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ABSTRACT: The physicochemical properties, such as critical micelle concentration (cmc),
surface tension at cmc (Y ), and surface activity parameters of the mixtures of a new amino
acid-based zwitterionic surfactant, N-(n-dodecyl-2-aminoethanoyl)-glycine (C,,Gly) and an
anionic surfactant, sodium dodecyl sulfate (SDS) at different molar fractions, X; (=
[C1.Gly]/([C1,Gly] + [SDS])) of C;,Gly were studied. A synergistic interaction was
observed between the surfactants in mixtures of different X;. The self-organization of the
mixtures at different molar fractions, concentrations, and pH was investigated. Fluorescence
depolarization studies in combination with dynamic light scattering, and transmission
electron microscopic and confocal fluorescence microscopic images suggested the formation
of bilayer vesicles in dilute solutions of SDS rich mixtures with X; < 0.17 in the pH range 7.0
to 9.0. However, the electronic micrographs showed structures with fingerprint-like texture
in moderately dilute to concentrated C,,Gly/SDS mixture at X; = 0.50. The vesicles were
observed to transform into small micelles upon lowering the solution pH and upon increase
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of total surfactant concentration in mixtures with X; < 0.17. However, decrease of SDS content transformed vesicles into wormlike
micelles. The structural transitions were correlated with bulk viscosity of the binary mixtures.

. INTRODUCTION

It is well-known that many biological or synthetic-based self-
assemblies and interfaces consist of surfactant mixtures. Since
self-assemblies composed of mixed surfactants occur in biological
fluids, mixed surfactants are very often preferred in industrial
preparations and pharmaceutical and medicinal formulations for
the purpose of solubilization, suspension, dispersion etc.! 3
Thus, for most practical applications mixed surfactants are used
rather than single surfactants. Typical detergent formulations
also consist of two or more types of surfactants, the major
component of which is usually a conventional pH-insensitive
surfactant. However, often small amounts of pH-sensitive sur-
factants are added to boost detergent performance. In most cases,
the mixed system results in enhanced interfacial properties, such
as lower critical micelle concentration (cmc) and higher surface
activity relative to the individual surfactants. This is known as
synergism. There are many reports in the literature on the studies
of different combinations of mixed surfactant system viz. cationic/
cationic,4 nonionic/nonionic,“’5 anionic/nonionic,é’7 etc.
Solubilization behavior of different compounds in the mixed
micellar solution has been observed to be better than individual
surfactant micelles.”'° It is believed that detergency is related to
micellar stability and that the addition of surfactant of opposite
charge is one of the factors enhancing micellar stability. However,
micellar stability is directly correlated to Coulombic repulsions.
The addition of oppositely charged surfactant diminishes the
surface charge density of the mixed micelles and hence minimizes
the charge repulsion between micelles. In recent years, mixed
surfactant systems containing anionic and cationic surfactants
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have attracted tremendous attention because they exhibit spon-
taneous formation of stable unilamellar vesicles in dilute solutions."**
Kaler et al. were the first to report this in a study on three different
cationic/anionic surfactant systems.'" Since then, numerous other
cationic/anionic systems have been investigated.*”'® These have
been summarized in many reviews.'”

Although alot of effort has been devoted to understanding the
behavior of cationic/anionic systems, only a few studies on
the zwitterionic/anionic (zwitanionic) systems have been
reported.'® These studies have revealed that zwitterionic surfac-
tants often have strong interaction with anionic surfactants.
However, in contrast to cationic/anionic systems, the attraction
forces between the two kinds of surfactants in the zwitanionic
systems are expected to be weak. McLachlan et al.' determined
cme values for the zwitanionic systems of N-dodecyl-N,
N-dimethyl-3-ammonio-1-propanesulfonate (ZW3-12)/sodium
dodecyl sulfate (SDS), N-dodecyl-N,N-(dimethylammonio)-
butyrate (DDMAB)/SDS, N-octyl-N,N-dimethyl-3-ammonio-
1-propanesulfonate (ZW3-08)/sodium octyl sulfate (SOS). Evi-
dence of strong interactions between zwitterionic and anionic
surfactants in each of the zwitanionic systems has been reported.
The ZW3-08/SOS and DDMAB/SDS mixed systems were
observed to behave synergistically at all mole fractions studied
while the ZW3-12/SDS mixed system exhlblted synergistic
behavior above mole fractions of 0.30 only. Li et al.* investigated
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Figure 1. Chemical structures of (a) C;,Gly and (b) SDS surfactants.

