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Abstract. Fatty acid vesicles have attracted views as model protocell membranes in understanding the
emergence of life, but their properties can be further modified in the presence of some external molecules.
In this work, we have investigated the spontaneous formation of large unilamellar vesicles (LUVs) of oleic acid
in aqueous medium in presence of a popular imidazolium-based cationic surface active ionic liquid (SAIL)
[C16 mim]Cl and studied the micelle–vesicle transition of aqueous [C16 mim]Cl solution in presence of different
molar fractions ( f ) of oleic acid. This newly formed oleic acid/[C16 mim]Cl vesicles exhibit some modified
properties compared to the pure fatty acid vesicles. Unlike pure fatty acid vesicles, these vesicles are stable in
the pH range of 2 to 11.2. We have observed the fusion process of these oleic acid/SAIL vesicles to form giant
unilamellar vesicles (GUVs) in presence of low concentration of NaCl solution. To investigate the dynamics
of different oleic acid/[C16 mim]Cl self-assemblies, we have used fluorescence correlation spectroscopy (FCS).
The translational diffusion behavior of three different dyes, Rhodamine 6G, DCM and Pyrromethene 597, which
are non-covalently bound to the different regions of the oleic acid/SAIL self-assemblies, have been determined
using FCS during the micelle–vesicle transition and upon varying the pH of the vesicular solution.
Keywords. Model membrane; micelle–vesicle transition; single molecule spectroscopy; ionic liquid;
fluorescence correlation spectroscopy; fluorescence lifetime imaging microscopy.

1. Introduction
In recent years, fatty acid vesicles have drawn great
interest as a promising candidate of biomimetic model
cell membrane. 1–5 Fatty acid vesicles can be utilized as
drug delivery systems and they are also good carriers of
proteins and other bio-macromolecules. 6–8 They show
very interesting features like self-replication, cyclic
growth and division of vesicles. 9–17 That is why it is
anticipated that early cell membranes were comprised of
fatty acids. So, fatty acids can be used in understanding
the emergence of early lives. 7,8,10,11 Luisi and coworkers
have broadly studied a number of other self-replicating
systems including micelles and reverse micelles, using
various experimental and theoretical model studies. 18,19
* For correspondence

