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Mixed catanionic surfactant systems based on amino acids were investigated with respect to the formation of liquid
crystal dispersions and the stability of the dispersions. The surfactants used were afgaineyl amide dihydrochloride
(ALA) and N*-lauroyl-arginine-methyl ester hydrochloride (LAM), which are arginine-based cationic surfactants;
sodium hydrogenated tallow glutamate (HS), a glutamic-based anionic surfactant; and the anionic surfactants sodium
octyl sulfate (SOS) and sodium cetyl sulfate (SCS). It is demonstrated that in certain ranges of composition there is
a spontaneous formation of vesicular, cubic, and hexagonal structures. The solutions were characterized with respect
to internal structure and size by cryogenic transmission electron microscopy (cryo-TEM), dynamic light scattering
(DLS), and turbidity measurements. Vesicles formed spontaneously and were found for all systems studied; their size
distribution is presented for the systems ALA/SCS/W and ALA/SOS/W; they are all markedly polydisperse. The aging
process for the system ALA/SOS/W was monitored both by turbidity and by cryo-TEM imaging; the size distribution
profile for the system becomes narrower and the number average radius decreases with time. The presence of dispersed
particles with internal cubic structure (cubosomes) and internal hexagonal structure (hexosomes) was documented for
the systems containing ALA and HS. The particles formed spontaneously and remained stably dispersed in solution;
no stabilizer was required. (Cubosome and hexosome are USPTO registered trademarks of Camurus AB, Sweden.)
The spontaneous formation of particles and their stability, together with favorable biological responses, suggests a
number of applications.

Introduction they are used in quite a large number of applications: drug and
gene delivery systems, cosmetic and food formulations, models

Interest in dispersed surfactant and lipid liquid crystalline for membranes. microreactors. and substrates for a variety of
phases hasincreased strongly in recent years, and they are startin emoranes, microreactors, and substrates for a vanety o
nzymes and proteins, among oth€rs.

to be used in several applications. Scientists have known about X ) o .

vesicles for along time, and their similarity with cellmembranes ~ Cubosomes are dispersions of a cubic liquid crystalline phase
as well as their apparent capability of carrying cargo early on and_ are thus_partlcles with an _|nternal cubic structure, whereas
triggered the attention of the scientific community. Consequently, VeSicle solutions are often dispersions of a lamellar phase.
a large number of systems have been developed and studiegPispersed cubic structures were first detected in nature in the

including in their compositions naturally occurring lipil3,
double-chained surfactarts® and several kinds of mixed

late 1960s by Donnay and PawsHmfter removal of the organic
matrix from the echinoderm skeleton, a cubic structure was found.

surfactants (nonionic, cationic and/or anionic, double and/or single Patton and Caréyalso found cubic structures in the process of

tailed), some of them having grafted polymé&rs? Nowadays,
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fat digestion by human pancreatic lipase. However, the first
synthetic cubosomes were recognized when studying the phase
behavior of unsaturated monoglycerides (uM&djter it was
discovered that the uMG cubic structure could be dispersed into
micrometer-sized particles by mechanical breakup in the presence
of micellar solutions of bile salts or caseit’sl® Some years
afterward, LandH realized that amphiphilic block copolymers
stabilized these dispersed particles. The aim soon became to
make the smallest and most monodisperse particles possible;
techniques such as ultrasonication, homogenization, and
emulsificatior®=2> were applied.
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Some other ways of making cubosomes are being studied inby the belief that amino acid-based compounds would be much
order to facilitate their preparation for industrial purposes, for better tolerated by biological systems than conventional cationic
example, through the inclusion of a hydrotréper the use of surfactants. Indeed cell viability tests performed proved this to
dry powder precursorg.In the former proces¥the introduction be right; LAM, ALA, and HS presented cell viability percentages
of ethanolinto the system and the choice of an appropriate dilution above 90% (results to be published). ALA and LAM have also
pathway in the ternary phase diagram resulted in cubic dispersionsbeen reported as being biodegradaBlthis is also a relevant
without laborious fragmentation processes. In the latter?éne, feature for anumber of applications. Our work focused on mixed
two types of dry powder cubosome precursors produced by spay-systems between these two amino acid-based cationic surfactants
drying were presented; starch- and dextran-based encapsulantand different anionic surfactants, which also included sodium
are used to decrease powder cohesion during drying and to acbctyl and cetyl sulfate, SOS and SCS, respectively.
as a soluble colloidal stabilizer upon hydration of the powders. By catanionic surfactants we understand mixtures of cationic

Hexosomes are also dispersed particles with internal structureand anionic amphiphiles. Several catanionic surfactant mixtures
that in this case is hexagonal. Hexosomes were imaged for thehave been studied, and vesicles were generally found to form
first time by Gustafsson et &. The addition of a lipophilic spontaneousl§1°
additive, retinyl palmitate, to the glycerol monooleate-based cubic  Catanionic mixtures are known to present intriguing phase
structure results in the formation of a reversed hexagonal behavior, a spontaneous formation of vesicles being one of their
structure?® which can be dispersed by the addition of stabiliz- characteristics, together with the indication that the vesicles
ers3:3More recently, further dispersed hexagonal particles have formed are close to thermodynamic stability. For the systems
been presented (i.e., inamonolinolein/w&and amonolinolein/  studied here, the spontaneous formation of vesicles was one of
tetradecane/wat& system, where a reversible transition from the observations. In addition, cubosomes and hexosomes were
cubic via hexagonal to fluid isotropic can be tuned by temperature, visualized for the completely amino acid-based system (i.e.,
and in a mixture of diglycerol monooleate and glycerol dioleate mixtures of arginine- and glutamate-based surfactants). These
in wate??). All of these studies were performed in the presence systems are hoped to represent a step forward from a scientific

of a polymer-based stabilizer.