the interaction between sodium dodecyl sulfonate (C12AS), and
three zwitterionic surfactants (alkyldimethylammoniopropane
sulfonates of varying alkyl chain length, abbreviated as
C12DPAS, C10DPAS, and C8DPAS). They observed that the
strongest interaction occurred between C12AS and C12DPAS,
while the weakest interactions were observed between C12AS
and C8DPAS. According to the authors, the electrostatic attrac-
tion between the N (CHj), group in the zwitterionic surfactant
and the SO; ™ group in C12AS is responsible for the synergistic
effect. In the mixture formed by tetradecyldimethylamine oxide
(TDMAO) and calcium dodecyl sulfate (CDS) containing an
excess of TDMAO at constant 100 mM of total amphiphile
concentration, Hoffmann et al.** detected a birefringent lamellar
phase composed of densely packed onion-like vesicles. Weiss
et al.* studied the dynamics of spontaneous vesicle formation in
mixtures of TDMAO and lithium perfluorooctanoate (LiPFO)
and TDMAO and lithium perfluorooctane sulfonate (LiPFS). A
disk-like micelle was detected as the metastable state in the
micelle-to-vesicle transition. Denkov and co-workers> have
reported synergistic sphere-to-rod micelle transition in mixed
systems of SDS and cocaamidopropyl betaine, a zwitterionic
surfactant. There are also a few reports which have briefly
addressed vesicle stability in zwitanionic surfactant systems.***>

In the work presented here, we have performed a study of the
general behavior of zwitanionic surfactant system with N-(n-
dodecyl-2-aminoethanoyl)-glycine (C;,Gly) (see Figure 1 for
structures) as zwitterionic surfactant and SDS as anionic surfac-
tant. The former amphiphile is a pH-sensitive surfactant and is
expected to have performance-boosting properties, such as low
potential for skin and eye irritation and good foaming character-
istics. Accordingly, our aim is to study the interaction between
the surfactants with our main interest being the extent of vesicle
formation in such mixtures. Since C;,Gly is pH-sensitive, it may
find applications in controlled drug release, targeted gene
delivery, and fabrication of nanomaterials. In order to evaluate
these, we have studied the aggregation behavior of the C,,Gly/
SDS mixtures in water at different mixing ratios, concentration,
and pH. The C,,Gly/SDS mixed system has been characterized
by a number of techniques, including surface tension (ST),
fluorescence, dynamic light scattering (DLS), and transmission
electron microscopy (TEM).

2. EXPERIMENTAL SECTION

2.1. Materials. The amphiphile C,,Gly was synthesized and
purified according to the procedure reported in our earlier papers.** ™2
'H, 3C NMR, and IR spectra were used for chemical identification of
the compound. The fluorescence probe 1,6-diphenyl-1,3,5-hexatriene
(DPH), 5(6)-carboxyfluorescein (CF), cholesterol (Chol), and SDS
were procured from Aldrich and were purified by recrystallization from
acetone-ethanol mixture. Doubly distilled water was used for solution
preparation.

2.2. Methods. General Instrumentation. The 'H NMR spectra
were recorded on a Bruker 200 MHz spectrometer. UV—vis spectra

were recorded on a Shimadzu (model 1601) spectrophotometer. Bulk
viscosity of surfactant solutions were measured with a Vibro viscometer
(Model: SV-1A, A&D, Tokyo, Japan) instrument. Thermo Orion model
710A+- digital pH meter was used to measure the pH of the solutions.
Temperature was controlled using a Thermo Neslab RTE —7
circulating bath.

Solution Preparation. The surfactants were mixed in a volumetric
flask in desired molar fractions of C,Gly (X; = [C,Gly]/([C1,Gly] +
[SDS])) using appropriate volume of respective stock solution
(100 mM) in methanol. The solvent was dried in water bath. This
ensured ion-pair formation between C;,Gly and SDS surfactants as
reported for C;,Ala/SDS system.”> Aqueous solutions of known con-
centrations were obtained by adding appropriate volumes of buffer
solution of desired pH to the dry mixture. The DPH concentration was
adjusted to 1.0 #M by addition of an appropriate amount of the stock
solution (1.0 mM) made in 20% (v/v) methanol—water mixture.

Surface Tension Measurements. The surface tension (y) of the
surfactant solutions were measured using Du Nuoy ring detachment
method with an automated surface tensiometer (3S, GBX, France) at
~30 °C. The instrument was calibrated through loading proper weight
(for 600 mg the y shows 49 mN m™ ') and checked by measuring the
surface tension of distilled water before each experiment. Aliquot of the
stock solution in distilled water was transferred to a beaker containing
known volume of water. The mixture was magnetically stirred for 30 s
following each addition of aliquot and allowed to stand for about 3 min at
room temperature (~30 °C) to achieve equilibrium before surface
tension was measured. For each concentration, three measurements for
y were performed and their mean was taken as the value of the
equilibrium surface tension.

Fluorescence Measurements. Steady-state fluorescence spectra of
DPH were measured with a Perkin-Elmer LS-55 luminescence spectro-
meter equipped with filter polarizers that uses the L-format configura-
tion. The excitation slit with bandpass of 2.5 nm and the emission slit
with bandpass between 2.5 and 10 nm were used for the measurements.
The samples containing DPH were excited at 350 nm and the emission
intensity was measured in the range 360—560 nm. All spectra were blank
subtracted. For anisotropy measurements, the fluorescence intensity was
monitored at 450 nm and a 430 nm cutoff filter was placed in the
emission beam to eliminate the effects of scattered radiation. An average
of six measurements were always recorded. A quartz cell of 10-mm path
length was used for all fluorescence measurements.