It is known that fatty acids spontaneously form vesicles
when the pH of the solution is close to the pKa value of
the corresponding fatty acid. 11,12 However, these vesicles are stable in a short range of pH. The stability of
these vesicles in the aqueous solution depends on the
ratio of the fatty acid present in protonated and deprotonated forms. Oleic acid, a well-known fatty acid, forms
vesicles near pH 8 (its apparent pKa value). 20 Suga et al.,
have shown different self-assemblies of oleic acid in an
aqueous medium with varying the pH of the medium. 21
In higher pH, i.e. pH > 10, oleic acid molecules get
fully deprotonated and get converted into micelles. If
the pH of the solution is more acidic i.e. pH < 7.5, then
oleic acid forms oil droplets in an aqueous medium. In
the range of pH 9–10, vesicular structure and micelles
co-exist. The vesicular structure of oleic acid is stable in
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the range of pH 7.8–9. 3 In this pH range, the vesicles are
formed due to hydrogen bonding interaction between the
protonated and deprotonated carboxyl groups of oleic
acid molecules. Due to this reason, a major problem of
pure fatty acid membranes is that they are highly permeable to protons and unable to maintain the pH gradient. 2
Thus the application of pure fatty acid vesicles is limited
due to their poor stability with respect to the variation of
pH, ionic strength, temperature and concentration of the
medium. 22 However, the stability of fatty acid vesicles
over a broader pH range can be obtained in presence of
fatty alcohols or fatty acid glycerol ester. 23 The limiting
stability of fatty acid vesicles under several experimental conditions can also be overcome with the help of
another cationic amphiphilic molecule, in presence of
which fatty acids can spontaneously form vesicle in the
aqueous solution of neutral pH by the strong synergistic interaction between the head groups of the cationic
amphiphile and fatty acid.
Here, we have reported the formation of vesicular
self-assemblies of oleic acid in aqueous solution in
presence of a long alkyl chain containing imidazoliumbased room-temperature ionic liquid (RTIL). These
amphiphilic ionic liquids are categorized into a special
class of ionic liquid called surface active ionic liquids
(SAILs). 24,25 It is well-known that these imidazoliumbased SAILs exhibit greater surface activity compared
to conventional cationic surfactants in aqueous solution. 26–31 Due to presence of unique properties of both
room temperature ionic liquids (RTILs) and conventional surfactants, SAILs have attracted a lot of attention
in recent years. It has been reported that highly ordered
self-assemblies like vesicles formed by SAILs can
exhibit different or even improved templating behavior compared to the common surfactant-assemblies. 30,31
There are a few studies on SAILs forming vesicles
in presence or absence of any other external agents.
However, spontaneous vesicle formation of fatty acids
in aqueous solution in presence of a SAIL has not
been studied earlier. 30,31 The formation of large unilamellar vesicles (LUVs) of fatty acids in presence
of imidazolium-based SAIL is of significance from
the biological point of view because these LUVs can
be used as a model of a real biological membrane.
Hence, here we are interested in the study of oleic
acid vesicles in presence of a popular imidazoliumbased SAIL, 1-hexadecyl-3-methyl imidazolium chloride ([C16 mim]Cl). The detailed characterization for
the formation of SAIL, containing fatty acid vesicles has been performed using turbidity measurement,
dynamic light scattering (DLS), transmission electron
microscopy (TEM), cryogenic transmission electron
microscopy (cryo-TEM), atomic force microscopy
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(AFM) and fluorescence lifetime imaging microscopy
(FLIM). These mixed vesicles exhibit modified properties in the aqueous solutions as they undergo fusion
process in presence of a very low concentration of the
aqueous NaCl solution, whereas lipid vesicles and pure
fatty acid vesicles do not fuse under the same experimental conditions. Unlike oleic acid/oleate vesicles,
these SAIL containing oleic acid/[C16 mim]Cl vesicles
are stable over a broad range of pH.
Apart from the detailed structural characterization
of these modified fatty acid vesicles, we have investigated the interaction and dynamic properties of oleic
acid/[C16 mim]Cl self-assemblies using fluorescence
correlation spectroscopy (FCS). It is a very sensitive
spectroscopic technique and FCS study successfully
provides insight into the organization and dynamic
properties of the self-assemblies. In recent literatures,
FCS has been greatly used to study the diffusion
coefficient of a molecule in simple solutions as well
as in various organized assemblies such as micelles,
vesicles and microemulsions at the single molecular
level. 32–37 Studying the translational diffusion of a single
molecule in a biological model membrane is fundamentally important for understanding the protein dynamics
and transfection of nucleic acids in cells and thus functioning of cells. 34–36 Several efforts have been made
to understand the aggregation behavior of surfactants,
polymers, proteins and ionic liquids in aqueous and
non-aqueous media using FCS as a potential alternative technique. 38–41 It has recently been demonstrated
that FCS can be used as an efficient tool to determine
the size, size distribution and polydispersity of various
surfactant assemblies. 42–48
In this work, we have investigated the diffusion
properties of different self-assemblies of oleic acid/
[C16 mim]Cl system such as micelles, large unilamellar
vesicles and vesicles with varying pH using FCS technique. Hence, we have used three different types of
fluorophores, Rhodamine 6G (R6G), 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(DCM), and an analogue of BODIPY dye called
Pyrromethene 597 (PM597). These dyes preferentially located in the different regions of the selfassemblies. We found a significant difference in the
translational diffusion coefficients of these encapsulated
probe molecules during the spontaneous micelle–vesicle
transition in oleic acid/[C16 mim]Cl system.
2. Experimental
2.1 Materials used
Oleic acid was purchased from SRL, India. 1-Hexadecyl3-methyl imidazolium chloride ([C16 mim]Cl) was obtained
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Scheme 1.
PM597.
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Chemical structures of oleic acid, [C16 mim]Cl and three different fluorophores DCM, R6G and

from IOLITEC (98% purity). Both of these chemicals were
used without further purification. For the preparation of vesicular solutions, we have used double distilled Milli-Q water.
NaCl was used as received from SRL, India. Rhodamine
6G (R6G, laser grade), 4-(dicyanomethylene)-2-methyl-6(4-dimethylaminostyryl)-4H-pyran (DCM, laser grade) and
Pyrromethene 597 (PM597) were used as received from Exciton. The chemical structures of [C16 mim]Cl, oleic acid, and
fluorescent probe molecules are given in Scheme 1.

2.2 Preparation of oleic acid/[C16 mim]Cl
self-assemblies
An appropriate amount of neat oleic acid (0 µL to 30 µL) was
mixed with 2 mL of 20 mM aqueous solution of [C16 mim]Cl
to obtain different fractions of fatty acid content in oleic
acid/[C16 mim]Cl self-assemblies. In absence of oleic acid,
the 20 mM aqueous solution of [C16 mim]Cl remains in micellar form. 26 Now with the increasing amount of oleic acid in
the solution, large unilamellar vesicles (LUV) of varying fatty
acid content were formed. The molar fraction of fatty acid in
oleic acid/SAIL mixed bilayer containing solutions is defined
as
n f att y acid
(1)
f =
n fatty acid + n S AI L
where n denotes the number of moles of the component
present in the system. Thus the molar fraction of oleic acid
was varied from 0 to 0.70 (with respect to the added volume
of 0 µL to 30 µL) in the oleic acid/SAIL mixed solution. The
vesicles were formed spontaneously by mixing the fatty acid

into the SAIL solution. The LUVs were converted to small
unilamellar vesicles (SUVs) by probe sonication for 15 min
by using an ultrasonic probe sonicator of frequency ∼20 ± 3
kHz (Processor SONOPROS PR-250 MP, Oscar Ultrasonics
Pvt. Ltd. India).

