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Abstract

This work reports the study of surface and aggregation properties of formulations containing mixed
niosomes of the non-ionic surfactant sorbitan monooleate (Span 80) and the cationic surfactant
cetyltrimethylammonium bromide (CTAB), in concentrations of 20 and 4 mol/m3, respectively, in salt-
free water and in the presence of NaCl (20, 50 and 80 mol/m3). The aim of this work was the
formulation of stable Span 80 and CTAB mixed niosomes with low surfactant concentration. The mixed
niosomes were prepared by ultrasonication and their properties (surface tension, particle size
distribution, C-potential, stability over time and morphology) were measured using different
techniques. Data were analyzed and compared with those of the individual surfactants. Experimental
results show that the addition of salt decreased the critical micelle concentration (CMC) and the
surface tension of the surfactant dispersions with relation to their free-salt formulations. The presence
of CTAB in the mixed niosome bilayer decreased the particle size and increased the stability of the
mixed niosomes in all the formulations studied, compared with those of single Span 80. Synergism
between both surfactants was obtained in the formation of niosome bilayers for formulations in pure
water and with 20 and 50 mol/m?3 of salt, while antagonism was observed in that of 80 mol/m3 NaCl.
These results may allow the use of CTAB adsorbed on mixed niosomes in industrial applications, taking
advantage of its antiseptic and antibacterial properties and solving the limitation imposed by its high
Krafft temperature.
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1. Introduction

Niosomes are vesicles formed by self-assembly of non-ionic surfactants in aqueous media that
results in closed bilayer structures. Their use has increased considerably in recent years due to their
practical applications in many fields, such as medicine, cosmetics, food and pharmaceuticals, mainly
due to their ability to microencapsulate compounds of different nature. They can be an alternative to
liposomes due to their biological compatibility, high purity, greater chemical stability, low toxicity, low
cost and better handling and storage [1-4]. Also, the use of niosomes as extraction agents of solutes
present at very low concentration in agueous solutions is a new application in the field of sustainable
processes that has been explored in previous works [5-7].

The formation of stable niosomes is a non-spontaneous process that needs some energy input, so
different techniques have been used to form these vesicles [8—10]. Sonication was used in this work,
since it is an easy and fast technique, and does not involve the use of organic solvents.

There are a large number of non-ionic surfactants available, which are non-toxic and relatively low-
cost materials for niosomes design, greatly increasing the attractiveness of these vesicles for industrial
production [3,11]. In general, vesicle formation without additives occurs for surfactants with a very
low hydrophilic-lipophilic balance (HLB) at a relatively high surfactant concentration [12,13]. Sorbitan
monooleate (Span 80) is an attractive surfactant because it is generally recognized as safe (GRAS) by
FDA, biodegradable, biocompatible and non-toxic, features that make it ideal for use in
pharmaceutical, cosmetic and food industry. It has a HLB value of 4.3 and can form stable niosomes
with addition of small quantities of additives as ionic surfactants [7] or cholesterol, widely used in
formulations to increase the membrane rigidity [14]. However, the study on its surface and bulk
behavior has hardly been investigated.

Cetyltrimethylammonium bromide (CTAB) is a cationic surfactant with effective antiseptic
properties against bacteria and fungi, which is used in pharmaceutical, cosmetic and food industries
[15]. Micelles are formed above a certain surfactant concentration named critical micelle
concentration (CMC). Above the CMC, the surfactants form micelles which favors their practical use as
encapsulation agents [16,17], drug deliver [18,19] or toxic waste removal systems [20].

The adding of additives into associate structure of surfactants will change their physicochemical
characteristics, for instance, the degree of ionization, reaction rates, clouding or phase separation [21—
23]. It is well known that CMC of surfactants depends on the electrolyte presence and temperature
because they affect micellization and surface properties. Electrolytes affect the adsorption of
surfactant monomers at the air-water interface because of the decrease of electrostatic repulsions and
consequently the surface tension [19]. Many works [24-26] show the CMC decreasing of CTAB with
salt addition, particularly Roy et al. [25] proved that CMC decreases from 0.98 mol/m? in pure water
to 0.47 mol/m3 in 10 mol/m?3 NaCl solution, both at 25 °C.

Moreover, ionic surfactants work effectively only above a critical temperature called Krafft
temperature (Ti). The Tk is generally conceived as the melting temperature of a hydrated solid
surfactant [3]. Addition of inorganic electrolytes usually lowers the CMC of surfactants and the surface
activity; however, its effect on Tk is not clear and depends on the ion common presence. Roy et al. [25]
showed that the Ty of CTAB gradually decreases and increases from 24.8 °C in pure water with
increasing the concentration of ClI" and Br’, respectively. This fact shows that the addition of NaCl in
CTAB formulations definitely favors their practical use.

