variable (x) is the total concentration of the tested compound, A1
and A2 are the upper and lower limits of the sigmoid, respectively,
x0 is the center of the sigmoid and the corresponding cmc value.
I1
I3

= A2 + A1 − A2

1 + exp((x − x0)/dx)
(2)
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Fig. 2. IE factors. Panel A: N-methylimidazolium chloride ILs 1a–b–c and 1f. Panel
B: N-methylpyrrolidinium chloride ILs 2a–b–c and 3-methylpyridinium chloride ILs
3a–b–c. Zero lines (dotted line in figure) are depicted as guiding view.
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.5. Statistical analysis

The Primer statistical package (version 6) was used for the sta-
istical evaluation of data. All ILs groups were compared among
tructure (10 fixed levels, ILs 1a–1c, 2a–2c, 3a–3c, 1f) and con-
entration (six fixed levels: 0, 0.5, 5.5, 25.5, 150.5, 400.5 mM).
istance-based two-way permutational analysis of variance PER-
ANOVA [43] was applied to test for differences related to the

nvestigated factors. Univariate analysis was based on the Euclidean
istances on untransformed data. Values were considered signif-

cantly different if p < 0.05. All data are means of at least three
eplicates and error bars in Figs. 4–7 correspond to standard error
alues.

. Results and discussion

In a liposomal environment, Py forms excited state dimers
excimers) in a diffusion-limited reaction which depends upon

embrane composition, temperature and Py concentration [44].
urthermore, Py molecules are capable of rapid lateral diffusion,
rom which the formation of excimers depends. It has been recently
eported that Py is predominantly localized in the interfacial region
f the membrane [45].

Typical features of the emission spectra of Py are the maxima

t 375, 385, and 395 nm due to vibronic bands, known to be envi-
onmentally sensitive [46] and this property has been effectively
sed for evaluating the polarity of microenvironments in which Py

s dissolved [47]. The ratio of the first (375 nm) and third (385 nm)
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Fig. 3. IE/IM ratio of Py in buffer (�) and in liposomes (�) in presence of IL 1a.

vibronic peak intensities (I1/I3) in the Py emission spectrum pro-
vides a measure of the apparent polarity of the environment: an
increase in the I1/I3 ratio is indicative of an increased polarity, while

a decrease is indicative of a reduction of polarity, for example the
presence of an organized lipidic environment. It is fundamental to
point out that the I1/I3 ratio considerably varies in different experi-
mental settings depending on the optical configuration used for the
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olution [48].
Fig. 1A shows the fluorescence emission spectra of Py in buffer

olution (spectra of Py at different concentrations, 3 �M, 1.5 �M,
.75 �M and in different solvents are reported for comparison in
he Supplementary Figs. S3 and S4) at different concentrations of
a ranging from 0.5 mM to 400.5 mM in absence of egg-PC lipo-
omes. Without egg-PC liposomes high concentrations of ILs (150.5
nd 400.5 mM) enhance the emission spectrum of Py, creating a
ecrease in the polarity of the environment where Py is solubi-

ized, as indicated by the I1/I3 ratio value (around 1.3) depicted
n Supplementary Fig. S6. The I1/I3 ratio value is in line with the
xpected ratio for buffer solutions [49] while in Fig. 1A is evi-
ent the effect of 1a on the formation of excimer population with

ncreasing concentrations of the IL. The effect is particularly evident
t high concentration of 1a, indicating a decrease in Py mobility.
he excimer emission peak – generally present in the 460–500 nm
mission region – decreases in intensity by increasing the IL con-
entration. The mobility of the probe diminishes with increasing
a concentration, behavior confirmed by the IE/IM trend visible

n Fig. 3. A similar behavior was observed for the strictly related
BMIM][PF6] [45].

To test if the decrease in Py emission spectra can be attributed
o quenching phenomena we have exposed Py containing buffer
olutions at increasing concentrations of 1a; data are reported in
upplementary Fig. S3. It is worth noting that excimer emission

eak is clearly visible in Py emission spectra only when the fluo-
ophore is present at a concentration of 3 �M. Furthermore, we
ave compared the �I values against 1a concentration in buffer
olution and in egg-PC liposomes (where �I = I − I0: I0 and I denote
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ig. 5. Vibronic ratio measurements (I1/I3) of Py for the three different groups of ILs. Panel A
hloride ILs 2a–b–c and 3-methylpyridinium chloride ILs 3a–b–c.
the fluorescence intensities in the absence and presence of ionic
liquid 1a, respectively). Considering data in Supplementary Fig.
S3, we can affirm that the decrease in Py fluorescence intensity
only corresponds to its environment and mobility, we exclude the
possibility that quenching of Py occurs. Py forms excimers with
very specific fluorescence characteristics, and the ratio of excimer
to monomer is known to be dependent on membrane dynamics
[50,51]. Fig. 1B shows the behavior of Py emission spectrum in egg-
PC liposomes exposed at different concentrations of 1a together
with the spectrum obtained at 0.1% concentration of Triton X-
100.