and application point of view first because of the growing need

The identification of these nonlamellar structures in biological to present new nontoxic and biodegradable systems and second
systems has motivated considerable work to characterize thembecause of the importance of exploring new systems displaying
aswellasto try to understand their role in the cellular mechanismsnovel properties.

where they participate. They are now believed to play an important

For all cubosome and hexosome systems presented so far in

role as transient structures in complex processes such as membrange literature, the presence of a stabilizer was crucial for these

fusior?>38and the formation of celtcell contacts through tight

dispersed structures to be form€eé1 This is not the case for the

junctions?’ Their colloidal, chemical, biocompatible, biodegrad- systems presented here where no stabilizer was needed; the

able, and surface properties provide a whole range of possibilitiesparticles formed spontaneously and remained stably dispersed
from gene and drug carriers (antifungal, anticancer agents, in solution for long times.

vaccines) and cosmetic formulations (skin care, shampoos) to

diagnostic and various uses in the food industry.

In our work, amino acid-based catanionic systems of single-
tailed surfactants are presented. We used arginine- and glutamate-

based surfactants: arginidélauroyl amide dihydrochloride
(ALA) and N¢-lauroyl-arginine-methyl ester hydrochloride

Experimental Section

Materials. Sodium octyl and cetyl sulfate (SOS and SCS) were
obtained from Merck and used as received. Sodium hydrogenated
tallow glutamate (HS), a glutamic-based anionic surfactant, was
obtained as a gift from Ajinomo#4°and was recrystallized from

(LAM) are arginine-based cationic surfactants with two and one ethanol before use. Regarding arginiddauroyl amide dihydro-
positive charges per headgroup, respectively; sodium hydroge-chloride (ALA) andN-lauroyl-arginine-methyl ester hydrochloride
nated tallow glutamate (HS) is a glutamate-based double chargedLAM), their synthesis and physicochemical properties can be found
anionic surfactant. Our studies were to a great extent motivatedin the literature®®4142 ALA and HS have two charges in the
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headgroup, positive and negative, respectively. All concentrations
are presented per charge. Water was purified using a Millipore Q
system.

Sample Preparation. Solutions of catanionic vesicles were
prepared by making stock solutions of individual surfactants,
combining them, at the desired concentrations, with the required
amount of water, and mixing all components by simple hand agitation.
Then, they were left to equilibrate at 2& for a few days. The
sample compositions of all systems selected for this study are reported
in Table 1.

Turbidity Measurements. Turbidity measurements were per-
formed for the vesicle systems ALA/SCS/W and ALA/SOS/W at
25°C. A Lambdal4 UV/vis spectrometer (Perkin-Elmer) was used,
at the wavelength of 400 nm, using a 0.5 cm path length quartz cell.
For the system ALA/SCS/W, turbidity experiments were also
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Table 1. Experimental Compositions of the Selected Systems Studfed

system sample iS] [S7] wt % W R observations

1 15.6 10.6 99.00 1.5 vesicles, rods, and lamella

2 3.9 2.6 99.75 1.5 vesicles, rods, and disks
LAM/ISCS/W 3 2.7 1.8 99.83 1.5 vesicles, rods, and lamella

4 1.6 1.0 99.90 1.5 vesicles, rods, and disks

5 43.6 17.4 98.50 25 rods and vesicles

6 46.3 15.8 98.50 2.9 rods and vesicles
ALAISCSIW 7 30.9 10.6 99.00 2.9 rods and vesicles

8 15.4 5.3 99.50 2.9 vesicles

9 58.2 34.4 98.00 1.7 vesicles

10 46.3 23.5 98.50 2.0 vesicles and rods
ALAISOS/W 11 29.1 17.2 99.00 17 vesicles

12 30.9 15.6 99.00 2.0 vesicles and rods

13 13.5 10.2 99.50 1.3 cubosomes and hexosomes
ALAHSIW 14 2.2 1.6 99.92 1.3 cubosomes and vesicles

2 The following abbreviations are used: ALA for arginifelauroyl amide dihydrochloride; LAM faN®-lauroyl-arginine-methyl ester hydrochloride;
SCS (SOS) for sodium cetyl (octyl) sulfate; and HS for sodium hydrogenated tallow glut&isitbe molar ratio between the cationic and anionic
surfactant. All concentrations are presented in mM on a charge basis. Note that ALA and HS have two charges per molecule.

performed at 40C; a Haake Fisons K20 temperature controller was w\"@"(%
used. Experiments were performed at intervals of about 8 days for N
24 days.