Dynamic Light Scattering (DLS) Measurements. The DLS measure-
ments were carried out by a home-built spectrometer the details of which
are available elsewhere.”® A 15-mW He—Ne laser (1, = 633 nm) was
used for the measurements. The scattering radiation was measured at
90° to the incident beam. For some measurements, we also used
Zetasizer Nano ZS (Malvem Instrument Lab, Malvern, U.K.) The
intensity autocorrelation functions were analyzed using method of
cumulant.*

Transmission Electron Microscopic (TEM) Measurements. For TEM
micrographs, S #L of solution was placed on a 400 mesh size carbon-
coated copper grid allowed to adsorb for 30 s. Excess liquid was wicked
off by use of a piece of filter paper, air-dried, and then negatively stained
with freshly prepared 1.0% aqueous uranyl acetate. The specimens were
kept in desiccators until before use. The specimens were examined under
a transmission electron microscope (JEOL-JEM 2100, Japan) operating
at an accelerating voltage of 200 kV at room temperature (298 K).

Fluorescence Microscopic Measurements. Optical microscopic mea-
surements of dye (CF) trapped vesicles were performed using a FV 1000
Olympus Confocal Microscope equipped with a laser scanning module
(LSM) microscope and a PLAPON 60X oil immersion objectives with
numerical aperture (NA) of 1.42. For CF trapped vesicles 488 nm laser
was used and the filter was 520 nm. For entrapment of dye into the
vesicles S mM dye, 3 mM C,,Gly/SDS mixture, and 10-mol % Chol
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were taken in methanol, mixed, and dried thoroughly by rotary
evaporation in a round-bottom flask. The thin film of the mixture thus
obtained was soaked with small volume of phosphate buffer (pH 7.4,
150 mM NaCl) overnight, vortexed, and then diluted to the desired
volume to obtain 3 mM vesicular solution. Excess dye was removed by
dialysis using an ultrafiltration cellulose acetate membrane (pore size
10 kDa MWCO, Diam 16 mm) bag for about 4—6 h. An aliquot of the
undiluted vesicle solution was pipetted into the microscopic glass slide
(Riviera, 25.4 X 76.2 mm), which was then sealed with a coverslip and
left for a few minutes before analysis. Images were projected and
analyzed using FV10-ASW 1.6 Viewer software.

3. RESULTS AND DISCUSSION

3.1. Solubility Studies. The solubility of C,,Gly in water (pH =
6.5) was found to be very poor (ca. 0.6 mM) at room
temperature, indicating zwitterionic nature of the amphiphile.
The solubility, however, increases with the rise of temperature
and solution pH. The amphiphile becomes readily soluble in
water in alkaline pH (>12) at which it exits in the anionic form.
Despite zwitterionic character, a significant solubility of the
amphiphile could be achieved in phosphate buffer (pH 7.4)
due to salting in phenomenon. Therefore, the interaction studies
with SDS were done in phosphate buffer at pH 7.4. For the
interaction studies, first, stock solutions (100 mM) of individual
surfactants were made in methanol. Aliquots of each solution
were mixed in 5S-mL volumetric flasks to obtain mixtures contain-
ing varying total concentrations at a fixed molar fraction, X; or of
varying X; at a fixed total concentration. The solvent was
removed using a hot water bath and an appropriate volume of
phosphate buffer was added to prepare aqueous solutions. The
pH of the aqueous C;,Gly/SDS mixtures did not change
significantly. The C;,Gly/SDS mixtures with X; < 0.5 remained
soluble in water at all concentrations. However, mixtures with X,
= 0.6 resulted in isotropic solutions only at concentrations
greater than 3.5 mM. Therefore, all studies on C;,Gly/SDS
mixtures with X; = 0.6 were carried out at a total concentration
greater than 4.0 mM. It should be noted that the mixtures with X;
> 0.6 did not produce isotropic solution in the concentration
range (0—30 mM) studied here and therefore were not inves-
tigated. When the total concentration was raised above 3.5 mM,
initially an isotropic solution was obtained, which either turned
cloudy or a fibrous precipitate (depending upon concentration
and molar fraction) appeared after a while. "H NMR spectrum
(not shown) of the precipitate confirmed pure C;,Gly. The
molar fraction being higher the concentration of C;,Gly is much
higher compared to SDS ([SDS] < cmc) at X; > 0.6 and as a
result, remains insoluble even at a total concentration as high
as 30 mM.

