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bstract

Mixtures of dioctadecyldimethylammonium chloride (DODAC) cationic vesicle dispersions with aqueous micelle solutions of the anionic
odium cholate (NaC) were investigated by differential scanning calorimetry, DSC, turbidity and light scattering. Within the concentration range
nvestigated (constant 1.0 mM DODAC and varying NaC concentration up to 4 mM), vesicle → micelle → aggregate transitions were observed.
he turbidity of DODAC/NaC/water depends on time and NaC/DODAB molar concentration ratio R. At equilibrium, turbidity initially decreases
moothly with R to a low value (owing to the vesicle–micelle transition) when R = 0.5–0.8 and then increases steeply to a high value (owing to the
icelle–aggregate transition) when R = 0.9–1.0. DSC thermograms exhibit a single and sharp endothermic peak at Tm ≈ 49 ◦C, characteristic of

he melting temperature of neat DODAC vesicles in water. Upon addition of NaC, T initially decreases to vanish around R = 0.5, and the main
m

ransition peak broadens as R increases. For R > 1.0 two new (endo- and exothermic) peaks appear at lower temperatures indicating the formation
f large aggregates since the dispersion is turbid. All samples are non-birefringent. Dynamic light scattering (DLS) data indicate that both DODAC
nd DODAC/NaC dispersions are highly polydisperse, and that the mean size of the aggregates tends to decrease as R increases.

2006 Elsevier B.V. All rights reserved.
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. Introduction

A typical surfactant contains one or two hydrocarbon chains
ttached chemically to a polar group, for example, a quaternary
mmonia, that favors the surfactants to assemble in solution as
number of structures such as micelles or vesicles [1]. Such
feature, however, is not characteristic of bile salts (BSs) that

re natural anionic surfactants important as emulsifiers in the
igestive tract and excretion of lecithin and cholesterol [2–4].
he BSs have planar molecular structure with the hydrophobic
art being rigid nonpolar steroid rings that contain two or three
OH as hydrophilic group. The BSs do not exhibit a well-defined
ritical micelle concentration (CMC) and their self-assembly
as low cooperativity [5,6]. BSs have two CMC values. At the
rst CMC the BSs self-assemble as primary micelles of low
ggregation number, typically 4–10 [2,3,7–10]. At the second

MC they form rather large micelles whose size increases with

he BS concentration [9]. It has been reported values of 6.3 and
4.1 mM for the first and second CMC of sodium cholate (NaC)
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10], although different values obtained by different methods
an be found in the literature [11].

Dioctadecyldimethylammonium chloride (DODAC) is a long
ouble chain surfactant that in excess water, self-assembles
bove the gel-to-liquid-crystalline phase transition temperature
Tm ≈ 49 ◦C) as large unilamellar vesicles (LUV) [12–14]. At
igher concentrations they tend to associate as more complex
tructures such as multistructural vesicles [14]. In addition to
oncentration and the chemical constitution of the cationic sur-
actant, the preparation method also determines the vesicles
haracteristics, including the size, stability and Tm [12,15,16].

Mixtures of micelle-forming with vesicle-forming surfac-
ants yields formation of either micelle or vesicle structures as
ell as intermediate structures or phase separation depending on

he surfactant architecture and concentration [17–20]. BSs can
hus be used as additive (cosurfactant) to stabilize or destabilize
esicle structures, as well as to modify their properties. Aqueous
ixtures of BS with DODAC give a rich variety of aggregate

tructures whose properties are not clearly understood.

Both vesicles and micelles are important in many applica-

ions and the capability of forming either vesicles or micelles
rom a mixture of surfactants in aqueous solution, by varying
nly the surfactant composition, is a very promising research

mailto:eloi@df.ibilce.unesp.br
dx.doi.org/10.1016/j.tca.2006.08.003
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eld. In this work we report DSC, turbidity and light scattering
esults on the effect of adding the BS sodium cholate (NaC) to
he cationic DODAC vesicles. The structural transitions vesi-
le → micelle → aggregate are reported. Since these structures
re obtained by mixing a cationic and an anionic surfactant, the
tructures can be referred to as catanionic micelles, vesicles or
ggregates.

. Experimental

.1. Materials

Recrystallized DODAC was obtained from its homologous
ioctadecyldimethylammonium bromide (DODAB) (Sigma) by
ounterion exchange, as described elsewhere [21]. Sodium
holate (NaC) was used as received from Sigma. Ultrapure water
f Milli-Q-Plus quality was used for sample preparation. Fig. 1
hows the molecular structures of DODAC and the NaC.