The decrease of CMC and T and the simultaneous increase of stability of formulations is the subject
of active research, since both industries and consumers demand to minimize the amount of surfactant
used in the different formulations for health, economic and environmental reasons [27]. In addition to
electrolytes [28-30], the use of other additives such as alcohols, sugars, or mixed surfactant systems
are also widely investigated due to their possible synergistic behavior that improves their properties
and promotes new applications [31-33].



The present work focuses on the mixed niosomes of the cationic surfactant CTAB and the non-ionic
surfactant Span 80. Mixed niosomes were formed by sonication of 20 mol/m3 Span 80 and 4 mol/m?3
CTAB formulations, which are below the saturation line in the pseudo-phase equilibrium diagram of
solubilization of Span 80 niosomes by CTAB. The mixtures in pure water and NaCl solutions were
analyzed by several techniques to evaluate their aggregation and surface properties compared to
those of the single surfactants. This work may be of considerable interest from practical and
fundamental points of view regarding the formulations of these mixed systems for their possible use
in multiple applications.

2. Materials and methods
2.1. Chemicals

The non-ionic surfactant sorbitan monooleate (C2:H0¢, Span 80, Sigma-Aldrich), the cationic
surfactant cetyltrimethylammonium bromide (CigHs2NBr, CTAB, 98%, Sigma-Aldrich) and sodium
hydroxide (analysis grade, Scharlau) were used as supplied. Ultrapure deionized Milli-Q water
(Millipore, USA), with a conductivity of 0.1 uS/cm, was used for the preparation of all solutions.

2.2. Solubilization experiments of Span 80 niosomes by CTAB

Agueous solutions of single surfactants (Span 80 and CTAB) were prepared 24 h before use, in order
to hydrate and relax the carbonated chains of their molecular structures, weighing the exact amounts
of each surfactant on an analytical balance (Sartorius, accurate to = 0.0001 g), and water addition up
to a final volume of 100 cm?3.

Span 80 niosomes were prepared by direct ultrasonication of 10 cm?® aqueous solutions of Span 80
(5, 10, 15 and 20 mol/m3). The application of ultrasounds was carried out over a 10 min effective time,
with pulses every 55 (5 s on and 5 s off, 60 cycles; 30% amplitude, 500 W), to avoid overheating of the
sample, using a high-intensity ultrasonic processor (Vibra-Cell VCX 500, Sonics & Materials Inc., USA)
equipped with a 3 mm-diameter titanium alloy bicylindrical probe. Subsequently, the samples were
centrifuged (Eppendorf 5804 centrifuge) in 15 cm?® polystyrene centrifuge tubes for 45 min at 9000
rpm, in order to remove traces of metal detached from the probe.

Niosome solubilization experiments were carried out in 20 cm? blisters by contacting 10 cm? of each
niosome suspension (5, 10, 15 and 20 mol/m? of Span 80 in water) with different volumes of 25 or 50
mol/m3 CTAB aqueous solutions. CTAB concentration in samples was between 0-24 mol/m?3. Samples
were maintained in an incubator shaker (Model G25, New Brunswick Scientific Co.) at 150 rpm and 25
°C during predetermined periods of time (24—72 h), after which they were analyzed by the under
mentioned techniques.

2.3. Mixed niosomes formulation

Mixed niosomes of Span 80 (20 mol/m3) and CTAB (4 mol/m3) were formulated by mixing
appropriate volumes of the single surfactant solutions, previously prepared in water or in sodium
chloride aqueous solutions (20, 50 and 80 mol/m? of NaCl), applying ultrasounds for 10 min and
centrifugation, as described above. This formulation was chosen in light of the solubilization results of
niosomes with CTAB, as will be explained below. Furthermore, for comparative purposes, the
formulations of the individual surfactants (Span 80 niosomes or CTAB micelles suspensions) were also
analyzed without salt and in the presence of the same salt concentrations as mentioned above.

2.4. Analytical techniques



Optical density. A total sample volume of 1.2 cm?® was placed in a quartz cuvette (10 x 10 mm) and
its optical density (OD) was measured at a 350 nm wavelength using a double beam UV-vis
spectrophotometer (Hitachi U-2000). Milli-Q water was used as blank. Previously, it was checked that
the optical density at 350 nm wavelength provided a good sensitivity to the turbidity caused by the
presence of niosomes, whose size is much larger than that of the micelles. The same wavelength was
used in previous work on Span 80 niosomes solubilization by SDS [34].