3.2. Surface Properties of the Pure Surfactants and their
Mixtures. The cmc values and other physicochemical properties
of the pure as well as binary surfactant mixtures (C,,Gly/SDS)
were determined by ST measurements. The ST versus log C
plots have been depicted in Figure S1 of “Supporting Informa-
tion”. The concentration corresponding to the break point of the
surface tension () versus log C plot was taken as the cmc value.
These plots showed that the Y, values for the surfactant
mixtures were much lower than that of pure SDS (X; = 0) or
CGly (X, = 1) surfactants. The cmc of the C,,Gly/SDS
mixtures of different compositions (X; = 0.17 to 0.50) was
obtained from ST plots. The cmc values along with the surface
activity, f;, and X, ,, data have been listed in Table 1. The data in

Table 1. Values of cmc, Y cme PCaos f1y Ximy and ff parameter
for various compositions (X;) of C,,Gly/SDS (pH 7.4)
mixtures at 30 °C

cmce (£0.10) Y eme

Xy (mM) (mN/m)  pCyo h Xim B

1.00 0.64 43.0 3.84
0.50 0.25 213 474 0317 0616 —7.79£031
0.33 0.32 21.0 4.67 0284 0583 —7.24%0.39
0.25 0.37 209 461 0256 0564 —7.16+£0.36
0.17 0.49 20.8 463 0237 0538 —6.75+0.36
0.00 7.62 37.1 2.84

Table 1 show that the cmc value decreases with the increase of X;
value (i.e, decrease of SDS content in the mixture). The pCyo
(negative logarithm of surfactant concentration required to reduce
the surface tension of water by 20 units at the temperature of
measurement) values of the mixed surfactant systems are observed
to be much higher than that of pure SDS. It is also observed that the
C,,Gly/SDS mixtures have much lower y .. value as compared to
pure SDS. These suggest that the surfactant mixtures behave as
better surface-active agents in comparison to pure SDS. Such
synergistic affects have been reported for many cationic/anionic
systems."” In the case of C;,Gly/SDS system, the synergism could
be attributed to strong electrostatic interaction between the
>NH, " group of Cy,Gly and SO3~ group of SDS surfactants to
form a pseudodouble chain carboxylate surfactant. The stronger
hydrophobic interaction among hydrocarbon chains of the pseu-
dodouble chain surfactant thus formed lowers the cmc value as well
as the air/water interfacial tension (Yenc)-

3.3. Surfactant—Surfactant Interactions. It has been shown
that the interaction parameter /3 obtained from regular solution
theory’" is useful in understanding the nature and strength of
interactions between two nonhomologus surfactants in solution.
The f values explain the interaction between headgroups of the
two surfactants. It does not include the interaction between
hydrocarbon chains of the surfactants when the chain lengths are
different. Classically, the interaction parameter f is determined
by measuring cmc of the corresponding surfactant mixtures. The
interaction between C;,Gly and SDS surfactants in the mixed
aggregate was measured by calculating /3 from equations derived
using Rubingh’s theory of nonideal mixing.32 Nonideality can be
analyzed by regular solution theory’"*> according to which
the cmc’s of surfactant mixtures (C,) are given by the following:

C=Xini-C =X, Cn (1)

where C;, and C; are the cmc’s of the binary mixture and
surfactant 1 (C1,Gly), respectively, C and X, are the concentra-
tion and molar fraction of surfactant 1 in solution, respectively,
Xim is the molar fraction of surfactant 1 in the mixed micelle, and
f1 is the activity coefficient which is given by eq 2

Inf, = B(1 —Xum) (2)

Since f; =[Cy5 (1 — X;)/C5 (1 — Xj1)], eq 2 can be rewritten
as follows:

X%mln(Cqu/Clem)
(l —le)zln{Clz(l —Xl)/CZ(l —le)}

where C, is the cmc of surfactant 2 (SDS). X;,, can be calculated
solving eq 3 iteratively. The interaction parameter [ was

—1 (3
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evaluated from the X, value thus obtained and experimentally
determined Cj, (i.e., cmc of the mixed system) value using the
following equation:*"*

g = (CoX/CiXim) ()

(1—Xim)

It should be noted that f3 is a dimensionless parameter that can be
experimentally determined from the cmc values according to
eq 4. The interaction parameter 3 thus obtained for different
molar fraction (X;) of C1,Gly have been listed in Table 1. From
the data in Table 1, it can be found that the /3 values for all
compositions of binary mixtures are negative, which suggests that
the interaction between C;,Gly and SDS surfactants is more
attractive in the mixed micelle than the self-interaction of the
surfactants before mixing. According to regular solution
theory,'”**** the 3 parameter values should be independent of
composition. Indeed, for mixtures with X; = 0.25 and 0.33, within
the experimental error limit, the 5 parameter values are equal.
However, a slightly lower and higher value of 5 parameter for
mixtures with X; = 0.17 and X = 0.50, respectively might be due
to the formation of self-assemblies other than mixed micelles.
This has been discussed below. The synergistic interaction is
supported by the fact that the || value is greater than |In(C,/
C,)| (~2.5). Similar behavior has also been reported for other
zwitterionic/anionic systems.>* However, it should be noted that
unlike other zwitterionic/anionic systems, the || value for the
C,Gly/SDS system is higher, indicating stronger interaction.
That the mixing is nonideal is shown by the activity coeflicient
(f1) values that are much less than 1.0. The data in Table 1 also
show that irrespective of the solution composition the molar
fraction of C,Gly in the mixed micelle (X;,,) is ca. 0.5. This, as
discussed above, supports the formation of 1:1 complex which
produce mixed micelles at a concentration above the cmc value.