Cryogenic Transmission Electron Microscopy (cryo-TEM).
Cryo-TEM is a powerful technique for the direct visualization of 2
colloidal aggregates in aqueous media, provided particle sizes rangeX\
from 5 to 10 nm to Jum. Controlled sample preparation conditions
arerequired: acontrolled-environment vitrification system (CEVS),
at controlled temperature (to prevent temperature changes) and ()
humidity (to minimize water loss), was us&dVitrified samples
were prepared and imaged according to a procedure described in the
literature43-45 A Philips CM 120 Bio-Twin microscope equipped LAM, n=9 ALA, n=10 oo HS, n=14/16
with a postcolumn energy filter, using an Oxford CT3500 cryoholder o

and its workstation, was used. All images were recorded digitally Figure 1. Chemicalstructures of the amphiphiles used in this study.
through a CCD camera (Gatan MSC791). Their names are listed in the following abbreviations: ALA for

o . . . arginineN-lauroyl amide dihydrochloride; LAM folN®-lauroyl-
Dynamic Light Scattering. The setup for dynamic lightscattering  arginine-methyl ester hydrochloride; SCS (SOS) for sodium cetyl
(DLS) is an ALV/DLS/SLS-5000F, CGF-8F-based compact goni-  (octyl) sulfate; and HS for sodium hydrogenated tallow glutamate.
ometer system from ALV-GmbH (Langen, Germany).The light

source is a CW diode-pumped Nd:YAG solid-state Compass-DPSS
laser with symmetrizer from Coherent, Inc. (Santa Clara, CA). It
operates at 532 nm with a fixed output power of 400 mW. Perfect ~ Spontaneous Vesicle FormationSeveral catanionic vesicle
vertical polarizationis achieved using a Glan-Thomson laser polarizer systems composed of amino acid-based single-tailed surfactants
prism with a polarization ratio of better than 105 in front of the cell gre to be presented in this section. The chemical structures of
housing. The scattering cells were immersed in a cylindrical quartz the amphiphilic molecules used in this study can be seen in

container (a vat) thatis filled with a refractive index matching liquid Figure 1. From left to right, we have LAM, ALA, SOS/SCS, and
(decalin and toluene, for experiments at 22 anéi@Qespectively). ' ' ' '

The vatis positioned in a thermostated cell housing. The temperature F ixed catanioni ¢ th ibility of findi
of the vat can be varied from12 to+140°C and is controlled to or mixed catanionic systems, the possibility of finding a

4001°Cly 32 lsbonesg crzustr, Thegemomeer e 0 onasmes b e
arange of scattering ang etween 12 and 185The unpolarize | ’ . ' ;
scattered lightis collected using a near-monomodal optical fiber and literature®~846 A schematic representation of the water corner
two matched photomultiplers that are put in a pseudo-cross-correlationof @ ternary phase diagram can be seen in Figure 2, where we
arrangement. For DLS measurements using photon correlationhave lobes representing the region where the cationic and anionic
spectroscopy, two multiple digital correlators, ALV-5000/E and  vesicles are expected to exist.
ALV-5000/FAST Tau Extension, with a total of 320 exponentially  The factthatwe are dealing with pseudoternary systems instead
spaced channels are employed to produce the time correlation functioryf trye ternary ones should be pointed out. Actually, we have
of the scattered intensityG)(t) (auto or pseudo-cross), with an 5 fiye_component system in the sense of the Gibbs phase rule,
initial real sampling time of 12.5 ns. For DLS measurements, about and its representation should be pyramfitialstead of triangular.
1 mL of the vesicle solution was added directly to the cylindrical (The electroneutrality condition reduces the number of com-
light scattering cell. Prior to the measurements, the samples were onents to four.) Therefore, the pseudoternary phase diagram
kept at 22 and 40C, the desired measuring temperatures. ? _ i ’ P y pha 9

or STCI~, S"Nat, and water represents only a portion of the
phase pyramid. The full pyramid is needed to represent

NH

Results

(43) Bellare, J. R.; Davis, H. T.; Scriven, L. E.; Talmon JYElectron Microsc.
Tech.1988 10, 87—111.
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Figure 2. Schematic representation of the water corner of a
pseudoternary phase diagram with oppositely charged surfactants
The gray lobe inthe Srich side represents the region of net positively
charged vesicles.

compositions in multiphase regions where the surfactantion and
the associated counterion separate into different phases, as is th
case when precipitates form. For clarity, we do, however, present
the system as a pseudoternary phase diagram, emphasizing t
part close to the water corner.
In a thorough search for the one-phase vesicle region for all
systems, a large number of samples at different molar ratios of*
positively and negatively charged surfactants and different water : :
weight percentages were prepared. However, no attempt to” o .
determine the complete phase diagram was included in this study.Figure 3. Cryo-TEMimages of the system LAM/SCS/W. (a) Disks

. . . 2and small vesicles in coexistence obtained from sample 2; (b and
Inthe search for the samples containing vesicles, the observatlort) images of a sample of system 1 where a lamellar structure, vesicles,

that vesicle solutions have a bluish appear&fitassisted the  and rodlike micelles can be seen; (d) image taken for sample 4,
selection of the samples to be further characterized. Table 1 listswhere vesicles can be seen coexisting with rodlike micelles.

several samples studied and their corresponding compositions
and provides some observations concerning the different structure
that can be observed. The surfactant compositions are presente -
in molar concentration per charge, whereas the water content is
presented in weight percentage;represents the molar ratio
between the cationic and anionic amphiphiles, which includes
information on the excess positive charges in the surfactant
mixtures.