2.3 Instrumentation
The characterization of the oleic acid/SAIL self-assemblies
in different conditions was performed using absorption spectroscopy, steady-state fluorescence spectroscopy, dynamic
light scattering (DLS), transmission electron microscopy
(TEM), cryogenic transmission electron microscopy (cryoTEM) and atomic force microscopy (AFM) measurements.
Zeta potential measurement was done to understand the mechanism of vesicle fusion in presence of aqueous NaCl solution.
The dynamic properties of the vesicles are characterized by
fluorescence correlation spectroscopy (FCS) and fluorescence
lifetime imaging microscopy (FLIM). The detailed descriptions of the instruments are discussed in the Supplementary
Information.

3. Results and Discussion
3.1 Structural characterization
3.1a Turbidity study: As stated earlier, oleic acid
spontaneously forms vesicles in [C16 mim]Cl solution.
With the increasing content of oleic acid in fatty
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Figure 1. (a) Picture of oleic acid/[C16 mim]Cl solutions with increasing molar fraction ( f ) of oleic acid, (b) increase in
the absorbance of oleic acid/[C16 mim]Cl solutions at 500 nm with increasing molar fraction ( f ) of oleic acid.

Figure 2. (a) DLS intensity size distribution profiles of aqueous oleic acid/[C16 mim]Cl self-assemblies
at different molar fraction ( f ) of oleic acid, (b) DLS intensity size distribution profiles of aqueous oleic
acid/[C16 mim]Cl self-assemblies at different molar fraction ( f ) of oleic acid after 15 min probe sonication.

acid/SAIL solutions, turbidity measurement is
performed. It is observed that the aqueous solution
containing 20 mM of [C16 mim]Cl is becoming more
turbid with increasing molar fraction ( f ) of oleic acid
and the picture of the sample solutions is given in Figure 1(a). Figure 1(b) shows the change in absorbance of
the oleic acid/ [C16 mim]Cl solution with increasing oleic
acid content taken at 500 nm wavelength. With increasing molar fraction of oleic acid, the gradual increase in
the absorbance of the solutions also implies an increase
in turbidity of the solutions, which further indicates the
formation of vesicles.
3.1b Dynamic light scattering (DLS) study of oleic
acid/[C16 mim]Cl self-assemblies: The change in the

size of oleic acid/[C16 mim]Cl self-assemblies with the
increase in fatty acid content has been investigated using
dynamic light scattering (DLS) measurements. Figure 2
shows the size distribution profiles of the solutions at
different molar fractions ( f ) of oleic acid. At f = 0,
the solution contains only [C16 mim]Cl, forming spherical micelles which have size ∼1nm. Along with the
peak ∼1 nm, we have also observed another peak in
the size range of ∼50 to 90 nm which, in all likelihood, arises from the larger aggregates of [C16 mim]Cl
as suggested by the earlier reports. 31 With the addition
of oleic acid in the [C16 mim]Cl solution, the micellar
aggregates convert into vesicular aggregates which are
stable enough and it is confirmed by time-dependent
DLS measurements and confocal images (Figures S1
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and S2, Supplementary Information). Thus, the size of
the aggregates increases with increasing molar fraction
of oleic acid due to the microstructural transition from
micelles to vesicles. The aggregation of [C16 mim]Cl
forming micelles and conversion of micelles into the
vesicular structure in presence of oleic acid can be
explained considering the packing parameter. Packing
parameter (S) is defined by ( aVoclc ), where Vc is the hydrocarbon chain volume, a0 is the optimal head group area
and lc is the chain length of the hydrocarbon. Formation
of the micelle is preferred at S ≤ 1/3 whereas vesicle is
formed at 0.5 ≤ S ≤ 1. 49 The head group of the SAIL
contains imidazolium moiety which is highly hydrated
by the water molecules by hydrogen bonding interaction
forming a cone-shaped structure. This increases their
headgroup area and decreases S value and thus they form
micelles. In presence of oleic acid, there is the possibility of hydrophobic interaction between the hydrocarbon
chains of the fatty acid and the SAIL molecules, as well
as hydrogen bonding interaction between the carboxylic
acid group of oleic acid and the imidazolium part of
[C16 mim]Cl. Due to these synergic interactions, it is
expected that the fatty acid molecule and SAIL molecule
together form a compact unit as it is observed in case of
CTAB/cholesterol vesicles reported by Ferrer-Tasies et
al. 50 This compact structure has a lower effective headgroup area which increases the packing parameter value
and as a result, micelle to vesicle transition occurs with
the addition of oleic acid into the [C16 mim]Cl micellar solution. In case of vesicular aggregates for f =
0.28 to f = 0.61, a broad size distribution pattern is
observed having an average hydrodynamic diameter of
vesicles ∼100 nm, as presented in Figure 2(a). This
indicates significant variation in the sizes (polydispersity) of spontaneously formed oleic acid/[C16 mim]Cl
vesicles due to presence of both small unilamellar vesicles (SUVs) and large unilamellar vesicles (LUVs) in
the solutions. At higher concentration of oleic acid ( f =
0.70), the population of LUVs significantly increases.
The size distribution profiles of oleic acid/[C16 mim]Cl
solutions are found to be significantly varied upon probe
sonication for 15 min. Figure 2(b) shows the DLS intensity size distribution profiles of oleic acid/[C16 mim]Cl
vesicles as measured after probe sonication of the mixtures at different f values. Probe sonication resulted in
the reduction of the size of vesicles and also the broadness of the distribution reduces due to conversion of
LUVs into SUVs. 31 A single peak in the size distribution profile with an average diameter of 80–100 nm
is observed upon sonication of the solutions having the
molar fraction of oleic acid up to 0.54. However, at a very
high concentration of oleic acid ( f = 0.61 and above),
the distribution remains broad even after sonication.
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Figure 3. DLS intensity size distribution profile of oleic
acid/ [C16 mim]Cl vesicles ( f = 0.54) in different pH.

