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Salt-Induced Vesicle to Micelle Transition in Aqueous Solution of Sodium
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The self-organization of a single-tailed amino acid based chiral surfactant sd#{dam-octyloxybenzoyl)-
L-valinate (SOBV) has been studied in water. A number of techniques like surface tension, fluorescence
probe, dynamic light scattering (DLS), transmission electron microscopy (TEM), and atomic force microscopy
(AFM) have been utilized for characterization of the self-assemblies. The amphiphile forms large spherical
vesicles of 406-600 nm diameters in dilute agqueous solution. However, the vesicles get transformed into
spherical micelles with increase of surfactant concentration or upon addition of relatively low amount
(20 mM) of NaCl or KCI. This is the first example of salt-induced vesicle to micelle transition (VMT) in a
single surfactant system. The vesicles are stable in the temperature range-4 30. Cleavage of
intermolecular hydrogen bonds among the amide groups in the presence of salt appears to be the plausible
cause for the VMT.

Introduction During our ongoing effort of developing new chiral surfac-
Amphiphilic molecules have a tendency to form organized tants that are used as chiral selectors for enantiomeric separations
assemblies of different shape and size in solutions above atSing capillary electrophoresis (CE)we observed that the
threshold concentration called critical aggregation concentration--@mino acid based amphiphile sodiur(4-n-octyloxyben-
(cad).! The morphology of the self-assemblies formed (spherical Z0Y!)-t-valinate (SOBV, see Figure 1 for molecular structure)
and non spherical micelles, vesicles, and lyotropic liquid forms micelle&®in borate buffer pH 9.7 contrast to sodildA(4-
crystalline structures) primarily depends on the molecular n-dog(aa(;yloxybenzoyll—val|nate (SDBV), which forms vesi-
structure of the amphiphifeThe environmental factors like Cles-“*”Nevertheless, SOBV was successfully used as a chiral
surfactant concentration, temperature, pH, and ionic strengthselecmr for enantiomeric separations of some selected chiral
have also a profound effect on the aggregate formatlorfact, organic molecule$? The formation of different types of self-
it is possible to get transformation from one type of aggregates assemblies (mlcellgs and vesicles) by the structurally S|m_|lar
to other by changing these environmental factdrsthis regard, ~ SOBV and SDBV in borate buffer pH 9.7 led us to study in
the vesicle to micelle transition (VMT) has gained considerable detail the aggregation behavior of SOBV in water. As will be
attention in recent years because of its fundamental importancediScussed later, it was observed that SOBV spontaneously
and potential applicatior’s8 The majority of VMT reported formed spherical vesicles like SDBYin pure water. However,

so far is in catanionic surfactant systefn&.The VMT is unlike SDBYV, the vesicles of SOBV get completely transformed
achieved by varying temperaturaddition of co-surfactanfs into spherical micelles at higher surfactant concentrations or
or by application of external forces like shéavlore recently, ~ With addition of relatively low amount (20 mM) of NaCl or

pH induced VMT has been reported in case of a sugar based<C!- Based on the results 0H NMR and fluorescence probe
gemini surfactant systefnln all these cases, authors have Studies, a plausible mechanism for the VMT is proposed.
achieved transition from vesicles to either cylindrical, threadlike
or wormlike micelles. However, in the literature, report of salt-
induced VMT is rare. This is because addition of salt is known  Materials. The surfactant SOBV was synthesized and purified
to favor formation of lager aggregates by reducing the electro- in the laboratory following the reported proceddfé The
static repulsion among the headgroups and thus favoring tightfluorescence probes-phenylt-naphthylamine (NPN), and 1,6-