The technique primarily used to investigate the aggregate
structures in the different systems was cryo-TEM. The first system
to be discussed, which corresponds to the first in Table 1, is the
system LAM/SCS/W. Vesicles were found for all compositions &=
presented in Table 1; however, the vesicles coexisted in solution
with other kinds of structures: rodlike micelles, disks, and lamella = ©
(Figure 3).We denote by disks small lamellae, which, depending
on their size and orientation, can be imaged by cryo-TEM as a
circle, often with small contrast with the background, an ellipse
or a straight baf? The microcraphs in Figure 3 correspond to
images taken from sample 1 (Figure 3b and c), sample 2 (Figure
3a), and sample 4 (Figure 3d). In samples 1 and 3, the presence
of rodlike micelles and lamella in coexistence with vesicles was
documented, whereas for samples 2 and 4, rods and disks wer
found instead. Samples with= 1.3 and 99 or 99.5 wt % water :
were visualized by cryo-TEM with no structures seen. LS — .

Electrostatic forces are known to control the aggregation Figure 4. Cryo-TEM images of the system ALA/SCS/W. (a and
behavior of mixed ionic surfactant systefislo illustrate this b) Vesicles and rodlike micelles, samples 6 and 5, respectively; (c
effect, we changed from one singly positively charged cationic and dl) unilamellar and multilamellar vesicle images obtained from
surfactant to a doubly charged one, from LAM to ALA, sample 8.

respectively; the anionic surfactant was kept the same. The one-phase vesicle region found in sample 8 for this
We expected that the vesicle lobe would be larger for the particular system was characterized with respect to polydispersity
ALA-rich side because it is the shorter-chained surfactant. A by monitoring a large number of vesicles in the cryo-TEM images
one-phase region of vesicles was found for the system ALA/ taken. The size distribution was determined by measuring the
SCS/W atR = 2.9 and 99.5 wt % water (sample 8); see the djameter of each vesicle visualized in cryo-TEM. A population
cryo-TEM images in Figure 4c and d. Vesicles in coexistence of 426 vesicles was analyzed. The number-average radius was
with rodlike micelles were found for sample 5 (Figure 4a), sample cajculated, giving a value of 80.9 nm; the size distribution is
6 (Figure 4b), and sample 7; compositions are given in Table 1. represented in Figure 5a. Taking into account that the thickness
(48) Marques, E. FLangmuir 2000 16, 4798-4807 of the sample film in the cryo-?I'EM. teghni_que can go from _10
(49) Almgren. M.: Edwards, K.: Karlsson, Golloids Surf., A200q 174 to 500 nm, we believe that our size distribution does not constitute
3-21. an artifact affected by the range of sizes limited by the technique
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Figure 6. Cryo-TEM images of the system ALA/SOS/W. (a)
0 50 100 150 200 250 300 Coexistence of vesicles with rodlike micelles obtained from imaging
Diameter (nm) sample 12. (b-d) Unilamellar and multilamellar vesicle images

Figure 5. Vesicle size distributions obtained from cryo-TEM images obtained from sample 11. The white arrows indicate rodlike micelles.

taken for the systems (a) ALA/SCS/W, (b) an ALA/SOS/W 1-week-
old sample, and (c) an ALA/SOS/W 240-day-old sample. A
population of 426 particles was analyzed for the system containing
SCS, and the number-average radius obtained was 80.9 nm. A
population of 396 particles was analyzed for the 1-week-old sample
containing SOS, and the number-average radius obtained was 35.£
nm. For the older ALA/SOS/W system, we obtained a number-
average radius of 29.0 nm from measuring 479 particles.

but rather the real size distribution of the sample. However, it
is possible that a few larger aggregates may be excluded during
the process of creating a thin film of the sample. wom
We now consider the corresponding findings when we replaced
the anionic amphiphile SCS by SOS. With this change, we aimed
to address the effect of the surfactant hydrophobicity on the
vesicle formation because SOS is less hydrophobic than SCS
the degree of chain asymmetry was kept the same in the senst
that we still have a difference of four carbons between the two
surfactant tails in the mixed system, from C12/C16 (ALA/SCS)
to C12/C8 (ALA/SOS). The difference is thatin the former system

the cationic surfactant has the shorter chain whereas here it ig
the anionic; this does not seem to play a significant role in the
ability to form vesicles because vesicles were visualizeRi-at

1.7 for 98 (sample 9) and 99 (sample 11) wt % water. Cryo- K&

micrographs of the_se samples can b? seen in Figure 6: in partrigure 7. Cryo-TEM micrographs ofthe system ALA/HS/W, sample
a, we can see vesicles and rodlike micelles coexisting (sample14. (a—c) Vesicles and cubosomes and (d, €) fast Fourier transforms
12), and in parts bd, we see vesicles of sample 11. for the cubic particles.