According to solution theory of Motomura and co-workers,*
the micelle behaves thermodynamically like a macroscopic bulk
phase in which azeotropy is closely related to the interaction
between constituent molecules in the mixture. The azeotropic
behavior of the micellar system is determined by the molecular
interaction between the surfactants. It is well-known that nega-
tive azeotropy takes place if the molecular interaction between
components is attractive and pure components have similar
vapor pressure values. Therefore, we can conclude that the
C1,Gly/SDS mixtures will exhibit negative azeotropy as the
interaction between the surfactants is attractive in nature. Such
behavior has also been shown by copper dodecyl sulfate-sodium
tetradecyl sulfate, and tetraoxyethylene octyl ether-sodium do-
decyl sulfate systems.*

3.4. Self-Assembly Formation. Earlier work from this labora-
tory has suggested that morphology of surfactant aggregates can
be predicted based on the results of microenvironment study by
fluorescence probe technique.” In fact, the steady-state fluores-
cence anisotropy (r) of DPH probe is often used to predict the
type of aggregates formed in aqueous solutions of various
surfactants. The DPH molecule is solubilized in the hydrocarbon
region of surfactant aggregates. Consequently, its rotational
diffusion and hence fluorescence anisotropy is influenced by
the fluidity of the microenvironment of the aggregates. It has
been shown that for bilayer aggregates, usually the fluorescence
anisotropy of DPH is high (r > 0.14)*” and for spherical or rod-
like micelles, the r-value is lower (r < 0.14).%”® This is because
the hydrocarbon chains are tightly packed in bilayer aggregates
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Figure 2. Plots of fluorescence anisotropy (r) of DPH in 3mM C,,Gly/
SDS mixture as a function of pH at 30 °C for molar fractions (O) 0.17,
(A) 0.5; inset: size distributions of aggregates in 3 mM C,,Gly/SDS
mixtures at (a) pH 7.4, and (b) pH 3.0.
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Figure 3. Variation of solution viscosity (17) pH 7.4 and fluorescence
anisotropy (r) of DPH as a function of molar fraction (X;) of C;,Gly
surfactant in 3 mM C,,Gly/SDS mixtures at 30 °C: (@) pH 7.4 and (&)
pH 9.0.

and therefore the microenvironment is more rigid which means
less fluid. However, in normal micelles, the hydrocarbon chains
of the surfactants are less tightly packed and hence the micro-
environment is more fluid like hydrocarbon solvents. Therefore,
r-value can be used as an index of microviscosity (more appro-
priately microfluidity) of the local environment of the DPH
molecule. Usually, bilayer aggregates have higher microviscosity
compared to micellar aggregates.’” Therefore, fluorescence
studies using DPH were performed with various compositions
and different concentrations of the C;,Gly/SDS system.

Effect of Solution pH. Since C,,Gly is amphoteric in nature,
its self-assembly behavior in the presence of SDS should be
dependent on solution pH. This is shown by the variation of
r-value of the DPH probe with pH (Figure 2). It is observed that
C,,Gly/SDS mixture (X; = 0.17 and 0.5) has highest r-value at
pH 9.0, which decreases as acidity of the solution is increased.
The higher r-value at pH 9.0 is indicative of the formation of
bilayer aggregates. The existence of large aggregates in pH 9.0 is
confirmed by the mean hydrodynamic diameter (~100 nm) of
the aggregates as shown by the size distribution histogram (inset
of Figure 2). The lowering of r-value can be attributed to
transformation of bilayer aggregates into either small spherical
or rod-like micelles. This is indicated by the particle size (~5 nm)
in pH 3 (inset of Figure 2). Since DLS technique cannot
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Figure 4. Size distribution histograms of the aggregates formed in
3 mM C,,Gly/SDS mixtures (pH 7.4) of different compositions at
30 °C.

distinguish between different shapes of particles, it is not possible
to comment on whether the small particles are normal micelles or
rod-like micelles. The inflection point of both plots in Figure 2 is
around pH 6.0 and corresponds to pK, value of the —COOH
group of C;,Gly. The protonation of the —COO™ group makes
the negatively charged surfactant (1:1 complex) uncharged and
hence cause precipitation at pH < 3.0. Since the vesicle phase
exists in pH > 7, subsequent studies were performed at pH 7.4
and 9.0.