.2. Sample preparation

DODAC vesicles were prepared by warming a 10 mM
ODAC/water mixture to 60 ◦C (above its Tm ≈ 49 ◦C) to obtain
homogeneous solution by manual agitation and then cooling
ack to room temperature for storage, as described previously
12–14]. After being cooled DODAC vesicle dispersions remain
table for months at 5 ◦C [14]. NaC micelles were prepared by
ixing 20 mM surfactant with water at room temperature. The
ODAC dispersion was diluted to 1.0 mM to which aliquots of

he NaC micelle solution were added to the desired concentra-
ion for the experimental investigation.

.3. Turbidity

Turbidity was measured as a function of the NaC/DODAC
olar ratio R using a Hitachi spectrophotometer (model U-2001)
quipped with a quartz cell of 1.0 cm optic length. The measure-
ents were made 5 min after each addition of the NaC solution

nto the vesicle dispersion; between the addition of NaC and the
tart of measurements the samples were mechanically mixed

Fig. 1. Molecular structures of NaC and DODAC.
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sing a magnetic stirrer. Turbidity was also measured as a func-
ion of time after mixing the compounds, using a Perkin-Elmer
V/vis spectrophotometer model Lambda 14 with a quartz cell
f 0.2 cm optic length. The measurements started immediately
fter addition of NaC into the vesicle dispersions.

.4. Differential scanning calorimetry (DSC)

DSC measurements were made using a MicroCal MC-2
MicroCal, Northampton, MA) calorimeter equipped with twin
ells of 1.2 ml for the reference and surfactant samples. A DSC
hermogram indicates the power required to maintain the refer-
nce and sample at the same temperature and pressure during
n upscanning of temperature at a constant rate (+1 ◦C/min in
his work). The difference between the thermograms of the ref-
rence and sample is proportional to the change in the excess
eat capacity (�Cp). The mean Tm of DODAC or DODAC/NaC
ispersions is given by the position of the peak maximum in the
hermogram, whereas the area under the peak gives the enthalpy
hange (�H) of this transition. The peak width at half-height
�T1/2) is inversely proportional to the cooperativity of the tran-
ition.

.5. Dynamic light scattering (DLS)

DLS measurements give information about the vesicle hydro-
ynamic radius (Rh) and polydispersity of particles in solution.
n this study we made DLS measurements to investigate the
ffect of NaC on the apparent size and polydispersity of DODAC
esicles in water. Since the dispersions are highly polydisperse,
t is meaningless to obtain the actual Rh, but the trend of Rh
o vary as R = NaC/DODAC is varied. The measurements were
arried out using an ALV5000 scattering apparatus. The mea-
urements were made 24 h after addition of NaC to DODAC.
he scattering angle and temperature were 90◦ of 25 ◦C. The

nstrument measures the autocorrelation function of the light
cattering intensity that exhibits a time exponential decay char-
cteristic of the particle size. The data are usually presented as
distribution function of the characteristic or relaxation time

12].

. Results and discussion

Turbidity and DLS measurements for the DODAC/NaC/
ater system were carried out as a function of the surfactant

oncentration and time in order to gain information on the
tructure changes of the aggregates upon addition of NaC to
.0 mM DODAC vesicle dispersion. DSC measurements were as
ell performed to investigate structural changes in the DODAC
esicles, and the vesicle–micelle–bilayer aggregate transitions
romoted by adding NaC to the dispersion.

.1. Turbidity: kinetics of surfactant interaction
Fig. 2 shows the effect of time on the turbidity (220 nm) of
he DODAC/NaC/water system measured immediately after the
ddition of NaC micelles into the dispersions of vesicles, for
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Fig. 2. The effect of time and NaC/DODAC molar ratio (numbers besides the
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ing to the DSC thermograms. The notation R = NaC/DODAC = 0
urves) on turbidity for the NaC/DODAC/water system. Time t = 0 corresponds
o the time when the surfactants were mixed (25 ◦C).

onstant 1.0 mM DODAC and varying NaC concentration. For
eat DODAC (R = 0) in water the turbidity does not change with
ime (results not shown) and equals ca. 0.35. For R = 0.1 the
urbidity initially decreases steeply and then it increases with
ime up to ca. 4 h (ca. 250 min) to attain a plateau value around
.35, indicating mixing equilibrium.

For R = 0.2 there is an initial steep decrease in turbidity with
ime followed of a slightly increase up to about 12.5 h (ca.
50 min), when it attains a maximum and decreases to attain
plateau after about 33 h (ca. 2000 min). For this R, the system
quilibrium is attained after a quite long time.