As for the system containing ALA and SCS, the vesicle size b . h ist with th
distribution was estimated for sample 11 by analyzing a population P&am sensitivity. Other structures were seen to coexist with the
of vesicles within the cryo-TEM images taken. A population of vesicles; their characteristics will be discussed later in the text.
396 vesicles was analyzed. The number-average radius was Dynamlgllght scattering (DLS) experiments were pgrformed
calculated, giving a value of 35.5 nm. The vessicle size distribution 10" the vesicle system ALA/SCS/W, sample 8, with the intention
can be seen in Figure 5b. of comparing the number-average radius obtained from the cryo-

We will now turn to a discussion of the system where both TEM images with the hydrodynamic radiug. DLS s a

surfactants are based on amino acids. In systems with glutamate'-[echnlque that monitors the mean size of the particles through

based anionic surfactant HS, we found vesicleR at 1.3 and 2rm§§rsé\|/\vﬂeilsgf;t(tagc?]l;:rlEgtllc(r):r;h\?vtﬁ‘i\;‘ovrvs;argte ;Sz%\évgfgaefa e
99.92 wt % water. This can be seen in Figure 7a and b for the y q 9 g

composition correspo.nding to S?mple 14in Table 1 the imaging (50) Egelhaaf, S. U.; Wehrli, E.; Muller, M.; Adrian, M.; Schurtenberger, P.
process was very difficult for this sample because of the strong J. Microsc. (Oxford, U.K.JL996 184, 214-228.
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Figure 8. DLS results for the system ALA/SCS/W. (a) Apparent diffusion coefficients as a function of the square of the magnitude of the
scattering vector for the sample at 22; a hydrodynamic radiu®}y, of 181 nm was determined. (b) Apparent diffusion coefficients as a

function of the square of the magnitude of the scattering vector &€4anR, of 98 nm was determined. (c) Relaxation time distributions
at different scattering angles afid= 40 °C.

radius that may favor smaller sizes because of the preparationm? s~1 for the sample at 40C, corresponding to hydrodynamic
method of the sample film. radii of 181 and 98 nm, respectively.

Because of the high signal intensity obtained for the samples  The relaxation time distributions\(7) vs log@/us)] obtained
of the system containing ALA/SOS/W, the value of the from the regularized inverse Laplace transformation of the
hydrodynamic radius could not be properly determined; for the measured intensity time correlation functions at 4D are
system ALA/SCS/W, we performed the experiments at 22 and presented in Figure 8c. Polydispersity is shown by the width of
40 °C, and the results can be seen in Figure 8. No filtering or the relaxation time distributions.

centrifugation of sample 8 was performed prior to DLS  Erom the cryo-TEM experiments, we get a number-average
measurements so as not to affect the size dlstrlbgUon. vesicle radius of 80.9 nm, whereas with DLS, for the same
DLS measurements were performed at scattering angles oftemperature, we get a hydrodynamic radius of 181 nm. Thus, the

6 =70, 90, 110, 120, and 13@t 22°C andf = 70, 90, 110,  DLS values are markedly higher than the cryo-TEM values, as
and 130 at 40°C. The data were fitted to a single-exponential expected.

decay giving a mean average relaxation rate from which an

apparent di_ffusion coefficient is_calculated. I_nverse Laplace for the same system, ALA/SCS/W (sample 8), show that we
transformation® Were alsp used in the analysis. ) have higher turbidity for the samples at lower temperature (Figure
The hydrodynamic radiusRf;) can be calculated using the g Thjs feature could be related to a change from a multiple
Stokes-Einstein relationshifiRq = kT/(67170D), wherek is the scattering regime of the sample to a normal scattering regime
Boltzmann constant, is the absolute temperature, apgds the with increasing temperature or to a decrease in the particle size
viscosity of the medium, which is water in this study. with temperature. However, taking into account the DLS results
In Figure 8aand b, we can see the plot of the apparent diffusion presented above, we believe that this increase in turbidity is due
coefficients obtained at different angles versgs From the  toanincrease in vesicle size atlower temperature. Another feature
extrapolation to zerg?, we get apparent diffusion coefficients  ofthese turbidity experiments is that, independently of the system
of 1.25x 107 *2m? s~ for the sample at 22C and 3.6x 10712 studied or the temperature at which it was performed, a clear
decrease in turbidity with time is observed. In an attempt to
N E51) Coldrzegé B-l;gagleggfgegggR-: Mackel, M. J.; Zasadzinski, J. A.;; Jung, H.  understand this behavior better, we performed cryo-TEM for a
. (?g)g\?;légson%.; Schillen, K. Olofsson, G.; da Silva, R. C.; Loh] Whys. 24O'da¥'0|d ?amE"e .Of ALA/SQS/W (sample 11) and compared
Chem. B2004 108, 82—92. the vesicle size distribution with the one obtained for a 1-week-

Turbidity measurements made at room temperature afi@ 40
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Figure 9. Turbidity experiments performed at 400 nm. (a) System
ALA/SCS/W at 25 ®) and 40°C (O). (b) Systems ALA/SCS/W

(m) and ALA/SOS/W Q). Both experiments were performed at _ ' =
room temperature. Figure 10. Cryo-TEM micrographs of the system ALA/HS/W,

sample 13. (a and b) Cubosomes and (d and e) hexosomes are seen.
(c and f) Fast Fourier transforms for the dispersed hexagonal and

old sample (Figure 5b and c, respectively). A change in the size ¢ pic dispersed particles, respectively, are shown.