In Fig. 1B it is possible to observe the increase in the intensity
of the peak due to monomer emission (IM) and the decrease of the
excimer emission (IE) after the injection of Triton X-100, a surface
active substance chosen as reference compound. Excimer emission
can be used to calculate the IE factor.

3.1. IE factor

The IE factor represents the extent of variation in excimer
intensity compared with the excimer intensity obtained after the
exposure to Triton X-100 [39]. Negative values of IE highlight
higher extent of excimer formation, while positive values denote
a lower extent of excimer formation. ILs effects on membrane
fusion, expressed as IE factor, are reported in Fig. 2. IE factor has
a value of zero when there are not differences in terms of mem-
brane fusion in comparison with untreated samples (dotted line in

Fig. 2).

ILs are grouped according to the cationic head structure: imidaz-
olium (Fig. 2A), pyrrolidinium and pyridinium (Fig. 2B). Each group
contains ILs with a different composition in the alkyl side chain of
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: N-methylimidazolium chloride ILs 1a–b–c and 1f. Panel B: N-methylpyrrolidinium
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epicted as guiding view.

he cation: without oxygen atoms (1a, 2a, 3a), with one (1b, 2b, 3b)
r two ethoxy (1c, 2c, 3c) functionalities in the side chain. The effect
btained through the highly amphiphilic 1f is added for comparison
n Fig. 2A.

As can be seen in Fig. 2A, 1f produces a decrease in the IE ratio in
he concentration range from 0.5 mM to 1 mM, suggesting an alter-
tion of the double layer without disruption of the egg-PC liposome
nd an increase in pyrene lateral mobility (diffusion coefficient) due
o a change in lipid packing. We attribute this behavior to the inser-
ion of the long side chains of the ILs cation in the double layer of the
gg-PC liposomes that facilitates the formation of excimer popu-
ations. At concentrations higher than 1 mM the long alkyl chain
f 1f creates a strong destabilization of the egg-PC liposome, fol-

owed by the release of Py monomers and the disruption of the lipid
ggregates; in the meanwhile 1f creates micelles that incorporate
y molecules.

All other tested ILs (1a–1c, 2a–2c, 3a–3c) have an opposite
ehavior; the insertion of short alkyl chains or ethoxylated chains in
he egg-PC liposome wall decreases the excimer population at low
Ls concentration (increase in IE factor). At concentrations higher
han 25 mM for imidazolium ILs (Fig. 2A) and 5 mM for pyrroli-
inium ILs (Fig. 2B) it is not possible to identify a simple trend.
ompounds 2b, 2c, 3a, 3b and 3c decrease the excimer popula-
ions in egg-PC liposomes in the tested concentration interval. We
uggest that the interaction of ILs cations with the lipidic double

ayers creates events that locally produce increased probe concen-
rations, which enhances the probability of excimer formation and
he observed IE ratio, but could alter local diffusion rates in ways
hat increase or decrease the IE ratio.
yl-3-methylimidazolium based ILs: 1a, 1d, 1e. Zero line (dotted line in panel A) is

An uniform trend of decrease in IE populations (increase in IE
factor) can be identified only for pyridinium ILs 3a–3c (Fig. 2B),
for which the decrease in excimer population raises the 60% when
compared to Triton X-100 and increases with the increase of the
length of the cation side chain. Statistical analysis highlights that
the differences in the behavior of IE values for the ILs 1a–1c, 2a–2c,
3a–3c are highly significant among ILs in each group and at each
concentration.

3.2. IE/IM ratio

Another commonly used parameter is the ratio between the
excimer and the monomer fluorescence intensity (IE/IM ratio) and
it is an indicative parameter of lateral diffusion of Py monomer into
lipids bilayers [50,51]. The greater is the extent of excimer forma-
tion, the higher is the fluidity and the mobility of lipids molecules
in the layers of the membrane.