For ratios R = 0.3, 0.4 and 0.7 the turbidity exhibits simi-
ar behavior: a steep initial drop followed by a long plateau
haracteristic of stabilized structures, most probably mixed
ODAC–NaC micelles because of the very low turbidity and

olution transparency; at these ratios the stabilized structures
mixed micelles) are formed very quickly. The plateau turbidity
s ca. 0.17 for R = 0.3 and ca. 0.14 for R = 0.3 and 0.7, indicat-
ng that the minimum plateau is attained when R ≈ 0.4. These
ata suggest that vesicles and micelles coexist around R = 0.2
ecause of the intermediary turbidity values. For R > 0.3 the
ow turbidity indicate that mixed micelle structures dominate.
ccording to Fig. 2, at the equilibrium plateau the turbidity drops
ith R, remaining constant for R > 0.3. The turbidity curve for
= 0.2 has a different profile from those for R = 0.1 and 0.3,

ossibly owing to the coexistence of mixed micelle and vesi-
le structures in the dispersion. The results thus indicate that
aC is an efficient solubilizer for DODAC molecules, yield-

ng to a fast vesicle–micelle transition at a rather low NaC
oncentration.

Even though the CMC of DODAC is close to zero [12]
nd that for NaC is not well-defined in the range of 4–20 mM
11], the mixed surfactant system might have an intermediary
MC that favors micellization within appropriate surfactant

oncentrations, that is, the lower plateau is characteristic of
ixed DODAC–NaC micelles instead of free DODAC and NaC
onomers in solution.

r
m
t

ig. 3. Turbidity for the DODAC/NaC/water system as a function NaC/DODAC
olar ratio, R, measured 5 min after mechanical mixing the solutions (25 ◦C).

.2. Turbidity: the effect of concentration

Fig. 3 depicts the turbidity as a function of R = NaC/DODAC.
he measurements were made 5 min after each addition of

he NaC, at 25 ◦C and under mechanical agitation to accel-
rate the sample equilibrium. Due to structural changes in
he dispersion promoted by the addition of NaC into the
esicle dispersion, the turbidity initially decreases progres-
ively until R ≈ 0.5, indicating that smaller structures are being
ormed in the DODAC/NaC/water mixture, probably mixed
icelle and vesicle structures coexist within this transition

egion. For R = 0.5–0.9 the turbidity is constant equal to ca.
.2, and is not affected by the addition of further NaC, indi-
ating that the DODAC solubilization is complete and only
aC/DODAC mixed micelles are present in solution. The mech-

nism of DODAC solubilization by NaC to form mixed micelles
esembles those for BS/lipid systems reported in the literature
7,22–25].

Around R = 0.9 the addition of a small amount of NaC induces
pronounced structure transition of mixed micelles to much

arger structures, and the turbidity increases steeply to a high
lateau value of around 3-fold the initial turbidity of pure
ODAC vesicles or 22-fold the turbidity of mixed DODAC/NaC
ixed micelles (Fig. 3). The architecture of these aggregates

equires a detailed investigation and is beyond the scope of the
resent work.

.3. The thermotropic phase behavior of the
ODAC/NaC/water system

Fig. 4 shows the effect of NaC on the thermotropic phase
ehavior of DODAC vesicles in aqueous dispersions, accord-
epresents pure 1.0 mM DODAC in water. Up to R = 0.4 the ther-
ograms exhibit a well-defined peak characteristic of the gel-

o-liquid-crystalline phase transition temperature Tm, or melting
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Fig. 6 shows that at equilibrium the light scattering intensity
varies with R = NaC/DODAC in a similar fashion as the turbid-
ity (Fig. 3), thus corroborating the vesicle–micelle transition.
The distribution functions of relaxation time (τ) for different
ig. 4. The effect of NaC on the DSC (upscan) thermograms for 1.0 mM
ODAC dispersions. The NaC/DODAC molar ratios, for R < 1.0, are indicated
ear the curves.

emperature, of the surfactant system. For R = 0 (neat DODAC
esicles), Tm = 48.4 ◦C, in good agreement with data previously
eported [13,18]. Upon addition of NaC, Tm decreases and the
eak broadens and becomes smaller to vanish around R ≈ 0.5;
t this ratio the peak is not well defined. That also reflects in
he transition enthalpy that decreases with increasing R, from
1.6 to 0.2 kcal/mol when R increases from 0 (neat DODAC) to
= 0.4 (Table 1). Similar behavior was reported for the effect

f nonionic surfactants to DODAC (and to the homologous
romide surfactant, DODAB) vesicles [18]. The DSC results
learly indicate that the complete vesicle–micelle transition for
he DODAC/NaC/water system takes place around R ≈ 0.4–0.5
hen the transition peak vanishes, in good agreement with the

urbidity data shown above. Relative to nonionic surfactants
13,18], the NaC is a better solubilizer of DODAC (or DODAB),
ost probably because of the strong electrostatic interaction

etween the oppositely charged surfactants.
The well-defined peak for R = 0.1 and 0.2 indicates the exis-

ence of NaC–DODAC mixed vesicles with smaller Tm rela-
ive to the neat DODAC vesicles. The peak broadens when R
ncreases, indicating that the mixed bilayer structures exhibit a
airly cooperative transition around Tm, indicative of a smooth
esicle–micelle transition. Beyond R ≈ 0.5 there is no sign
f bilayer structures in solution, but only micelles and the
olution is clear. As discussed above, probably a mixture of

ilayer and micelle structures coexist in the intermediary region
etween the neat DODAC vesicles and mixed DODAC–NaC
icelles.