distribution profile can be noted, with a shift toward a less
polydisperse situation at longer times; a number-average radius Discussion
of 28.9 nm has been calculated from the analysis of 479 individual

vesicles, a clear decrease when compared with the value of 35.5  SPontaneous Vesicle Formationln mixtures of oppositely
nm obtained with the 1-week-old sample. charged surfactants, the electrostatic contribution to the free

. . energy of aggregation tends to favor aggregates with more nearl
Formation of Hexagonal and Cubic Structures.As men- dyolaggreg ggreg y

tioned ab int ting finding in th hf h neutral charge® leading to lamellar phases or solid crystals.
lonéd above, an interesting finding In the search fora one-phase, oy er, when there is an excess of one of the amphiphiles,
region of vesicles of the system of two amino acid-based

. vesicles can form, especially if there is a difference in the length
surfactants (i.e., ALA/HS/W) foR= 1.3 and 99.92wt % water ¢ tha two hydrophobic tail&5:56

(sample 14) was that of a different densely packed structure gy, gies presented in the literature on mixed catanionic systems
coexisting with the vesicles (Figure 7b and c). Fast Fourier i, \yater predicted the existence of a region of net positively
transforms (FFTs) of the data of Figure 7b indicate a cubic charged vesicles in the cationic surfactant-rich side, near the
structure aligned with thd 00_plane parallel to the beam direction  \yater corner, and they also predicted the possibility of spontaneous
(Figure 7d). The FFT of an area in Figure 7c is shown in Figure yeasicle formatiorf—846
7e. This direction corresponds to a cubic phase aligned withthe  Fqrthe system containing LAM and SCS, vesicles were found
(110plane parallel to the electron beam. From the particle for a1| compositions investigated; however, as mentioned in the
morphology, we infer that the FFT in Figure 7e corresponds to Results section, they coexist in solution with other kinds of
a particle with a cubic structure, a cubosome. For the systemstryctures: rodlike micelles, disks, and lamella (Figure 3). The
ALA/HS/W (sample 13), the FFT of the dispersed particles coexistence between vesicles and lamellas and/or rodlike micelles
obtained from the cryo-TEM images (Figure 10f) suggests that has been previously reported in studies of catanionic systems in
we are in the presence of the same cubic structures as found inthe fluid state’~1046 Studies done on the gel state of catanionic
sample 14. systems have also shown vesicle formation with an excess of
In our examination of microstructures for the same system, one of the surfactants; these vesicles were faceted, the appearance
we also found some well-defined hexagonally shaped particles_of facets being attributed to a coexistence between molten and
The FFT of the particle in Figure 10b indicates a hexagonal crystallized bilayers within the catanionic vesicté$2A theory
structure recorded along tfiB01direction. The shape of the  predicting the coexistence of vesicles and disks, where during
particles is very similar to that of dispersed particles with cocrystallization an excess of one of the surfactants accumulates
hexagonal symmetry, hexosomes, which has previously beenon the edges or pores rather than being incorporated into the
reportec®1:5354 The particles shown in Figure 10d also have crystalline bilayers, has also been presefited.

hexagonal symmetry as previously demonstrated in the ASymmetry in the tail chain length has been shown to favor
literature31-34.54 vesicle formation in compositions rich in the surfactant with the

shorter tail’889Thus, we were expecting to find the one-phase
vesicle region easily for the LAM/SCS/W system, which was
not the case. Although we could visualize vesicles for a range

Regarding the particle sizes, they range from 400 to 600 nm
for cubic particles and from 100 to 200 nm for hexagonal patrticles.

The internal structure of the particles was partially destroyed
during imaging because of the high beam sensitivity of the  (55) vuet, P. K.; Blankschtein, CLangmuir 1996 12, 3819-3827.

specimen. Therefore, the characterization and structure deter- (56) Yuet, P. K.; Blankschtein, [DL.angmuir1996 12, 3802-3818.
mination were difficult to make. Only small areas of the ordered g, iqmeres  coione at "As0oe o0y 1 - o 2er S Hoffmann, H.
' y Gradzielski, M.Colloids Surf., A2003 217, 165.
particles could thereby be analyzed. (58) Vautrin, C.; Zemb, T.; Schneider, M.; Tanaka,MPhys. Chem. B004
108 7986-7991.
(59) Dubois, M.; Lizunov, V.; Meister, A.; Gulik-Krzywicki, T.; Verbavatz,
(53) Monduzzi, M.; Ljusberg-Wahren, H.; Larsson, K.LlRngmuir200Q 16, J. M.; Perez, E.; Zimmerberg, J.; Zemb,Aroc. Natl. Acad. Sci. U.S.2004
7355-7358. 101, 15082-15087.
(54) Almgren, M.Aust. J. Chem2003 56, 959-970. (60) Safran, S. A.; Pincus, P.; Andelman, Sciencel99Q 248 354-356.
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of compositions, the vesicles were always in coexistence with charged polyelectrolytes with phase separation occurring near
other self-assembly structures. charge neutralizatioft.
On changing from a singly positively charged cationic Another interesting subject that can be addressed and, in

surfactant to a doubly charged one, from LAM to ALA, there general, creates a considerable amount of controversy is whether
are notable changes: the phase behavior seems to be simplifiedhese catanionic vesicles can be considered to be thermodynami-
because we find vesicles coexisting with rodlike structures alone. cally stable structures or not. Their spontaneous formation is a