The trends of IE/IM ratio for Py exposed to different concentra-
tion of ionic liquid 1a in buffer or in egg-PC liposomes are visible in
Fig. 3. It can be seen that the behavior of Py in buffer (squares) is very
sensitive to the presence of IL 1a, while the addition of progressive
amounts of IL 1a in egg-PC liposome (triangles) does not substan-
tially change the dynamics of Py aggregates. In buffer solution the
lateral mobility of Py is strongly suppressed, and the decrease of
excimer population is related to the polarity of the medium and

to the increasing concentration of the IL (IE/IM value drops from
0.5 in the absence of 1a below 0.1 at the presence of the higher
concentration tested). This trend correlates with the membrane
behavior of IL 1a, which does not deeply alter the double layer
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acking and membrane integrity even at high concentrations (see
ig. 2A).

The IE/IM ratios against concentration for the three families of
Ls are reported in Fig. 4. The effect of different structural motifs of
Ls is evident in the different trends. Independently by the cationic
ead group, ILs generate fewer excimer populations when bearing
ono and dioxygenated chains (with exception of 3c). Changes of

ower intensities are recorded for ILs with one oxygen atom in the
ateral side chain of the cation (1b and 3b). Pyrrolidinium ILs have

big difference between the behavior of short alkyl chains IL 2a
nd ILs with one or two oxygen atoms 2b and 3b. It is interesting
o notice the behavior of IE/IM ratio of the compound 1f. In Fig. 4A
t is visible that the behavior is not different from substance 1a,
uggesting that there is no change in the ratio and mobility of the
onomer and excimer populations.

.3. I1/I3 ratio

The relative intensity of vibronic bands I1/I3 of Py fluorescence
n egg-PC liposomes solutions are plotted in Fig. 5. In this case
y was used as a molecular probe to estimate alterations of local
icropolarity of the egg-PC membranes caused by incorporation

f ILs. It is possible to notice that the ratio values here recorded in
gg-PC liposomes, around 0.92, are in good agreement with those
bserved for similar lipidic systems and instrumental slits band-
ass (0.93–0.96) [40]. The ratio I1/I3 is expected to rapidly increase,
hen the environment of Py changes from highly hydrophobic
omposed by lipid acyl chains of original egg-PC liposomes, to more
ydrophilic (formed in the presence of a polar modifier) [48]. How-
ver, in the presence of micelles and other aggregate systems, Py
s preferentially solubilized in the interior hydrophobic regions of
aired with sodium cation: NaCl, NaBF4, NaN(CN)2. Zero line (dotted line in panel A)

these aggregates because of poor Py’s solubility in water and ratio
I1/I3 is expected to decrease.

The observed trend for 1f clearly shows the formation of
micelles: cmc is reached at a concentration of about 1.7 mM in the
presence of liposomes when the I1/I3 ratio value rapidly decreases
from 0.92 to 0.78. In buffer solution the cmc of 1f is 1.7 mM (see Sup-
plementary Fig. S5) and is in line with cmc data obtained for similar
buffer solutions (NaCl 0.5 M) presented in the literature (1.4 mM)
[31]. Cmc value in presence of liposomes is lower than data referred
to pure water solutions [29,31]; this observation is consistent with
the lowering of the cmc in solutions having high ionic strength.
Indeed, salts can lower repulsions between lipid polar heads and
facilitate micelle formation. From the trends observed in Fig. 5 we
can exclude that critical micellar concentration is reached for all
other ILs with the exception of 1f.

A small increase in I1/I3 ratio is observable for the ILs 1b, 3a and
3c, suggesting that these compounds are able to modify the egg-PC
liposome double layer, causing a small increase in the polarity of
Py’s microenvironment. This increase is visible only for ILs concen-
trations higher than 50 mM. To verify this trend we have measured
the I1/I3 ratio for compounds 1a, 1b, 1c, 2c and 3c in buffer solution
(Supplementary Fig. S7) in the 0–450 mM concentration interval.
Compounds 1a and 1b do not considerably alter the I1/I3 ratio in
the tested concentration interval and we can confirm that the cmc
is not reached till a concentration of 900 mM [52], both in buffer
solution and in water (see Supplementary Fig. S6).

ILs with dioxygenated side chains (1c, 2c and 3c) produce an

effect on the I1/I3 ratio but do not reach the cmc at the tested
concentrations in buffer solution and the effect is related with the
nature of the cationic head group. In the group of dioxygenated ILs,
compound 3c, which bears a pyridinium head group, determines
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ig. 8. Schematic diagram of the possible mechanisms of interaction of ILs (one
embrane.

he more pronounced effect on I1/I3 ratio, creating a decrease from
value of 1.38 to a value 1.16.