Particle size distribution. The mean hydrodynamic diameter (Z-average) and the polydispersity
index (PDI) of the samples were measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS
apparatus (Malvern Instruments Ltd., UK).

{-Potential. Measurements were conducted with the aforementioned Zetasizer Nano ZS apparatus,
using the Laser Doppler Velocimetry technique. They were performed on the same sample previously
prepared to measure the particle size, but using the appropriate cell equipped with electrodes to allow
the passage of electric current.

Morphological analysis. It was performed by negative staining transmission electron microscopy
(NS-TEM), using a JEOL-2000 EX-Il TEM operating at 160—180 kV, with an image resolution of 1 nm.

The detailed description of the above mentioned techniques can be found in a previous work [34].

Surface tension. It was measured using an optical tensiometer (Attension Theta 200 Basic Model,
Biolin Scientific Ltd.) by the drop shape analysis method at 20 °C. The apparatus is controlled by a
computer equipped with pendant drop shape image analysis software. Each sample was analyzed over
time. The time needed to reach equilibrium was between 5 and 30 min, depending on the surfactant
concentration in the sample. The instrument was calibrated daily using a 4 mm diameter standard
tungsten ball to adjust camera parameters and checking the surface tension of distilled water (y = 72
mN/m). Dispersions containing CTAB (10 mol/m?3) micelles, Span 80 (20 mol/m?3) niosomes, or mixed
niosomes of Span 80 (20 mol/m?3) and CTAB (4 mol/m?3), in water or sodium chloride solutions were
diluted with the same solvent and maintained in an incubator shaker at 150 rpm and 25 °C for 24 h.
Surface tension measurements were repeated at least twice to check the reproducibility. Surface
tension data vs. time were used for the dynamic analysis of the surface tension in order to verify the
existence of barrier effects to the surfactant adsorption at the interface. Equilibrium surface tension
data vs logarithm of surfactant concentration were used to determine the CMC of each formulation.

Stability measurement. Formulation stability was determined with a Turbiscan Lab Expert
(Formulaction Co., France) by static multiple light scattering (S-MLS). The samples (20 mL) were placed
without dilution in cylindrical glass cells where a near infrared light of 880 nm wavelength passes
through them upward at pre-set time intervals. Backscattered (BS) light was monitored as a function
of sample height in the cell (about 40 mm) at 25 °C every 5 h for 7 days, and later every 24 h for 34
days. BS value depends on the wavelength of the incident light. BS intensity increases with the
concentration and the particle size for particles smaller than the incident wavelength. However, when
the particles are larger than the incident wavelength (> 0.8 um), the BS will decrease as the particle
size increases [35-37].

3. Results and discussion
3.1. Solubilization of Span 80 niosomes by CTAB

Fig. 1 shows optical density (OD) at 350 nm wavelength of samples containing 20 mol/m3 Span 80
niosomes after prefixed contact times (24, 48 and 72 h) with different amount of CTAB (0-24 mol/m3).



Solubilization curves by CTAB of 5, 10 and 15 mol/m3 Span 80 niosomes are available in Fig. S1
(supplementary data). It is observed in all Span 80 formulations (Figs. 1 and S1) that the OD curves
measured at different contact time (24—72 h) are coincident, indicating fast solubilization processes.
In the niosome solubilization curves, the point of maximum OD corresponds to the saturation of the
niosomes with CTAB; however, the minimum OD corresponds to the complete solubilization, where
there is no presence of niosomes. Between the two points both niosomes and mixed micelles, together
with surfactant monomers, coexist in the equilibrium dispersions. Critical saturation and complete
solubilization points of niosomes move towards higher CTAB concentrations as the concentration of
Span 80 increases. The composition of the saturation critical points is confirmed by analysis of the
particle size distribution shown in Figs. 2 and S2. In these figures, it is possible to discern a first zone at
the lower CTAB concentrations, where values of PDI < 0.3 indicate fairly homogeneous population in
particle size, followed by a second zone with PDI > 0.4 indicating heterogeneous population in particle
size due to mixed micelles formation. The boundary line between both zones corresponds to 0, 2, 4,
and 6 mol/m3 of CTAB for the 5, 10, 15, and 20 mol/m? Span 80 formulations, respectively, which are
consistent with the saturation points observed from OD data.