3.1c Effect of pH on oleic acid/[C16 mim]Cl
self-assemblies: Fatty acid vesicles are very important
as biomimetic model membranes, but these vesicles are
stable within a narrow pH range. For oleic acid/oleate
vesicles, this pH range is 7.8–9. 3 Here we have investigated the stability of oleic acid/[C16 mim]Cl vesicles
of f = 0.54 with varying pH of the solution and we
have observed that these vesicles are stable from pH
2 to pH 11.2. The pH of the spontaneously formed
oleic acid/[C16 mim]Cl solution (where f = 0.54) was
∼2.50. The probe sonication of the solution resulted in
the formation of small unilamellar vesicles of diameter
80–100 nm as confirmed from DLS. The effect of pH
on the DLS intensity-size distribution profile of oleic
acid/[C16 mim]Cl vesicle has been shown in Figure 3
and it is observed that with increasing pH, size distribution broadened.
In the acidic pH, oleic acid remains in the
protonated form. So there is a possibility of hydrogen
bond formation between the carboxyl group of oleic
acid and the cationic [C16 mim]Cl. As we increase the
pH of the solution the carboxyl group tends to deprotonate and the interaction between the SAIL and oleic
acid becomes stronger. The broad distribution in the
size of the vesicles with increasing the pH of the solution can be explained in terms of molecular packing
parameter (molecular packing parameter (S) is defined
previously). 49 In acidic pH, the vesicle is stabilized by
the hydrogen bonding interaction between the cationic
SAIL and the carboxylic acid group of oleic acid. However, after increasing the pH of the solution carboxylic
acid group of the oleic acid molecule becomes deprotonated and it strongly interacts with the cationic SAIL via
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electrostatic interaction and that leads to decrease in the
effective headgroup area of the vesicle. Thus, the packing parameter of the vesicles increases with increasing
the pH of the medium which leads to decrease the net
curvature of the surfactant aggregates. As a result, the
corresponding size of the vesicles also increases. Thus
the self-aggregation properties of the oleic acid vesicle
can be tuned by the addition of the cationic SAIL and
the vesicle system is stabilized over a broad pH range
as compared to oleic acid/oleate vesicles.
3.1d Effect of addition of salt on oleic acid/[C16 mim]
Cl self-assemblies: Membrane fusion process is very
important in cell biology study as it is involved in many
biological processes such as cell fusion, cell division,
exo and endo-cytosis. 51,52 In biological cells, membrane
fusion happens by the action of some fusion assisting
proteins, but this fusion is very specific as it occurs in
a single molecular level. Therefore, to understand the
fusion mechanism in molecular level, significant efforts
have been made using synthetic lipid vesicles under
various physicochemical conditions. 51–55 It is reported
that liposomes undergo rapid bilayer fusion in presence
of divalent salts. 53 Kantor and Prestegard have studied the fusion of DMPC vesicles in presence of free
fatty acids such as myristic acid. 54 There are a number
of reports on the fusion of phospholipid-based vesicles
under different experimental conditions, but the study
of fusion process of non-phospholipid based vesicles
is few. Henderson and Paxton have demonstrated the
fusion of polymer-based large unilamellar vesicles into
giant vesicles in presence of dilute aqueous NaCl solution with agitation. 55 However, under such conditions,
lipid vesicles do not undergo spontaneous fusion. Since
fatty acids are an important component of biological
cells, the fusion of fatty acid vesicles can be correlated
with the membrane fusion of real biological cells. In
this work, we have shown that small unilamellar oleic
acid/[C16 mim]Cl vesicles prepared by probe sonication, fuse upon addition of low concentration of aqueous
NaCl solution. Figure 4 shows DLS intensity-size distribution profiles for oleic acid/[C16 mim]Cl vesicular
system ( f = 0.54) with increasing concentration of NaCl.
As stated earlier that large unilamellar oleic acid/SAIL
vesicles are converted into small unilamellar vesicles
of ∼80 to 100 nm size by 15 min probe sonication
and these small vesicles undergo rapid fusion producing giant vesicles in presence of low concentration of
NaCl solution. In presence of aqueous 20 mM NaCl,
the size of the vesicles increases to more than ∼1000
nm. However, in addition to the giant vesicles, unfused
small sized vesicles are also present in the solutions as
observed from DLS results in Figure 4.

Figure 4. Variation of DLS intensity size distribution profiles of oleic acid/[C16 mim]Cl vesicles ( f = 0.54) with
increasing concentration of NaCl.