' Experimental Section

packing of the surfactant monomers in the aggreghtesact, diphenyl-1,3,5-hexatriene (DPH) were purchased from Sigma-
there are reports of salt induced vesicle formation in some Aldrich and were recrystallized twice from an ethanol-acetone
surfactant systermié.In a recent report, Lu and co-workétsn mixture prior to use. The purity of the compounds was checked

their study involving a catanionic system consisting of a cationic by measuring the fluorescence excitation and emission spectra
bola amphiphile and anionic sodium n-dodecyl sulfate have at several wavelengths. Uranyl acetate was purchased from
reported that addition of low concentrations of salt favors Aldrich and was directly used from the bottle. Analytical grade
transformation of vesicles to tubules, but the vesicles get sodium chloride, and other organic solvents were procured
transformed to spherical micelles at high salt concentrations locally from SRL, Mumbai, India.
(0.1 M). General Instrumentation. NMR spectra were recorded using
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Figure 1. Molecular structure of sodiuN-(4-n-octyloxybenzoyl)-L- ',2' 20+ {012 §
valinate (SOBV). g
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pH 5652 (EC India Ltd., Calcutta), using a glass electrode. ¢
Distilled water was deionized (resistivity 18.2®) using a 01 0.08

Milli-Q water purification system (Millipore, USA). 0 5 10 15 20
Surface Tension MeasurementsSurface tension measure- [SOBV] (mM)

ments were performed using a torsion balance (S.D. HurdsonFigure 2. Variation of solution turbidity and fluorescence anisotropy

& Co., Calcutta) using the Du My ring detachment method.  (;y'of ppH at different SOBV concentrations in water.
A stock solution of the surfactant was prepared using deionized

water (pH 6.8). An aliquot of the stock solution was added to by staining with 2% aqueous uranyl acetate solution (pH 7.5 or
a beaker containing a known volume of water. The solution 8.0). The specimens were then dried in a desiccator until before

was stirred gently using a magnetic stirrer, and the surface the measurement.

tension was measured after equilibration for 5 min at room
temperature (30C). Three measurements were performed for
each sample, and the meanmN m~1) value was recorded.
The cacwas then obtained from the break point of the plot of
y versus log C.

Fluorescence MeasurementsSteady-state fluorescence ex-
periments were carried out with a Perkin-Elmer LS-55 lumi-

Atomic Force Microscopy. AFM imaging was carried out
on a Solver P47-PRO atomic force microscope (NMDT,
Russia) with contact mode. In order to prepare the samples, a
small drop of the vesicle solution (5 mM) was placed on a thin
rectangular glass cover slip of 50 mm50 mm dimension and
was air-dried. The cover slip was then gently placed on the
double-sided adhesive tape previously mounted on the metal

nescence spectrometer equipped with a filter polarizer and astubs provided by the instrument manufacturer, which in turn
thermostated cell holder. Temperature was controlled using awas placed in the sample stage of the microscope. A0«

circulating bath (Thermo Neslab, RTE 7). For solution prepara-
tions, a saturated solution of NPN in deionized water (pH 6.8)
was used. DPH concentration was kept at .07 M. NPN

10um scanner and cantilevers with integrated pyramidal silicon
probes with a spring constant of 50 N/m was used for the
imaging. A suitable area in the sample was located using a video

was excited at 340 nm, and emission spectra were recorded incamera mounted above the AFM. After selecting the proper area,

the wavelength range of 3600 nm. For fluorescence

imaging was performed choosing a scan area@fibx 5 um.

anisotropy measurements in the presence of surfactant vesicles, ] ]
DPH was excited at 350 nm and the fluorescence intensity wasResults and Discussion

measured at 450 nm. To reduce the effect of scattered light, if

any, a 430 nm cutoff filter was placed in the emission beam.
The excitation and emission slit widths were 2.5 and 5 nm,

First, the critical aggregation concentratiara€) of SOBV
was determined in pure water by surface tension measurement
method. Thecac was measured to be 54 104 M, which is

respectively. The fluorescence measurements were performedyround twenty times higher than tleac of SDBV.23 This is

at 30°C if not mentioned otherwise.
Light-Scattering Measurements.A Zetasizer Nano ZS light
scattering apparatus (Malvern Instruments, U.K.) with a-He

Ne laser (633 nm, 4 mW) was used for DLS measurements.

not surprising considering the short hydrophobic tail in SOBV
compared to SDBV. Thecac was further determined by
fluorescence probe studies using NPN as the probe molecule
following the reported proceduf(see Supporting Information).