Egg-PC liposomes fluorescence scattering measurements, in the
resence of different ILs at increasing concentrations are in agree-
ent with the findings shown above and do not present relevant

hanges with the expected exception of 1f (Supplementary Fig. S8),
here the scattering value abruptly decreases in correspondence

f the cmc, confirming the precedent value of 1.7 mM, because of
he disruption of the egg-PC liposomes.

.4. Anion effect

Pairing of typical cationic moieties with different anions has
een widely used as a strategy for obtaining ionic liquids with sim-

lar structure but different physico-chemical properties, like water
olubility, lipophilicity and melting point. To assess ILs anion effect
n the aggregation properties of egg-PC liposomes, we exposed Py
oaded egg-PC liposomes to different concentrations of 1-butyl-
-methylimidazolium ILs paired with different common anions
Fig. 6) and to the corresponding sodium salts of the same anions
Fig. 7).

The effects on IE factor and I1/I3 ratio of different anions were
nvestigated by checking three 1-butyl-3-methylimidazolium ILs:
he chloride 1a, the tetrafluoroborate 1d and the dicyanamide
e (Fig. 6). At concentrations lower than 25 mM all ILs have
imilar effects on both the IE factor and I1/I3 ratio, but their behavior
ecomes very different at higher concentrations: 1d and 1e create
much deeper extent of fusion than 1a. This trend could be related

o toxicity data where ILs with chloride anion are always less toxic
han the corresponding tetrafluoroborate and dicyanamide ones
5].

In order to assess if the effects here described can be solely
ttributed to the features of the anion or to its ion-paring with 1-
utyl-3-methylimidazolium, we also measured the effect of NaCl,
aBF4 and NaN(CN)2 on IE factor and on the I1/I3 ratio (Fig. 7). In the
hole range of observed concentrations, the IE factor is lowered by

he addition of each sodium salt with a direct dependence on con-
entration. The lowering of IE factor and the increase in I1/I3 ratio at

igher salt concentration are tentatively attributed to an increase
f the ionic strength of the solution that pushes lipid aggregation
rrespective of the anion type [53]. The observed trends in Fig. 6 for
Ls 1a, 1d and 1e clearly indicate that these salts behave as ionic
represented in figure) with the external lipid layer of liposomes used as model

pairs in their interaction with lipidic membranes and this behavior
is significantly more important for the large less polar anions BF4
and N(CN)2.

Considering the presented data we suggest to summarize the
interactions of the ILs with egg-PC model membranes as depicted
in Fig. 8. ILs behavior is mainly dependent on the nature of the alkyl
chain and the cationic head group and at a lower extent to the anion
nature. ILs with long alkyl chains easily insert their hydrophobic tail
into the double layer and deeply alter the packing of the lipids at
concentration lower than millimolar. Such behavior is registered
for shorter-chain ILs. These last ones, similar in structure to 1a (or
2a and 3a), interact with the double layer only at much higher con-
centrations and probably are positioned at the water/lipid interface
and into the double layer; at these concentrations, they do not dis-
rupt the lipid layers but can alter their fluidity. ILs with polar long
oxygenated side chains probably remain in the water compartment
at a higher extent, due to their hydrophilicity and can more deeply
interact with the external layer of the lipids, probably through ion
coupling with the negatively charged heads of model membranes.

4. Conclusions

All tested ILs are able to induce fusion of egg-PC liposomes
and alter lipid packing. However, as clearly indicated by the IE
factor, the IM/IE ratio and the I1/I3 ratio values, the ILs tested
cannot disrupt the bilayer at concentration up to 0.5 M with the
exception of 1f, which acts as a surfactant and disrupts the egg-PC
liposomes determining a great extent of membrane fusion also
at low concentration. ILs that bear dioxygenated side chains do
not aggregate at the tested concentrations in buffer solution but
alter the lipid packing and this phenomenon is in line with IE
factor values recorded at high concentrations (150 and 400 mM).
Between the three ILs groups, pyridinium ILs proved to be the
most membrane active compounds. At least for imidazolinium ILs,
ion paring prevents the instauration of significant ionic strength
effects for concentrations below 25 mM and different ILs’ anions do
not play an important role in determining the membrane activity
in the same concentration range.
Due to their multiple possible physiological targets, the mech-
anism of ILs toxicity remains somewhat obscure, although the
interaction of ILs with cellular membranes is still the most impor-
tant expected effect. In this contribution we bring data that indicate
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he interaction of ILs with lipids, highlighting the type of interac-
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