To understand the detailed microstructural feature of
the fused vesicles we have recorded the fluorescence
lifetime images of oleic acid/[C16 mim]Cl vesicles in
presence and absence of low concentration of NaCl as
discussed in the latter section. It is important to note
that in presence of such a low concentration of NaCl
solution, phospholipid vesicles or pure fatty acid vesicles do not undergo fusion. This has been confirmed
by our control experiment (Figure S3, Supplementary
Information) and the result matches with the literature
reports. 55,56 Carmona-Ribeiro and Chaimovich earlier
demonstrated NaCl salt-induced fusion of dioctadecyldimethylammonium chloride (DODAC) and sodium
dihexadecylphosphate (DHP) forming vesicles. 56 It is
reported by them that in case of phospholipid vesicles like DPPC, the hydration sphere around the vesicle
bilayer is more structured due to presence of both the
quaternary ammonium and the phosphate groups. This
accounts for their greater stability even in presence of
low concentration of salt solution. This may imply that in
the case of oleic acid/[C16 mim]Cl vesicles, there is loose
binding of water molecules around the vesicle bilayer
and thus provides less stability of the bilayer as compared to the phospholipid vesicles, in presence of low
concentration of NaCl solution. On the other hand, pure
oleic acid vesicles also do not fuse under such condition since in this system the surrounding water is more
tightly bound with the head groups in the bilayer.
3.1e Transmission electron microscopy (TEM) and
atomic force microscopy studies: From the TEM
images of oleic acid/SAIL system, the presence of
vesicular assemblies is clearly observed. Vesicles of
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Figure 5. HR-TEM images of (a) oleic acid/[C16 mim]Cl
vesicles ( f = 0.54) after 15 min probe sonication and (b) fusion
of oleic acid/[C16 mim]Cl vesicle in presence of 60 mM NaCl
solution.

oleic acid/[C16 mim]Cl (obtained after 15 min probe
sonication of the solution of f = 0.54) are clearly
observed from the HR-TEM images as shown in Figure 5 and one of the vesicles is shown by the red arrows
in Figure 5(a). The fusion of the oleic acid/[C16 mim]Cl
vesicles in presence of 60 mM NaCl solution is also
being confirmed by the HR-TEM image (Figure 5(b)).
From the cryo-TEM images of oleic acid/[C16 mim]Cl
vesicles of f = 0.54 (after 15 min probe sonication), the
thickness of the vesicle membrane have been obtained
as ∼6 nm (Figure S4, Supplementary Information) and
the procedure for cryo-TEM is followed as given in the
literature. 57
AFM images of the oleic acid/[C16 mim]Cl vesicle
solution ( f = 0.54) are also obtained (by 10 times dilution and without probe sonication) and it is shown in
Figure 6. From the AFM images, the width and height
of the vesicles are obtained as ∼500 to 800 nm and
∼100 nm respectively.
3.1f Fluorescence lifetime imaging microscopy
(FLIM) studies: FLIM has been extensively used to
monitor the changes of various intracellular
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physiological functions such as, viscosity, pH, and the
presence of ions which strongly influence the excited
state lifetimes of the embedded fluorophores. 58,59 While
DLS measurements provide the size distribution profiles of the vesicles in solutions, the proper examination
of their bilayer structures can only be achieved from
microscopic evidence. Therefore, to understand the
organization and dynamic behavior of these vesicular
assemblies, we have used time-resolved fluorescence
lifetime imaging microscopy measurements. Blanchard
and coworkers have shown how FLIM can be used as a
sensitive tool for understanding the structural deformation of phospholipid vesicles in presence of ethanol and
n-butanol. 60,61 In this work, we have studied the lifetime imaging of oleic acid/[C16 mim]Cl vesicles using
DCM dye. The image presented in Figure 7(a) is the
time-domain image of oleic acid/[C16 mim]Cl vesicles
( f = 0.54). The bright coloured regions indicate the dyes
encapsulated within the planar bilayer of the vesicular assemblies. As obtained from DLS measurements,
here also we observed a variation of sizes of vesicles. It
is clearly observed that the vesicles are mainly spherical in nature. Since the objectives used in the confocal
microscope have a depth of field significantly higher
than the thickness of the bilayer, the detachment of the
vesicles from the glass slide support often results in
a rapid loss of the signal. Figure 7(b) represents the
FLIM image of a fused oleic acid/[C16 mim]Cl vesicle ( f = 0.54) in presence of 20 mM NaCl. We can
observe that in presence of NaCl solution, the size of the
vesicles have increased and also it indicates that fusion
is taking place. In correlation with the results obtained
from DLS measurements, here also we have observed
the presence of small-sized unfused vesicles along with
the giant vesicles. Figure 7(d) represents FLIM image
of a vesicle after fusion has taken place in presence
of 60 mM NaCl solution. The relative stabilities of