The Nano ZS instrument incorporates noninvasive backscatterThe cac (5.6 x 1074 M) thus obtained is closely similar to the

(NIBS) optics with a detection angle of 173The z-average
diameter and the PDI of the samples were automatically

value obtained using surface tension measurement and thus
confirms the accuracy of theacvalue. The small difference in

provided by the instrument using cumulant analysis. The size the cac values obtained by the two methods might be due to

quoted throughout this paper is tlzeaverage diameter. For

turbidity of the solutions at concentrations just abcee The

particle size measurements, a surfactant solution of appropriatecloudiness of the aqueous SOBV solution abowge initially

concentration was made in Milli-Q water (pH 6.8) and was
filtered directly into the quartz cell using a Millex-GV (Milli-
pore) membrane filter (0.4&m pore size). The quartz cell was
rinsed several times with filtered water and then filled with the
filtered sample solution. The DLS measurements begah05
min after the sample cell was placed in the DLS optical system.

increases with increase of SOBV concentration, reaches a
maximum, and then disappears after reaching a certain con-
centration. The process was followed spectrophotometrically by
measuring turbidityz (=100 % T) of the surfactant solutions

of different concentrations at 600 nm, where the surfactant has
no absorbance (Figure 2). The maximum turbidity was observed

The data obtained in each case are the average of 50 runs, eacht around 5 mM and the solution became clear after 20 mM.

run of 10 s duration. The temperature was maintained 4C30
Transmission Electron Microscopy. A Philips CM 200

This observation suggests some type of transition from bigger
to smaller aggregates with the increase of SOBV concentration.

electron microscope operating at a voltage of 120 kV was used It may be noted here that the pH of the solution varies from 7.5
for TEM measurements. The surfactant solutions were filtered to 8.0 in the surfactant concentration range studiee?@ mM).

through a Millex-GV (Millipore) membrane filter of 0.4bm

The transition was further indicated by steady-state fluorescence

pore size. A drop of the surfactant solution was placed on the anisotropy study.

carbon-coated copper grid and was allowed to stand for 2 min.

The excess solution was blotted off with filter paper followed

In order to find the nature of the aggregates formed, we
measured fluorescence anisotropy ¢f DPH in presence of
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Figure 4. TEM (A) and AFM (B) micrographs of 5 mM SOBYV in
T —— water.
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Diameter (nm) solution was viewed under the TEM microscope. This is perhaps
Figure 3. Size distribution profile of aggregates in 5 mM and 20 mv due to the very small size of the aggregates formed in
SOBYV in water. concentrated solutions and is consistent with the results of DLS

studies. The microscopic investigations thus confirm existence
different concentrations>(cac) of SOBV in water. DPH is a  of large multilamellar vesicles and small micelles, respectively,
widely used probe to study both the static and dynamic in dilute and concentrated solutions of SOBV.
properties of membranes, such as membrane fluidity and It has been reported earlier by our research gtotiig®Pas

ordering of lipid acyl chain$® Normally, higher values of well as by other® that in the case of carboxylate surfactants,
indicate formation of bilayer aggregates. On the other hand, the vesicle formation is more favored at pH around th&y p
lower values of correspond to micellar structur&sAt SOBV values (-5). Since both carboxylateCOO") and protonated