The points of saturation and total micellization are depicted in the pseudo-phase equilibrium
diagram shown in Fig. 3. The union of the critical points of saturation and solubilization follows straight
lines, according to the behavior observed in the bibliography [34,38,39]. These lines separate zones
with different structures: mixed niosomes in zone below the saturation line, coexistence of niosomes
and micelles in zone between both lines, and mixed micelles above the solubilization line. Some
authors [40,41] have verified the formation of mixed micelles during the adsorption stage.

3.2. Effect of NaCl on aggregation and surface properties

In view of the pseudo-phase diagram shown in Fig. 3, the formulation of Span 80 (20 mol/m?3) and
CTAB (4 mol/m?3), just below the saturation line, was selected for stable mixed niosomes formation and
to determine their aggregation and surface properties. The presence of different NaCl concentrations
in the formulations was also studied due to its great interest in several food and biotechnological
applications.

Figs. 4, 5, and 6 depict the surface tension curves of individual and mixed surfactants (in a 4/20
molar ratio of CTAB/Span 80), respectively. The surface tension curves were used to calculate the
points of inflection which correspond to the critical micelle concentration (CMC) and the surface
tension at the CMC (ycmc).

Additional parameters were studied to evaluate the effect of NaCl on formulations. The surface
tension reduction effectiveness (mcmc), the adsorption efficiency (pCao), the maximum surface excess
concentration in the air-water interface (I'max), the minimum area per molecule in the adsorption layer
(Amin), the standard Gibbs free energy change of micellization (AG%,), and the standard Gibbs free
energy change of adsorption (AG%qs) were calculated using the following equations [41-43]:

Tieme = Yo — Yemc (1)
pCyro = (Meme — 20)/2.303nRT [y, — log CMC 2)
Lnax = —(1/(2.303nRT))(dy/dlogC) (3)



Amin = 1020/NArmax (4)
AGOm == (2 - a)RTlnxCMC (5)
AGoads = AGom - (T[CMC/Fmax) (6)

where 7o is the surface tension of water (72 mN/m), R = 8.314 N m/(mol K) is the ideal gas constant,
Na = 6.023 10?2 molecules/mol is the Avogadro’s constant, T = 298.15 K is the temperature, xcumc is the
mole fraction of the surfactant at the CMC (xcuc = CMC/55.55, with CMC expressed in molar
concentration), and 9y/dlogC is the slope below the CMC in the surface tension plots. The parameter
“n” in Egs. 2 and 3 depends on the number of species constituting the adsorption layer, being n = 1 for
non-ionic surfactants, and n = 2 for 1:1 ionic surfactants considering full ionization and absence of
electrolytes; however, in presence of high concentration of electrolytes, n = 1 [44]. In this work, the
following values of n were used: for CTAB in water, the degree of counterion dissociation (o) was taken
equal to 0.26 [45], and n was 2—0.26 = 1.74. For CTAB in presence of NaCl, n = 1. For the mixed system
CTAB/Span 80 (4/20 molar ratio) n was estimated with those values used for the single surfactants
multiplied by their mole fractions in the formulation, thatis: « =0.17 x 0.26 =0.04 and n =0.17 x 1.74
+ 0.83 = 1.12 for the mixed system in pure water, and o = 0 and n = 1 for mixed systems with salt.
Results are shown in Table 1.

The existence of barrier effects to the adsorption at the air-liquid interface was verified by analysis
of the surface tension variation over time. The equilibrium times were comparatively shorter as the
salt content in the formulations increased. Adsorption dynamic curves were analyzed by the Wars-
Torday model based on diffusion controlled adsorption mechanism (Eqg. 7), and particularly by their
analytical solutions at short time (t—0) and long time (t—x) expressed by Egs. 8 and 9, respectively
[45].

D vt
Iy =2 J; |Cot?/? = [ CoaE=T] (7)
Dst
Yoy im0 = Yo = 20RTCy |2 (8)

_ NRT Iy I
y(t) t— o = Yeq + Co 4Dost

(9)

where Yy -0 and Y t« are surface tensions at short time and long time, respectively, Ds and D¢t are
the monomer diffusion and back-diffusion coefficients, yo and yeq are the equilibrium surface tension
of water and the formulation, Cp is the bulk surfactant concentration and Cs and 7in Eq. 7 are the
concentration in the subsurface and a dummy variable of integration, respectively.