able 1
alues of Tm, T1/2 and �H for the DODAC/NaC/water system obtained from
SC experiments

aC/DODAC Tc (◦C) T1/2 (◦C) �H (kcal/mol)

.0 48.4 0.7 11.6

.1 46.2 1.3 7.3

.2 45.3 0.9 3.8

.3 43.1 0.9 0.8

.4 41.2 2.2 0.2 F
r

ig. 5. The effect of NaC on the DSC (upscan) thermograms for 1.0 mM
ODAC dispersions. The NaC/DODAC molar ratios, for R > 1.0, are indicated
ear the curves.

The thermograms for R > 0.5 exhibit no peak indicat-
ng that there are only small mixed micelles in solution,
hat is, the vesicle–micelle transition is complete. A sec-
nd (micelle–aggregate) structure sharp transition occurs when
> 0.9 (Fig. 3). Beyond R ≈ 0.9 the dispersion is turbid and the
SC thermograms exhibit two peaks, one exothermic centered

t 18.2 ◦C and the other endothermic around 26.5 ◦C for R > 1.5
Fig. 5). The origin of these transition peaks is not clear, but is
robably related to changes in structure and phase that are sensi-
ive to temperature. Table 1 summarizes the values of Tm, �T1/2
peak width) and �H (change in transition enthalpy) for different
up to 0.4. Accordingly, �T1/2 increases from 0.7 to 2.2 ◦C (the

ransition becomes less cooperative) and �H decreases from ca.
2–0.2 kJ/mol when R increases from 0 to 0.4 (the gel-liquid
rystalline transition becomes less energetic), that is, NaC sta-
ilizes the liquid-crystalline state of the surfactant chains.

.4. Dynamic light scattering (DLS) results
ig. 6. Mean light scattered intensity as a function of the NaC/DODAC molar
atio R, for the NaC/DODAC/water system. θ = 90◦ and 25 ◦C.
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Fig. 7. Relaxation time distribution functions for the NaC/DODAC/water sys-
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ndicate the peaks related to mixed micelles (MM), mixed vesicles (MV) and
eat DODAB cationic vesicles (CV).

alues of R are shown in Fig. 7. These curves indicate that the
ispersions of 1.0 mM DODAC vesicles are quite polydisperse,
s reported before [14] and the added NaC tends to shift the
eaks to the left, i.e., the modes of the relaxation time distribu-
ion tend to become faster, indicating the formation of smaller
ggregates. Note that the relaxation time distributions exhibit
ulti-peaks, that is, populations of structures having different

ize. Each peak represents a population of vesicle and/or micelle
tructures. It is also indicates that not only the vesicles but also
he mixed micelles are large and polydisperse. Grossly Rh of the
eat DODAC vesicles ranges from 1000 to 1100 nm whereas Rh
f the mixed NaC–DODAC micelles, for R = 0.7 (Fig. 7) ranges
rom 15 to 20 nm, since Rh is inversely proportional to the diffu-
ion coefficient which is in turn proportional to Γ = 1/τ, where
is the relaxation time [12].

. Conclusion

The results indicate that the aggregates formed in the mixture
f up to 2.0 mM NaC with 1.0 mM DODAC vesicles depend on
he NaC concentration. Within the range of surfactant concen-

ration investigated, a vesicle → micelle → aggregate transition
as observed, with the vesicle–micelle transition being smooth
hile the micelle–aggregate transition being steep. By “aggre-
ate” we mean large unknown structures in turbid dispersions,

[

[

ica Acta 450 (2006) 76–80

hat exhibit two transition peaks for the DSC thermograms,
ne exothermic at 17.5–18 ◦C and the other at 26.6 ◦C (Fig. 5).
ixed NaC/DODAC micelles are formed for intermediary val-

es of R ≈ 0.5–0.8. According to the DLS data, these mixed
icelles are ca. 100-fold smaller than the vesicles and the solu-

ion is clear. For smaller R (<0.5) there is most probably a
ixture of mixed vesicles and micelles in solution, since the

esicle–micelle transition is smooth. For larger R (>0.8), a mixed
icelle–aggregate cooperative transition takes place. Dynamic

ight scattering results also indicate that 1.0 mM DODAC vesi-
les in aqueous dispersion are large and polydisperse, either in
he absence or presence of NaC.
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