Figure 6. (a) Tapping-mode AFM image of oleic acid/[C16 mim]Cl vesicles (after 10 times diluting the
solution) ( f = 0.54), (b) the height profile diagram of the vesicles.
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Figure 7. FLIM images of (a) oleic acid/[C16 mim]Cl vesicles ( f = 0.54) loaded with DCM as membrane-bound probe;
(b) a vesicle after fusion has taken place in presence of 20 mM NaCl solution; (c) oleic acid/[C16 mim]Cl vesicles ( f = 0.54)
loaded with DCM in presence of 60 mM NaCl solution, and (d) a vesicle after fusion has taken place in presence of 60 mM
NaCl solution.

small and large vesicles are dependent on some kind of
short-range interactions. Possibly, the short-range
hydration repulsive force between the vesicles creates
the energy barrier for their fusion. Suga et al., have
shown that oleic acid vesicle membrane modified with
cationic surfactant DDAB results in a decrease in the
hydration of the membrane. 62 Thus, in our study, we
can predict that oleic acid/[C16 mim]Cl vesicles have
lesser water structure around its surface as compared
to pure oleic acid vesicles and as a result, the oleic
acid/SAIL vesicles show lower repulsive force at a close
approach which facilitates its fusion. Sarkar et al. have
also studied the fusion of oleic acid vesicles modified
with ethyl amine in presence of aqueous NaCl solution
and have predicted that osmolarity is also an important
factor for vesicle fusion. 63 They have suggested that in
a salt solution, the osmotic gradient inside and outside
the vesicles results in water movement across the vesicle
membrane causing swelling of vesicles which further
promotes fusion of vesicle membranes. This osmotic
gradient is also present in oleic acid/[C16 mim]Cl vesicle system in presence of NaCl and predicts a similar
result. Zeta potential of oleic acid/[C16 mim]Cl vesicles
in presence of different concentration of NaCl solution
have been measured (Figure S5, Supplementary Information) and the result shows that electrostatic force
also plays an important role in the fusion of vesicles
in presence of NaCl solution. It is observed that oleic
acid/[C16 mim]Cl vesicles have high positive zeta potential and with increasing concentration of NaCl solution,
zeta potential decreases. Thus with increasing NaCl concentration, the electrostatic repulsive force between the
vesicles decreases and the vesicles can approach closer
which makes fusion more feasible.
The fusion of this oleic acid/[C16 mim]Cl vesicles in
presence of NaCl solution can be visually proved. For
this purpose, we have taken oleic acid/[C16 mim]Cl vesicles loaded with DCM dye in presence of 60 mM NaCl

solution and performed the time series FLIM analysis to
obtain confocal images to understand different stages of
vesicle fusion. The collection time of each image is 1 s,
and the collected images are assembled together and the
images are converted into movie frames using software
(Movie S1, Supplementary Information).
3.2 Fluorescence correlation spectroscopy (FCS)
studies
3.2a Micelle–vesicle transition in oleic acid/[C16
mim]Cl system: In this section, we have investigated
the variation of diffusion properties of three different
dyes with the spontaneous micelle–vesicle transition
in aqueous oleic acid/[C16 mim]Cl system. Dey et al.,
have investigated the region dependency of the diffusion
coefficient (Dt ) of dyes in various conventional surfactants forming organized assemblies including micelles
and vesicles. 48 The diffusion coefficients of various
dyes in a self-assembly strongly depend on the location of the dyes in that system. 64–66 Here, we have used
three dyes with different structural and chemical properties such as DCM (neutral dye), Rhodamine 6G (R6G)
(cationic dye) and PM597 (zwitterionic dye). The diffusion coefficients of these three different probe molecules
in micelles and vesicles are discussed and compared
taking into account the different locations of these dyes
in these systems. The preferential location of a probe
molecule in a particular self-assembly strongly depends
on the nature of the probe as well as the surface charge of
the self-assembly. The preferential location of the dyes
in micelles and vesicles of different constituting components have been discussed in light of our additional
experimental evidence.
In aqueous solution, the translational diffusion
coefficients (Dt ) of those dyes are found to be almost
similar. The measured diffusion coefficients for R6G,
DCM, and PM597 are 426, 387, and 369 µm2 s−1 ,
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Figure 8. Fluorescence auto-correlation curves of (a) R6G, (b) DCM, and (c) PM597 in water, [C16 mim]Cl
micelles and oleic acid/[C16 mim]Cl vesicles ( f = 0.54).

respectively. This is also supported by the earlier
literature reports. 48 The FCS traces of the dyes in water,
[C16 mim]Cl micelles ( f = 0), and oleic acid/[C16 mim]Cl
vesicles ( f = 0.54) are shown in Figure 8. The calculated diffusion coefficients of the dyes in these systems
are given in Table 1. As the [C16 mim]Cl micelles are
spherical and almost uniformly distributed with a low
polydispersity index, the FCS traces of this micellar
system are fitted using single species fitting equation.
From the fitted values, we can notice that the diffusion
coefficients of the dyes in this micellar system are significantly lower compared to that in pure water. It indicates
a hindered translational diffusion of the dyes in the
[C16 mim]Cl micellar system. The calculated diffusion
coefficients (Dt ) of R6G, DCM and PM597 encapsulated in the imidazolium-based SAIL forming cationic
micelles are 256, 123 and 116 µm2 s−1 , respectively.
Among the three different probe molecules, a faster
diffusional motion of R6G in [C16 mim]Cl micelles is
observed. This can be explained by the fact that both
R6G and [C16 mim]Cl micelles are cationic in nature
and thus they experience a loose binding due to repulsive interaction causing a lesser diffusional hindrance
to the dye molecules. On the other hand, DCM being