concentrations just aboveac value, ther-value is higher (—COOH) forms of the surfactant are present at this pH region,
(~0.20) which decreases with the increase of SOBV concentra-the headgroups of adjacent surfactant molecules can approach
tion (Figure 2). The sigmoid nature of the curve suggests closer facilitating formation of intermolecular hydrogen bonds
transition of the aggregates from a highly ordered state to a between—COO™ and—COOH groups. This brings hydrocarbon
less ordered stafé€:161t should be noted here that the viscosity chains closer to each other thereby facilitating intermolecular
of the surfactant solution does not change significantly at higher hydrogen bond formation between amide groups. In order to
SOBV concentrations eliminating the possibility of formation demonstrate amideamide hydrogen bond formatiotdl NMR
of wormlike micelles’®1” The inflection point of the graph  spectra ofN-(4-n-octyloxybenzoyl):-valine were recorded in
resembles closely with the point of highest turbidity. CDCl; at two different concentrations (see Supporting Informa-
To further investigate the transition process, dynamic light tion). The spectra show a shift of the peak corresponding to
scattering measurements were carried out to measure the siz€ONH proton from 6.52 ppm in 5 mM to 6.68 ppm in 150
of the aggregates at two different SOBV concentrations of MM SOBV solution. Although the amidewater hydrogen
5 mM (having highest turbidity and highvalue) and 20 mM  bonding is a competing factor during aggregation in aqueous
(of lowest turbidity and low value). The size distribution profile ~ solution, the expulsion of water molecules from the vesicle
of the aggregates is shown in Figure 3. The distribution profile bilayer region after aggregate formation favors the amateide
is monomodal with relatively low PDI values (0.136 and 0.197 hydrogen bonding and contributes toward the stability of the
for 5 mM and 20 mM, respectively) suggesting the existence vesicles. The hydrogen bonding interactions andr stacking
of spherical aggregates of uniform size in both the solutions. of the benzene rings result in formation of bilayer structdpes.
The Z-average hydrodynamic diameté,) of the aggregates ~ The role of hydrogen bonding interactions on vesicle formation
obtained by cumulant analysis was 620 and 2 nm for 5 mM is also reported for other surfactants.
and 20 mM SOBYV solution, respectively. The monomodal size ~ The surfactant molecule being sodium salt of a weak acid,
distribution with low PDI and higheDy, values exclude the  get hydrolyzed in water according to the reaction
possibility of formation of bilayer lamellar and tubular structures
at higher surfactant concentrations. On the other hand, the RCOO Na' + H,O0 = RCOOH+ Na" + OH (1)
monomodal size distribution with low PDI and very lo
value eliminate the possibility of formation of rod-like micelles This is indicated by the pH=7.5) in dilute (5 mM) surfactant
as a result of fusion of vesicles as reported for other surfactantssolution. With the increase of surfactant concentration, the
in the literature*?> Thus the DLS results along with the  equilibrium is shifted more toward right resulting in an increase
turbidity and fluorescence anisotropy studies suggest formationof pH to 8.0. It should be noted here that th€,f this class
of spherical vesicles at lower SOBV concentrations and spherical of carboxylic acids solubilized in the vesicle is about #:¢°P
micelles at higher SOBV concentrations. Since one unit pH increase (from 7.0 to 8.0) aroulg pvhich
To further visualize the microstructure of the self-assemblies, occurs due to increase of surfactant concentration to 20 mM
TEM and AFM techniques were utilized. Both TEM and AFM  causes a large increase in ionization, most of the solubilized
micrographs (Figure 4) show the existence of spherical vesiclescarboxylic acid form of the surfactant molecule become ionized.
in 5 mM SOBYV solutions. The vesicle diameters (4BD0 nm) This results in enhanced electrostatic repulsion between sur-
as seen in the micrographs are in close agreement with the DLSfactant headgroups and thus triggers rupture of the ansidede
results. The wall thickness of the vesicles suggests that theyhydrogen bond. The result is a complete disruption of the bilayer
are multilamellar type. However, no recognizable structure was structure and increase of membrane fluidity as manifested by
observed when the specimens made from 20 mM SOBV the decrease of fluorescence anisotropy of DPH probe (Figure
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Figure 5. Effect of [NaCl] and [KCI] on turbidity and fluorescence Wavelength (nm)

anisotropy of DPH in 5 mM aqueous SOBYV. Inset: photograph of vials _. . .
containir%/ 5 mM SOBV solﬂtion in water (a) witr? andg(b)pwithout Figure 7. Fluorescence emission spectra of NPN in 5 mM SOBV
addition of 20 mM NaCl. The visibility of the lettem(or b) put at the solution in () presence and (b) absence of 20 mM NaCl.