Effect of Composition. The variation of r-value with molar
fraction (X;) of C;,Gly in pH 7.4 and 9.0 has been shown by the
plots in Figure 3. The feature of both plots shows that r-value of
the pure C;,Gly (X, = 1.0) is very low and corresponds to normal
micelles, but upon addition of SDS the r-value slowly increases
reaching maximum at X; = 0.17. Further addition of SDS,
however, decreases r-value which reaches minimum at X; = 0
corresponding to pure SDS solution. The relatively high r-value
of DPH in solution at X; = 0.17 is indicative of the existence of
bilayer aggregates, which transform into micelles (spherical or
rod-like) as the SDS content is increased or decreased in the
mixture. In bilayer aggregates, the hydrocarbon chains are tightly
packed making the microenvironment very rigid and less polar.
The transformation of bilayer structures to normal micelles
makes the packing of the hydrocarbon chains less tight and thus
allows more water molecules to penetrate into the interfacial
region resulting in an increase of micropolarity and microfluidity.

It is interesting to note that there is an increase in solution
viscosity, 7 (see Figure 3) of the mixtures with the decrease of
SDS content reaching maximum at X; = 0.50. However, the
solution viscosity dropped down again in mixture with X; = 0.6.
Thus, it is clearly evident that substantial structural changes take
place in the mixtures upon changing the mixing ratio. Similar
behavior has also been reported for TDMAOQ/LiPFO system.>®
Such a viscosity increase must be due to the formation of
wormlike micelles. Alternatively, this could also be due to
formation of disk-like micelles or lamellar sheets. The possibility
of formation of lamellar sheets or disk-like micelles, however, can
be ruled out based on the relatively lower r-values in mixtures of
X, > 0.17. Thus, wormlike micelles are formed in solutions at X;
> 0.17, which is consistent with the decrease of r-value. This is
also substantiated by the results of DLS measurements and by the

TEM pictures as discussed below. It should be pointed out that the
inflection point of the 7 vs X; plot exactly matches with the
maximum of the r vs X; plot since vesicle formation does not
significantly change the bulk viscosity of the mixtures. The drop of
viscosity in mixtures at X; > 0.50 can be attributed to transforma-
tion of wormlike micelles to spherical micelles. This is shown by
the size distribution of the aggregates discussed below.

Figure 4 exhibits size distribution histograms of the aggregates
formed in 3 mM C;,Gly/SDS mixture of varying composition.
Bimodal distribution is observed in solutions at X; = 0.0S,
indicating existence of more than one type of aggregates. Smaller
aggregates with mean hydrodynamic diameters of ~4 nm must be
due to spherical micelles which are in equilibrium with large
aggregates having mean hydrodynamic diameter at around
100 nm. The large aggregates could be due either to vesicles or
to wormlike micelles. Considering the r-values of DPH probe in
this composition range, the large aggregates can be associated with
bilayer vesicles. The low viscosity of the mixtures also supports this
conclusion. It is observed that as molar fraction of C;,Gly is
increased to 0.17 the micellar aggregates gradually disappears with
the concomitant formation of vesicles. As seen in Figure 4, in
mixtures with 0.17 < X; < 0.50, the hydrodynamic diameter of the
large aggregates increases with the increase of molar fraction of
C12Gly. Interestingly, solutions at X; = 0.5 exhibit three size
distributions, corresponding to mean hydrodynamic diameters 10,
60, and 350 nm. Since the solution viscosity was also observed to
increase in this composition range, it can be concluded that the
vesicle structures are transformed into large wormlike micelles,
which is consistent with the decrease of r-value of DPH probe.
Accordingly, the large aggregates having average diameter
~350 nm must be due to wormlike micelles which is consistent
with lower r-values of DPH probe in the mixture. The other
distributions correspond to rod-like micelles and vesicles that are
present in equilibrium with the wormlike micelles. However, it
should be noted that DLS technique cannot be applied with the
rod-like micelles and therefore, the hydrodynamic sizes of these
aggregates mentioned above correspond to equivalent spheres and
hence are approximate values only. The size distribution of the
aggregates in mixture (3 mM) with X; = 0.6 clearly suggests that
the large wormlike micelles that exist in mixture at X; = 0.5 are
transformed into aggregates having shorter relaxation time. This
could be either due to formation of smaller mixed micelles with
mean hydrodynamic diameter of ca. S nm or due to branching of
the wormlike micelles. The latter is confirmed by the TEM picture
(Figure SE) as discussed below.

Transmission Electron Microscopy. To visualize the shape
(morphology) of the aggregates negatively stained TEM micro-
graphs were obtained for both dilute and concentrated solutions
of the surfactant mixture. The micrographs of the aqueous
solutions of C;,Gly/SDS mixtures at different compositions
have been depicted in Figure S. The TEM images A and B
clearly show existence of spherical vesicles in dilute SDS-rich
solutions (X; = 0.09 and 0.17). The vesicles have inner diameter
in the range 75—200 nm. Although shell thickness could not be
measured accurately, the vesicles appear to be unilamellar.
Recently, others have also reported spontaneous vesicle forma-
tion in the binary mixture of an ionic liquid amphiphile and an
anionic surfactant (SDS).** However, the pictures C and D of the
solutions with higher X; value (0.5 and 0.6) reveal flexible
threads of width equals to twice the length of hydrocarbon chain
length. The results are thus consistent with the fluorescence
probe and DLS studies described earlier.
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Figure 5. Negatively stained (1% uranyl acetate, pH 7.4) TEM micrographs at different total concentrations of C,,Gly/SDS mixtures with different
mole fractions (X;): (A) 0.09 (3 mM), (B) 0.17 (3 mM), (C) 0.17 (30 mM), (D) 0.5 (2 mM), and (E) 0.6 (10 mM).