Egs. 8 and 9 represent a linear behavior of Y t0 and Y - data as a function of t/2 and t/?,
respectively. Ds and Der were calculated through the gradients of the fitted lines obtained from these
plots by using the following equations:

gradlrrl/z]z

DS:[ZnRTCO (10)



NRT IRy nl/z]z

Def =[ 2 Cograd, (11)

Results of Ds and Def are shown in Table 2. D.¢/D; ratio values close to 1 mean that adsorption of
surfactant monomers at the air-liquid interface is controlled by their diffusion, without the existence
of barrier effects to adsorption. However, values of D¢f lower than Ds mean that diffusion to the air-
liquid interface from an imaginary subsurface very close to the interface, slows down as the interface
becomes more crowded.

3.2.1. Effect of NaCl on CTAB micelles

Data in Table 1 for CTAB in pure water agree with those published in several works [44,46,47]. It is
also observed in Table 1 that the CMC of the CTAB surfactant decreases as the salt concentration
increases, indicating a decrease in the concentration of monomers in solution, which may be due to
the screening between the polar heads of the CTAB monomers produced by the Cl ions, lowering their
stability in solution and promoting micellization. The screening effect that provides the presence of
salt also occurs in the layer adsorbed in the air-liquid interface, which causes an increase in the number
of monomers adsorbed providing a decrease in surface tension. Results are close to those published
by Zhang et al. [44]. It is well-known that the Br ion remains more tightly bound to the polar head of
the surfactant and is less hydrated than the Cl ion, so the former neutralizes the positive charge of the
CTAB head groups more than the latter. Our hypothesis is that in formulations with 20 and 50 mol/m?3
of salt, part of the Br ions remains still associated with the head group attenuating the repulsions
between the polar heads of the monomers adsorbed at the interface, so the presence of salt does not
have the expected effect on the surface tension decrease. In the formulation with 80 mol/m?3 of salt,
practically all the Br ions have been replaced by the Cl ions which are more dissociated, so that the
screening effect provided by the presence of Cl ions is more effective, facilitating the compaction of
the adsorbed layer (increase of I'max and reduction of the Anin) and the decrease in surface tension. As
a result, both effectiveness (remc) and efficiency (pCao) increase significantly in the formulation with
the highest salt content. Negative values of AG’, and AGg; indicate that micellization and adsorption
are spontaneous processes with higher trend to adsorption than micellization, according with CMC/Cy
values higher than one.

Data of D and Ds for CTAB surface adsorption shown in Table 2 are similar to those published by
Zhang et al. [44]. It is observed that De/Ds ratio is lower than 1 in formulations with pure water and 20
and 50 mol/m3 NaCl; however, it is close to 1 in the 80 mol/m3 NaCl formulation. This fact suggests
that the barrier effects to adsorption are fundamentally of electrostatic character as it decreases in
the presence of high salt content.

The NaCl presence affects the CTAB aggregation properties. Fig. 7 shows DLS results of the CTAB
dispersions in pure water and with 20 mol/m?3NacCl, after 24 h from their preparation. The absence of
micelles can be observed in samples with CTAB concentrations lower than CMC, although large pre-
micellar aggregates are observed. Furthermore, in the salt-free formulation (Fig. 7a) a decrease in
micelle size is clearly observed when CTAB concentration increases. In the formulations with 20 mol/m?3
of NaCl (Fig. 7b) micelles are quite larger than in pure water. It is also observed that the increase in
CTAB concentration induces a slight decrease in the size of the micelles and a significant increase in
the intensity of the diffracted light. It should be noted that large particles scatter much more light than
small ones because the intensity of scattering of a particle is proportional to the sixth power of its
diameter. These facts show that in presence of 20 mol/m3 NaCl the increase in CTAB concentration
mainly yields the increase in the number of micelles at the expense of the most unstable pre-micellar
aggregates, which demonstrates that the presence of salt favors micellization. Fig. 7c shows a larger
micelle size with an increasing NaCl concentration due to the increase in its aggregation number. C-
potential of CTAB dispersions (10 mol/m?3 CTAB) in the absence and presence of NaCl, measured after
24 h from their preparation, were 55, 39, 28 and 18 mV, which shows the increasing instability of these



dispersions by increasing the salt content. Backscattered light (BS) of these formulations throughout
32 days are depicted in Fig. S3. They show BS fluctuations in all formulations that indicate lack of
homogeneity. The same samples were then analyzed by DLS and C-potential. The average sizes were
between 225 and 420 nm with very high PDI values (between 0.5 and 0.7), which indicates a high
polydispersion in sizes for all formulations after 32 days from their preparation. {-potential of these
dispersions was between 4 and 5 mV, confirming their loss of stability over time.