a neutral dye does not get affected by the cationic
surface charge of the micelles. Rather, it prefers to reside
at the core of the micelles due to its hydrophobicity and
poor aqueous solubility. Thus, the diffusion coefficient
of DCM in the SAIL micellar solution is decreased significantly compared to R6G. This is further supported
from the fact that our calculated diffusion coefficient of
DCM in cationic [C16 mim]Cl micelles closely matches
with the diffusion coefficient of this dye in anionic SDS
micelles (100 µm2 s−1 ) and in common cationic micelles
of DTAB. 48 In the case of the zwitterionic dye PM597
also, the diffusion coefficient is significantly decreased
in the SAIL solution compared to pure water.
Addition of oleic acid into the aqueous micellar
solution of [C16 mim]Cl resulted in the formation of
large unilamellar vesicles with high polydispersity as
observed from DLS and FLIM measurements. Therefore, in the vesicular assemblies, the FCS traces are
fitted to a multispecies fitting equation. The calculated diffusion coefficients as obtained from the fitted
results are given in Table 1. Generally, with the micelle–
vesicle transition, the diffusion of the dyes is expected
to be slowed down if the dyes strongly bind with the
large-sized vesicles. Dey et al., also observed slower
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Table 1. Diffusion coefficients (Dt ) of the dyes in aqueous oleic acid/[C16 mim]Cl systems of a different molar fraction of
oleic acid ( f = 0 and 0.54) and with varying pH of the oleic acid/[C16 mim]Cl vesicle system ( f = 0.54).
Dt (µm2 /s)a of the dyes
System
Water
[C16 mim]Cl Micelles ( f = 0.0)
Oleic acid/[C16 mim]Cl Vesicles
( f = 0.54) (pH = 2.50)
Oleic acid/[C16 mim]Cl Vesicles
( f = 0.54) (pH = 8.11)
Oleic acid/[C16 mim]Cl Vesicles
( f = 0.54) (pH = 11.05)
a Experimental

R6G

DCM

PM597

426 (100%)
256 (100%)
343 (100%)

387 (100%)
123 (100%)
32 (17%), 351 (83%)

369 (100%)
116 (100%)
70 (48%), 345 (52%)

87 (41%), 391 (59%)

30 (35%), 351 (65%)

69 (58%), 345 (42%)

85 (62%), 347 (38%)

29 (43%), 351 (57%)

69 (56%), 345 (44%)

error ±5%.

diffusion of various dyes in cationic vesicles than in
micelles. 48 However, in the oleic acid/[C16 mim]Cl vesicle system, all the three dyes have a faster diffusion
component as compared to the [C16 mim]Cl micellar
solution. This indicates that these probe molecules are
not strongly bound to the large unilamellar vesicles
of oleic acid/[C16 mim]Cl system. The diffusion coefficient of R6G in oleic acid/[C16 mim]Cl solution closely
matches with the diffusion coefficient in pure water and
fitted with a single species FCS equation. One of the
reasons for the faster diffusion of dyes in vesicles than
in micelles in the present system can be the dynamic
nature of the large unilamellar vesicles and their interconversion to small unilamellar vesicles. In the case of
DCM and PM597 also a faster diffusion component is
observed that closely matches with their Dt values in
pure water and that may come from the dye molecules
present in the aqueous medium. But in both the cases,
a slower component is also obtained. In the case of
DCM, the diffusion coefficient value of the slower component is much slower than that of PM597. This result
indicates that there is an interaction between the oleic
acid/SAIL vesicles and these two probe molecules. It is
expected that the hydrophobic DCM molecules will prefer to reside in the bilayer of vesicles due to hydrophobic
interaction and thus causing hindered diffusion of the
dye molecules. On the other side, there is a possibility
of electrostatic interaction between the anionic counterpart of the dye PM597 with the cationic head group of
SAIL in the vesicle system and thus results in a slower
diffusion of the dye molecules. The faster translational
diffusion upon the micelle–vesicle transition in oleic
acid/[C16 mim]Cl system can also be expected from the
minute change in the steady-state emission spectra of
the probe molecules embedded into the system (Figure
S6, Supplementary Information). From the fluorescence
spectra, it is observed that upon micelle to vesicle transition the emission maxima shows a little blue shift which