It is surprising to see that both pictures reveal fingerprint-like
texture consisting of flexible threadlike micelles. In contrast to
the mixture at X; = 0.50, the threadlike micelles are observed in
concentrated solution at X; = 0.60. This suggests that threadlike
micelles are formed by growth of spherical micelles that exist in
dilute solution. The characteristic fingerprint texture is due to
lyotropic liquid crystal phase formed in solution. Others have
also reported fingerprint-like texture in different surfactant
systems.*? Earlier, we have also reported formation of cholesteric
liquid crystal structures in solutions of C;,Ala/SDS mixture.”®
The TEM micrograph of C;,Ala/SDS system revealed con-
centric layers of threadlike micelles. The cholesteric behavior
of lyotropic liquid crystal systems was explained as due to the
presence of chiral centers in the micelle, which induces distortion
in the micelle to give a chiral shape. Interactions between chiral
micelles then lead to cholesteric behavior.*” Since one of the
constituent molecules is chiral, an asymmetry in the interactive
forces is obtained. Consequently, information concerning chir-
ality is transmitted via the intermolecular forces and the preferred
direction of orientation undergoes a spontaneous twist resulting
in the characteristic fingerprint pattern seen under the micro-
scope. However, unlike C;,Ala/SDS system, the fingerprint-like
texture observed with C;,Gly/SDS system does not show
concentric circles of threadlike micelles. Therefore, such liquid
crystal structures cannot be called as cholesteric phase. This is
because in C;,Gly/SDS system, there is no chiral center in the
C1,Gly molecule. This observation therefore supports the mech-
anism proposed for the generation of cholesteric behavior of

lyotropic liquid crystal systems. The threadlike micelles in the
case of the C;,Gly/SDS system are, however, highly ordered.
The average distance between two adjacent threads is about
7 nm. The length of the threadlike micelles could not be precisely
measured, but the width of the micelles is about 5 nm. Since the
effective hydrocarbon chain length of C;,Gly is about 2.09 nm
(obtained after energy minimization of the molecular structure
by use of MM2 force field using Chem Draw 6.0 software), the
threadlike micelles are produced through one-dimensional
growth of rod-like micelles.

Fluorescence Microscopy. It is a frequent criticism that
negatively stained TEM micrographs result in artifacts because
the sample preparation method involves drying of the specimen.
Therefore, to substantiate the results obtained from TEM studies
we have taken fluorescence microscopic pictures of the mixtures
in dilute solutions containing 10 mol % of cholesterol (Chol),
which is known to stabilize bilayer membranes. This as well as
factors, such as temperature and salt concentration, that influ-
ence vesicle stability are discussed in the Supporting Information.
The microscopic images have been shown in Figure 6. The
pictures of the C;,Gly/SDS mixtures clearly reveal the existence
of large aggregates with an aqueous dye (CF) entrapped core that
resemble vesicular structures. It is interesting to note that the dye
entrapped vesicles formed by the C;,Gly/SDS mixtures are
~50—250 nm in diameter and are consistent with the results
obtained from DLS measurements. This confirms the morphol-
ogy of the vesicles obtained by TEM or DLS techniques. The
interesting phenomenon is that these dye-filled vesicles are not
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Figure 6. Fluorescence microscopic images of different C,,Gly/SDS mixtures (3 mM) containing 10 mol % Chol and 150 mM NaCl in phosphate

buffer, pH 7.4: (A) X; = 0.09 and (B) X; = 0.17 (2 mM).
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Figure 7. Variation of fluorescence anisotropy (r) of DPH probe and
solution viscosity (#7) of the binary mixtures in pH 7.4 at X; = 0.17 and
0.50 as a function of [C;,Gly-SDS].

deformed in a way that is usually observed in aggregates.
However, we failed to see any aggregates at higher concentra-
tions of the mixtures with X; = 0.5. This is because the diameter
of the threadlike micelles is around S nm which is much less than
the resolution of the microscope used.

Effect of Concentration. The shape and size of the aggregates
also depend upon the total surfactant concentration. To study
the concentration-dependent phase change we have measured
r-value of DPH probe at different concentrations of the C;,Gly/
SDS mixture at X; = 0.17. It is interesting to note that at pH 7.4,
the r-value decreases with the increase of total surfactant con-
centration as shown by the plots in Figure 7. This means that
hydrocarbon chain packing of the bilayer aggregates formed in
dilute solution becomes loosened upon increase of total con-
centration. This is possible only when the bilayer aggregates are
transformed either into spherical micelles or into rod-like
micelles; in which the hydrocarbon chains are more fluid
compared to bilayer aggregates.®” The vesicle-to-micelle transi-
tion is induced by the increase of total concentration of the
mixture and has been reported for many surfactant systems.*!