3.2.2. Effect of NaCl on 20 mol/m? Span 80 niosomes

A decrease in CMC and ycwmc for the Span 80 surfactant was observed in Table 1 with increasing NaCl
concentration. This behavior leads to increasing values of effectiveness (ricmc) and efficiency (pCao),
whereas increasing I'max and decreasing Amin values are also observed in Table 1 as the salt
concentration increases, according to the decrease of ycmc. The values of AG®, and AG%qs are very
close, indicating that micellization and surface adsorption are spontaneous processes with a similar
tendency, regardless of salt concentration, in coherence with the values just higher than the unit of
the CMC/Cy ratios.

Ds values shown in Table 2 are one order of magnitude less than D¢ ones, both in the presence and
absence of salt, leading De/Ds ratios lower than 10 in all cases. These results reveal the absence of
barrier effects to the adsorption at the air-liquid interface, being diffusion the mechanism that controls
the interfacial adsorption. However, the fact that Des > Ds indicates the existence of unstable aggregates
in the region near the interface (subsurface) that release monomers, which increasing the driving force
for the diffusion of the monomers towards the interface.

Table 3 shows the mean values of the particle diameter, PDI and (-potential of the different
formulations of Span 80 surfactant after 32 days from their preparation. In the formulations without
salt and with 20 mol/m? of NaCl, low PDI and high {-potential absolute values indicate that dispersions,
formed by negatively charged niosomes with a size around 200 nm, are stable. Formulations with a
high NaCl concentration contain much larger particles (> 0.8 um) and much more unstable. It must be
pointed out that although Span 80 is a non-ionic surfactant, Span 80 niosomes have negative charge
(C-potential = —42 mV) due to the tendency of hydroxyl groups to adsorb on their surface. Na* ion has
high hydration capacity, so its presence in the formulation medium increases hydrophobic interactions
and decreases CMC. The Na* ions have a stabilizing effect of the niosomal bilayer at low concentration,
reducing the volume of the aggregates. However, the presence of a large amount of Na* ions in the
formulations with 50 and 80 mol/m3? of NaCl causes a strong screening effect that weakens the
electrostatic repulsions between negatively charged niosomes, thus increasing their instability in
suspension and facilitating the formation of large aggregates.

DLS curves of Span 80 suspensions (20 mol/m3) without and with NaCl after 7 days from their
preparation are depicted comparatively in Fig. 8. The presence of 200-300 nm diameter niosomes in
the formulations without and with 20 mol/m? of NaCl is observed. The formulation of Span 80
surfactant with 50 mol/m3 NaCl shows particles around 800 nm in size that can be produced by
association of niosomes in a medium strongly screened by the presence of salt. In the formulation with
80 mol/m3 of NaCl, the particles show an average size of 300 nm, which indicates much smaller
aggregates than those shown in Table 3 for this same formulation. The explanation for this result is
probably due to the fact that these aggregates have been formed by the association of Span 80 micelles
from the previously breaking of the niosomes in the presence of 80 mol/m? of NaCl. This hypothesis is
based on the S-MLS results shown in Fig. 9, as discussed below.



Fig. 9 depicts BS results of Span 80 formulations recorded for 7 days (Figs. 9al, 9b1, 9c1 and 9d1)
and 32 days (Figs. 9a2, 9b2, 9¢2 and 9d2) immediately after their preparation. It is observed that the
dispersion without salt is stable for 32 days, with a slight decrease in the height of the foam at the top
of the cell. The presence of 20 mol/m?3 of NaCl hardly affects BS profiles during the first 7 days (Fig.
9b1); however, for longer times an increase in BS from 20% to 27% is observed (Fig. 9b2) which may
be due to the increase in the number of particles in suspension. In formulations with 50 and 80 mol/m?3
of NaCl, the BS decreases from 13% to 5% (Fig. 9c2) and from 13% to 11% (Fig. 9d2), respectively, after
32 days from the sample preparation. As stated before, BS is related to the concentration and size of
the particles. The BS increases with increasing particle concentration and the size of the aggregates, if
they are smaller than the wavelength of the incident light (A = 0.8 um). However, the BS decreases
when the size of the aggregates is greater than the mentioned wavelength. Therefore, the decrease in
BS indicates the presence of large particles (> 0.8 um), together with a smaller amount of particles in
suspension. This fact is significant in Fig. 9d2 where accumulation of particles at the bottom of the cell
is observed. The small number of particles in the suspension justifies the slight decrease of BS observed
in Fig. 9d2 compared to Fig. 9c2. The instability of these formulations is due to the presence of a large
guantity of Na* ions that screen the electrostatic repulsions between negatively charged niosomes,
making them unstable in solution. Figs. 9c1 and 9d1 correspond to the BS profiles recorded during the
first 7 days. They show the BS decrease (from 12 to 5%) and the increase (from 4 to 15%) in the
formulations with 50 and 80 mol/m3? of NaCl, respectively. This behavior indicates, as already
mentioned, the presence of particles larger than 0.8 um in the formulation with 50 mol/m?3 of salt.
However, the BS increase in Fig. 9d1 indicates the breaking of the niosomes and the proliferation of
large number of small Span 80 micelles which, in turn, are unstable and form large aggregates, but
smaller than 0.8 microns (as observed in Fig. 8), significantly increasing the BS to values around 15% in
Fig. 9d1. This phenomenon, shown in Fig. 9d1, is known as "Ostwald ripening” [48,49]. Results shown
in Figs. 9d1 and 9d2 indicate the breakdown of Span 80 niosomes in 80 mol/m?3 NaCl solutions and the
subsequent formation of large aggregates (> 0.8 um, see Table 3) that tend to precipitate.