Again, we expected that for the system containing SCS, the strong indication of their stability. However, other features also

1 ) B ,‘62 o . . .

vesicle lobe, if it existed, would be larger for the ALA-rich side hasveetcot t:g (t:r?gssl?zeeré(i;strtiziiﬁ)ihicf) ueld Llj)iﬁbsrtiim“?s/ I:letzla?r?e\:jv'lt?he
because this is the shorter-chained surfactant. In fact, as mentione pec : T eq N
in the Results section, a one-phase region of vesicles was foun ormation and properties of vesml_es have to be reversible upon
for the system ALA/SbS/W R =29 and 995 wt % water changing an external factor and independent of the method of
(sample 8); for the other samples c.haracteriz.ed vesicles Werep'reparatlon; and'they.should be in egmhbnum with nelghborllng.
found to co,exist with rodlike micelles (samplesB).’This is an smgle_-phase regionsinthe ph_ase diagram. Some of these criteria
indication of the electrostatic influence on the phase behavior are difficult to address experimentally. The one related to the

T . . . . equilibrium of vesicles with neighboring single-phase regions in
of the catanionic mixtures with facilitated vesicle formation. the phase diagram could be experimentally tested. Here we will

By replacing SCS with SOS, we illustrate the role of the consider only the vesicle size distribution for the systems ALA/
hydrophobic effect on vesicle formation. To make it clearer, we scs/wW and ALA/SOS/W as well as the time dependency of this
used similar chain asymmetry by going from a/C1sto a G2/ size distribution.

Cg S'/S™ tail-length ratio. Vesicular structures were found at  size distributions obtained from cryo-TEM images are known
R = 1.7 and 98 (sample 9) and 99 (sample 11) water weight to shift toward smaller radii while DLS experiments yield a size
percentages. For samples 10 and 12, vesicles were found to coexisdistribution that shifts toward larger particlékst Furthermore,

with rodlike micelles. The fact that we found a one-phase vesicle cryo-TEM images correspond to a projection of the particles in
region at 98 wt % water and above, for a fixed ratio between the the image plane and are believed to provide close to the real bulk
cationic and anionic surfactants, indicates that this system hasdistribution§®51as long as the particle size is within the resolution
alarger cationic vesicle lobe than all of the other systems presentedimit of the technique. As stated above, we believe this to be the
so far. It seems that the presence of a shorter-chained surfactantase for both systems considered here (i.e., ALA/SCS/W and
induces better packing of the tails within the bilayer and softens ALA/SOS/W).

the membrane. Yuet and Blankscht&ideveloped a theory that The vesicle size distributions were estimated by analyzing a
was applied to describe vesicle formation in the cetyltrimethyl- population of vesicles within the cryo-TEM images. For the
ammonium bromide/sodium octyl sulfate, CTAB/SOS, system. vesicles with SCS, a number-average radius of 80.9 nm was
In this theory, the free-energy terms include the contributions of obtained, whereas for the vesicles with SOS, we got a value of
the surfactant-tail packing, the steric interactions of the surfactant35.5 nm (Figure 5b). The system containing SCS was highly
headgroups, and the electrostatic interactions between oppositelyolydisperse when compared with the SOS system. It has been
charged surfactant heads. The application of this theory to describeshown previously that vesicles formed by catanionic surfactant
the effect of the surfactant tail length showed that surfactant mixtures of unequal chain length are typically polydispé&pda.
tail-length asymmetry between the two components has a vesiclea study by Coldren et atl, it has been shown that the stiffer
stabilizing effect. The shorter tails can fit nicely into the space (higher bending constari) the bilayer the less polydisperse the
near the outer hydrocarbenvater interface without protruding  vesicle sample; these authors determined the sum of the Helfrich
deeply into the hydrophobic region. Consequently, the 8-carbon bilayer elastic parameters and the spontaneous curvature radius
chain surfactant used, SOS, would cover the outer interfacefrom the size distribution obtained from the cryo-TEM images
without interfering significantly with the packing environment for three different systems. Relating their results to ours, we can
of the 12-carbon chain from ALA in the hydrophobic interior, inferthatthe vesicle system composed of ALA and SOS probably
thus facilitating the formation of curved surfaces and hence vesiclehas higher bilayer stiffness than that composed of ALA and
formation. SCS, resulting in a less polydisperse size distribution as can be

For the system containing ALA and HS, vesicle structures S€€n in Figure 5b. _
were also found (sample 14, Figure 7a.and b). However, adifferent  AS expected, the vesicle size determined by DLS was larger
densely packed structure was found to coexist with them; a than the one obtained from cryo-TEM analysis; we got a value
discussion of this structure will be presented below. A one-phase ©f 181 from DLS and avalue of 80.9 from the cryo-TEM analysis
region of vesicles alone was not found, and we believe that this fOF the same temperature. o _
can be attributed to the particular characteristics of the two A decrease in the hydrodynamic radius for the vesicles of the
surfactants: they are both doubly charged, and HS has the highestYStem ALA/SCS/W from 181 to 98 nm was found when

degree of hydrophobicity of all of the amphiphiles used in this increasing the temperature from 2.2 to* Turbidity measure-
study. ments confirmed that the particles are smaller at higher