can be attributed to the fact that dyes are experiencing
more hydrophobicity in oleic acid/[C16 mim]Cl vesicles
as compared to [C16 mim]Cl micelles. But the intensities of the emission spectra are observed to decrease
from micellar to the vesicular solution. So, it can be
expected that the binding interaction between the dyes
and the fatty acid/SAIL vesicles is much weaker than
that with the SAIL micelles and also a reasonable proportion of dyes are free in the vesicular solution, and
the faster diffusion coefficient in vesicular solution is
coming from these loosely bound dyes. Thus, it shows
that the translational diffusion behavior of the three dyes
greatly depends on their location and how it varies from
SAIL micelle to oleic acid/SAIL vesicle system.
3.2b Effect of pH on the oleic acid/[C16 mim]Cl
vesicle: In this section, we have discussed the diffusion properties of the three dyes on varying the pH of
the oleic acid/[C16 mim]Cl vesicle ( f = 0.54) system.
We mentioned previously that oleic acid/ [C16 mim]Cl
system has stability in a broad range of pH. FCS traces
of R6G, DCM and PM597 in three different pH of the
oleic acid/[C16 mim]Cl vesicle system are shown in Figure S7 (Supplementary Information) and the diffusion
coefficient data obtained from the FCS are given in
Table 1. We observed earlier that with increasing the
pH of the solution, the heterogeneity in the medium
increases and larger vesicles are formed. So, we have
fitted the FCS traces using multiple species fitting equation. With increasing pH, a slower diffusion component
arrived in case of R6G which is much slower as compared to its Dt value in the water. However, in the case of
DCM and PM597, the change in the diffusion coefficient
values with varying the pH is negligible.
With increasing pH of the solution, oleic acid
molecules become deprotonated and strongly bind to the
cationic SAIL. As R6G is cationic in nature, it preferably
binds to negatively charged oleate and thus results in a
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slower diffusion component and the faster component
arrives due to loose binding of the dye molecules with
the vesicles. Umakoshi et al., have modified the oleic
acid/oleate vesicle with the addition of a cationic surfactant, Didecyldimethylammonium bromide (DDAB)
and they have shown that the fluidity of the external
membrane of the fatty acid vesicle is slightly affected
with the addition DDAB and that correlates well with
our FCS results. 62 DCM is expected to be present in
the bilayer region of the vesicles. The dielectric dispersion analysis (DDA) of fatty acid vesicles shows that
the DDAB/fatty acid vesicles are tightly packed with
the help of electrostatic interaction between the head
groups and due this interaction the membrane fluidity
of these vesicles is decreased than that of pure fatty
acid vesicles. 62 With increasing pH of the system, the
slower component of DCM is decreased slightly (from
32 µm2 s−1 to 29 µm2 s−1 ), but the contribution of the
slower component is increased significantly (from 17%
to 43%) and that clearly indicates the decrease in the
fluidity of the membrane. In the case of PM597, there is
almost no change in the value of the diffusion coefficient
but the contribution of the slower component changes a
little bit. This is probably due to the repulsive interaction between the negative counterpart of the zwitterionic
probe PM597 and the carboxylate group of the oleate in
higher pH.
4. Conclusions
We have successfully demonstrated the spontaneous
formation of large unilamellar vesicles of oleic acid in
the aqueous medium in presence of an imidazoliumbased surface active ionic liquid [C16 mim]Cl. These
vesicles show modified properties as compared to pure
fatty acid vesicles and that is proved by our studies.
We have observed that these oleic acid/SAIL vesicles
are stable towards a broad range of pH variation (pH
2–11.2), whereas pure oleic acid vesicles are stable in a
certain range of pH (pH 7.8–9). We have also studied the
fusion of the oleic acid/[C16 mim]Cl vesicles in presence
of a very low concentration of NaCl solution using FLIM
technique and the time scan confocal images clearly
prove the fusion process. Apart from the detailed characterization using DLS, TEM and FLIM measurements,
the organization and the dynamic behavior of the newly
developed oleic acid/[C16 mim]Cl self-assemblies have
been investigated using three different probe molecules,
Rhodamine 6G, DCM and PM597 by using FCS technique. We have found how the diffusion properties of
these three dyes encapsulated in different locations of
the oleic acid/[C16 mim]Cl self-assemblies varies with
the micelle–vesicle transition and also with varying the
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pH of the medium. The spontaneous micelle–vesicle
transition resulted in the increase in diffusional motion
with higher diffusion coefficient values of the dyes in
vesicles than in micelles. Finally, we conclude with a
note that this newly formed ionic liquid containing fatty
acid vesicles with modified properties and improved stability can be used in biological applications as potent
drug carriers such as for the treatment of topical fungal
infections 67,68 and also as a model protocell membrane
for further understanding of the emergence of life forms.
Supplementary Information (SI)
The details of the instruments used in the experimental
section like steady-state fluorescence measurement, DLS,
TEM, AFM, zeta potential measurement, FCS and FLIM
are given in the supplementary information. Time-dependent
DLS and confocal images (Figures S1–S2), DLS histograms
of DMPC and oleic acid vesicles in presence of NaCl solution (Figure S3), cryo-TEM images of oleic acid/[C16 mim]Cl
vesicles (Figure S4), zeta potential measurement of vesicles
in presence of NaCl solution (Figure S5), steady-state fluorescence spectra and FCS traces of different dyes in oleic
acid/[C16 mim]Cl self-assemblies (Figures S6 and S7), and
a video of fusion of oleic acid/[C16 mim]Cl vesicles in the
presence of NaCl solution (Movie S1) are given in the Supplementary Information. Supplementary Information is available
at www.ias.ac.in/chemsci.
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