TEM images confirm previous results. They show that in the absence and presence of 20 mol/m3 of
NaCl (Figs. 10a and 10b), the niosomes remain independent and stable in solution, with sizes around
200 nm, in agreement with DLS measurements shown in Table 3. The small difference in size between
both techniques is due to the fact that in TEM the vesicles adsorbed on the copper grid where the
sample is deposited are reduced in size, resulting in slightly smaller aggregate sizes than by DLS [39].
Fig. 10c shows the rupture of the niosomal bilayer in the presence of 50 mol/m? of NaCl. Fig. 10d shows
large aggregates in the formulation with 80 mol/m3 of NaCl that coming from associations of
condensed phase after niosomes breakup and are coincident in size with those of Table 3. Moreover,
the sample with higher NaCl content is very transparent, indicating the presence of very few particles
in suspension due to precipitation of condensates, which justifies the slight decrease of the BS
observed in Fig. 9d2, as it was abovementioned.

3.2.3. Effect of NaCl on mixed niosomes of Span 80 (20 mol/m?) and CTAB (4 mol/m?)

Table 1 shows that CMC and ycmc of the Span 80 and CTAB mixed niosomes have intermediate
values between those of the pure surfactants. The addition of NaCl hardly changes the CMC value and
nevertheless causes a significant decrease of yemc with respect to the formulation without salt, with
similar values in the three salt formulations tested. They show slight increase in the efficiency, mcmc,
and the maximum surface concentration, I'max, With respect to the salt-free formulation. Accordingly,
a decrease in Amin in the presence of electrolyte is observed. Free energy values indicate that both
adsorption and micellization are spontaneous processes in all formulations tested, with similar values
to those of Span 80 in the absence of CTAB. The CMC/Cyo ratios close to the unit indicates very similar
trends for adsorption and micellization.



The diffusion coefficients, Ds and Def, for these mixed systems are shown in Table 2: they are
practically of the same order of magnitude, which disregards the presence of barrier to adsorption at
the liquid-air interface.

Table 4 reports the values of size, PDI and {-potential of the mixed niosomes after 35 days from
their formation. Positive {-potentials reveal the adsorption of CTAB in the niosomal bilayer. The low
PDI values indicate size homogeneity in all formulations, being lower than those obtained for
formulations of single Span 80. Size increases in the presence of 50 and 80 mol/m3 of electrolyte, in
accordance with TEM images and BS results, as discussed below.

The variation of BS for mixed niosomes in the absence and presence of NaCl is shown in Fig. 11.
Stability in the salt-free formulation (Fig. 11a) and in the presence of 20 mol/m? of NaCl (Fig. 11b) is
observed during the 32 days of testing. The formulation with 50 mol/m?® of NaCl (Fig. 11c) shows slight
increase of BS over time (from 16% to 20%) and decrease of particle number in the top of the sample.
In the formulation with 80 mol/m3 of NaCl (Fig. 11d), the BS increase is even more marked (from 13%
to 20%) and, as in the previous formulation, it is due to the increase in the particle size.

TEM images show spherical mixed niosomes in the salt-free formulation (Fig. 12a), smaller than
those of Span 80 alone and stable in dispersion, with no aggregations, corroborating the BS and DLS
results. In the presence of 20 mol/m? of NaCl (Fig. 12b), the TEM image shows small size particles (120
nm) that remain stable in dispersion. In the formulations with 50 and 80 mol/m? of NaCl (Figs. 12e-
12h) niosome associations of irregular form due to physical bonds between neighboring niosomes are
observed; however, they are stable in dispersion, without presence of precipitates. Unlike the Span 80
formulation alone, the positive charge of the mixed niosomes, as indicated by the {-potential in Table
4, makes them remain stable in the bulk phase.