Ab tated that | partitioni fth fact ttemperature. Moreover, we noted a decrease in turbidity with
ove, we stated thatan unequalpartitioning ofthe surtactant ., 0 '\yhich made us compare the vesicle size distribution of a

electric charges between the outer and inner layers of the particle; ., oo _qig sample with that of a 240-days-old one (Figure 5b
takes_ pl_ace in the formatlor_l of the cgtablomc v_eS|éfe§h|s and c). A change in the number-average vesicle radius with time
possibility raises the following question: what is the role of -, 35 519 28.9 nm has been determined. Similar observations

excess §urfac§ant in vesicle fgrmatmn apd stability for the pave been made before by Kaler ef aind have been related
catanionic vesicles? If we consider that with an excess of one
of the surfactants the vesicles will have a net charge, then this  (61) Marques, E. F.; Regev, O.; Khan, A.; Miguel, M. D.; Lindman, B.
net charge will give rise to electrostatic vesieleesicle repulsion Ma(flég)l‘ﬂl_olecalle-"l??le%, ﬁﬁ'ﬁ&gsg’f?'mgg? 128 2738

. . . . . aughlin, R. GColloids Surf., 4 —38.
and thus increase the stability of the vesicles in the solution. The  (g5) 5,ng. H."T.. Coldren, B.. zasadzinski, J. A.: lampietro, D. J.; Kaler, E.

net charge will also control the interactions with oppositely w. Proc. Natl. Acad. Sci. U.S.£2001, 98, 1353-1357.
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to the effect of mixing on the local surfactant concentration. The  These findings are significant because cubic dispersed patrticles
vesicle size is expected to depend on composition, with the bilayer have recently been the subject of a great number of studies because
curvature decreasing as a near-equimolar composition is ap-of their interesting internal structure and their considerable
proached. Therefore, procedures with poor mixing, such as ours,potential from an application point of vieW#.They are even
produce widely varying local compositions and a correspondingly more interesting in our case because they form without adding
wide distribution of sizes initially. In a study by Marqués, any stabilizer, which otherwise is a common feature of these
where the size and stability of catanionic vesicle systems were systemg8.30.32-34,53,66
analyzed with respect to varying preparation method and aging, .
it was shown that different preparation paths for an identical Conclusions
bulk composition lead to the formation of the same type of self-  The spontaneous formation of vesicles as well as particles
assembled structures but that the size and polydispersity of thewith cubic and hexagonal internal structures has been reported
vesicular aggregates varied between the different preparationfor catanionic amino acid-based surfactant systems. A balance
paths. Because the polydispersity is related to different metastablebetween electrostatics and hydrophobic interactions contributes
states, the equilibrium size distribution may not be easily reachedto the final structures formed. The spontaneous formation of
and then only at an extremely slow rate. Hao efdhowever, vesiclesis favored by electrostatics and an alkyl chain asymmetry,
have shown that catanionic vesicles, with an excess of the cationicwhereas a decrease in the degree of hydrophobicity gives an
surfactant, correspond in the very dilute region to nonequilibrium additional flexibility to the bilayers. The size distribution profiles
structures. These authors demonstrated that vesicles formof vesicles are presented for mixed systems of arginine-based
spontaneously in extremely dilute catanionic surfactant systemssurfactants and two classical anionic surfactants; a considerable
if one of the components is produced by an in-situ chemical degree of polydispersity is found. The size distribution profile
reaction rather than by mixing of the components, thus avoiding is found to become more narrow, and the number-average radius
the influence of shear-stress forces, and that the resultant vesiclés lower with time. Previously it was shown that the size
phase is athermodynamically stable state. Almfréhalso argues distribution depends on the preparation metffothe solutions
that truly equilibrated vesicles should have a size distribution are found to remain vesicular for very long periods of time.
that is independent of the history of the samSl@nly if that The presence of particles with internal cubic and hexagonal
holds true can the various theories for the size of equilibrium structures is demonstrated from fast Fourier transforms of the
vesicles be testett,and he notes that there is nothing to indicate cryo-TEM images for a mixed system of one anionic and one
that vesicles are anything but a dispersion of the lamellar phase.cationic amino acid-based surfactant. The particles appear to
As a summary of this discussion and keeping in mind the fact correspond to the cubosomes and hexosomes presented in the
that we managed to demonstrate vesicles for all systems presentediterature. They form spontaneously, and no stabilizer needed to
we can infer that the stability of these catanionic vesicles is be added for their formation. The ease of formation and stability
ensured by the excess of one the surfactants and that the vesicle@f these particle dispersions opens them to a broad range of

form spontaneously and remain stable for long periods of time. applications, such as candidates for drug-delivery systems in
Particles with Hexagonal and Cubic Internal Structures. particular because these surfactants are found to have low toxicity

A notable finding of this investigation of particles in mixed 2and to be biodegradable.
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