The vesicle-to-micelle transition is also supported by the
results of DLS measurements. Figure 8 shows the size distribu-
tions at various concentrations of the mixture having X; = 0.17. It
can be observed that the vesicle phase gradually disappears and
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Figure 8. Size distribution histograms of the aggregates at different
concentrations of the C,,Gly/SDS mixtures (X; = 0.17) at 30 °C.

smaller aggregates with hydrodynamic diameter around 3—5 nm
are formed as the total concentration is increased to 20 mM. This
is consistent with the decrease of r-value of DPH (Figure 7)
probe upon increase of total concentration. However, it should
be noted that DLS cannot distinguish shapes of scattering
aggregates. Since the solution viscosity (Figure 7) increased with
the increase of total concentration of the mixture, the decrease of
r-value must be due to the formation of rod-like micelles. This is
further confirmed by the TEM picture (Figure SC) which shows
existence of small rod-like micelles of length and diameter of
ca.200 and 20 nm, respectively. This means that the vesicle phase
exists only in dilute solution of the binary mixture in a narrow
range of compositions (X; < 0.17) and concentrations (<5 mM),
but the vesicles are transformed into rod-like micelles at con-
centration above 5 mM.

In contrast to the behavior of the binary mixture at X; = 0.17,
mixtures at X; = 0.50 exhibit a small increase of r-value of DPH
with the increase of concentration (Figure 7) which reaches
plateau at around 50 mM. This is obviously due to the increase of
the number of amino acid headgroup at the micelle surface,
which causes growth of the wormlike micelles forming threadlike
micelles. The one-dimensional growth of micelles should increase
rigidity of the hydrocarbon chains. Formation of threadlike micelles

5190 dx.doi.org/10.1021/1a1040147 |Langmuir 2011, 27, 5184-5192



Langmuir

is normally manifested by the increase of bulk viscosity of water.
Indeed, during sample preparation, it was observed that bulk
viscosity of water increased upon increase of total concentration
of the mixture. The viscosity change of the binary mixture at X; =
0.50 was therefore systematically studied at different concentrations.
The data are presented by the plot in Figure 7, which exhibits
gradual increase of viscosity with the increase of concentration
reaching plateau at a total concentration equal to 50 mM. It is well-
known that enhancement of bulk viscosity is proportional to the size
of the rod-like micelles.*” Thus, the increase of viscosity of a
surfactant solution can be attributed to the formation of threadlike
micelles. Surfactant solutions containing long threadlike micelles
have higher viscosity because of entanglement of the micelles.
Despite the high aspect ratio of the threadlike micelles (see
Figure S), the apparent viscosity of the isotropic solution of the
C1»Gly/SDS system is not very high. This is because the threads are
found to be connected with others at places. The lower solution
viscosity as a result of branching of the rod-like micelles has also
been reported by others.** In fact, micellar branching in solutions of
nonionic,™ ionic,*® and mixed surfactant systems4 is well-known.
Porte et al. first suggested the occurrence of micellar branching,** It
has been suggested that entropic factor is re;ponsible for micellar
defects, such as “end-caps” or “Y-junctions”.*

4. CONCLUSIONS

In summary, we have studied interactions between zwitter-
ionic (C,Gly) and anionic (SDS) surfactants. The mixed
C1,Gly/SDS systems were observed to have much lower cmc
and have greater surface activity not only compared to individual
surfactants, but also compared to other surfactants and surfactant
mixtures reported in the literature. The synergism is due to
nonideal mixing and strong electrostatic interaction (as indicated
by the negative 3 values) between C,,Gly and SDS surfactants to
form a pseudodouble chain anionic surfactant. The composition
dependence of 3 values has indicated formation of aggregates of
different shapes. In dilute solutions (<3 mM) with mixing ratios
X; < 0.17, the mixed system exhibit vesicle formation, which is
favored more in alkaline pH. In acidic pH, the vesicles are
converted to small mixed micelles. This suggests that the vesicles
thus prepared may find applications in pH-induced controlled
drug release. The mixed system with X; = 0.17 also exhibit
vesicle-to-micelle (rod-like) transition upon increase of total
concentration. However, only long threadlike micelles were
observed in concentrated solutions of the mixtures with X; >
0.17. It is interesting to note that the binary mixtures containing
higher molar fractions of C;,Gly (X; = 0.5 and 0.6) exhibit
fingerprint-like structures showing branching of the flexible
threadlike micelles.

B ASSOCIATED CONTENT

© Supporting Information. Surface tension plots, detailed
studies on the effect of salt on solution viscosity, and stability of
vesicles as a function of pH, temperature, salt and cholesterol
concentration have been presented. This material is available free
of charge via the Internet at http://pubs.acs.org.
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