back of the respective vials shows turbidity and transparency of the

solutions. addition of 20 mM NaCl to the solution. The increase in

fluorescence intensity of NPN emission spectrum (Figure 7) after
addition of NaCl suggests the release of NPN trapped in the
{a=5mMSOBV a vesicle aqueous cavity. It is interesting to note that the SOBV
40P =3 mM SOBV +20 mM NaCl? i vesicles are stable in the temperature range efB°C. This
was indicated by both fluorescence anisotropy and DLS studies.
Ther-value and the Z-average size of the vesicles do not change
) appreciably in this temperature range (see Supporting Informa-
* tion).
20+ / \ * - The salt-induced transformation of vesicles to rod-like
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micelles in aqueous solution of the sodium salts of sbhazy|
peptides has been recently reported from this labordfosy.
plausible explanation of the salt-induced VMT observed in the
case of SOBV is probably the weakening of intermolecular
0 ‘ hydrogen bonding interactions among th€ OOH and—COO~
- e E— S groups in the presence of salt. As explained earlier this triggers
1 10 100 1000 10000 disruption of the bilayer structure. However, as noted eatrlier,
Diameter (nm) the vesicles of structurally similar SDBV surfactant remain
Figure 6. Size distribution profile of the aggregates of 5 mM SOBV unchanged upon add.lt.lon Of. NaCl. The insensitiveness of SDB.V
in water in presence and absence of 20 mM NaCl. vesicles to NaCl addition might be due to stronger hydrophobic
interaction between hydrocarbon chains relative to that in SOBV
2). That is the VMT that occurs at higher surfactant concentra- molecule the hydrocarbon chain length of which is shorter than
tion is induced by the increase of pH. that of the former. This is manifested by the higleac value
The effect of salt concentration on the aggregation behavior in the case of SOBV surfactant. Initially we thought that the
was then investigated. It was observed that the initial cloudinesssalt-induced VMT might be a consequence of the change of
of the 5 mM SOBV solution disappeared with time upon solution pH. However, it was observed that the pH/(5) of
addition of NaCl or KCI. The turbidity undergoes a sigmoid the starting solution increased only 0.3 unit upon addition
decrease with the increase of both NaCl and KCI concentration. of 20 mM NaCl or KCI. To further examine the effect of pH
The plots in Figure 5 show that the solution becomes clear whenwe also measured fluorescence anisotropy of DPH probe in the
20 mM NaCl is added. The decrease of turbidity is also presence of 5 mM SOBV in 20 mM phosphate buffer (gH
accompanied by a decrease of fluorescence anisotropy of DPH7.3,1 = 0.05). Ther-value (0.07) was found to be much lower
probe (Figure 5) with the increase of both NaCl and KCI than that in pure water<0.2). This suggests that the decrease
concentration. This could be attributed to salt-induced VMT. in turbidity or r-value upon addition of NaCl or KCI is due
This is supported by the results of DLS studies. It was observedonly to the salt effect but not caused by the small increase of
that the Z-average hydrodynamic diameter of the aggregates inpH. The weakening of hydrogen bonds in the presence of salts
5 mM SOBV solution in pure water decreased from 620 to is also reported by many authd?sBerkowitz and co-worke?3
4 nm with the addition of 20 mM salt. The size distribution have also reported cleavage of hydrogen bond betw&@O~
profiles of the aggregates in both the cases are shown in Figureand NH* groups in dipalmitoylphosphatidylserine bilayer in
6. the presence of NaCl due to binding of Naounterion with
To further strengthen our claim of salt-induced VMT, we have the —COO~ group of serine. Similar mechanism might be
performed an experiment, which suggests the release of trappednvolved in the disruption of the bilayer vesicles of SOBV
molecules in the aqueous cavity of the vesicles when they aresurfactant. Binding of Naor K™ counterion with the-COO~
transformed into micelles due to addition of salt. The vesicle group may lead to the cleavage of the hydrogen bond between
solution was prepared by dissolving 5 mM amount of solid adjacent—COOH and—COO™ groups and thus triggers the
SOBYV in saturated aqueous NPN solution. The fluorescence breakdown of the vesicle structure as explained earlier for pH-
emission spectrum of NPN was then recorded before and afterinduced VMT.

Number (%)
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