The aggregation tendency of a mixture of surfactants can be very different from that of pure
surfactants. There are different theories and models that describe molecular interaction. According to
the theory of regular solutions formulated by Holland and Rubingh [50], the nature and strength of the
interaction between two surfactants can be evaluated through the value of the interaction parameter
in the formation of mixed aggregates in an aqueous medium (/"). The molar fraction of component 1
in the mixed aggregate (x1) and 8" can be calculated by solving the following equations:

M
M2, [a1C7)
X In

M2 (1—051)611\”2
(1=t n({ 55

1= (12)
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where C{V’, Cé"’, and C{"é are the CMC of single and mixed surfactants, respectively. In this work, 1 refers
to CTAB, 2 to Span 80, and 12 refers to the 4/20 molar ratio mixture of both surfactants (molar fraction
a; = 0.16). The value of A" can be negative, positive or zero, revealing synergism, antagonism or ideal
mixing, respectively, of the surfactants in the formation of aggregates [31] If the behavior is ideal, the
CMC of the mixture (C{,) can be described by the following expression [51]:

1-a,
M
CZ

1
- M
Cl*Z Cl

+

(14)

In a mixture of surfactants, the mixture of hydrophobic chains can be considered as an ideal process
in which the free energy of the system decreases when the chain of surfactant moves from a
monomeric phase to the aggregates phase. However, interactions between head groups can be
considered non-ideal. The difference between C¥ and C;, is indicative of the non-ideal nature of the
interaction [31,46,52]. The molar fraction in the ideal mixture aggregate can be calculated by the
following relationship:

“1Céw

*
X = —-—
1 alcé"'+(1—a1)cf"

(15)
The activity coefficients (f1 and f,) of the surfactants within the aggregates are related to the
parameter " by the following expressions:

fi = exp[BM(1 — x,)?] (16)
fo = exp[BM (x1)?] (17)

Values of f; and f, different from the unit indicate no ideality of the mixture in the aggregate. The
activity coefficients can be used to calculate the excess free energy of the mixture (AGe) by Eq. 18.
Negative values of AGe reveal that mixed aggregates are more stable than those formed by individual
surfactants. Results are reported in Table 5.

AGEX = RT[xllnfl + (1 - xl)lnfz] (18)

The fulfillment of the following two conditions indicates synergism in the formation of mixed
aggregates: M<0and |BM| > |Ln(CM/C3")| [53]. This is the case for the salt-free and 20 and 50 mol/m?
NaCl formulations. It means that the attractive interactions between the two component molecules
are stronger than the interactions between the same molecules. For these formulations, cfg is less
than Cy, (see Table 1), which means that formation of aggregates occurs at a lower concentration than
the ideal mixing. However, in the formulation with 80 mol/m? of NaCl, B™>0and |BM]| > |Ln(CM/C)|
indicate antagonism, which means that the repulsive forces between the different surfactant
molecules are stronger than the repulsive forces between the same surfactant molecules.
Furthermore, the x; values are greater than the x;” ones in all formulations, except for the 80 mol/m?3
NaCl, indicating that the mixed aggregates are rich in CTAB, compared to the ideal state.

AGey is negative in all the formulations, except in the 80 mol/m? NaCl formulation, and its magnitude
decreases with the salt content. This suggests that the higher the salt concentration, the less stable
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aggregates are formed, which can be explained in terms of electrostatic repulsions between the polar
heads of the surfactants in the bilayer, stronger at higher salt concentration

4, Conclusions

Surface and aggregation properties of individual and mixed systems of the non-ionic surfactant
Span 80 (20 mol/m3) and the cationic surfactant CTAB (4 mol/m3), in salt-free water and in the presence
of NaCl (20, 50 and 80 mol/m3) have been studied in this work. The addition of NaCl favors the
aggregation process of the CTAB surfactant in large but unstable micelles over time, decreasing the
CMC with slight changes in surface tension, except in the presence of 80 mol/m? of salt where the
surface tension is significantly low. Although both the micellization and adsorption processes are
spontaneous, the presence of NaCl reduces the barriers to adsorption and is thermodynamically more
favored than micellization.

Span 80 niosomes are stable in salt-free formulation and in the presence of 20 mol/m3 of NaCl.
Above this salt concentration large aggregates are formed, and in formulations with 80 mol/m3 of NaCl
the breaking of niosomes and the formation of Span 80 precipitate occur.

The mixed niosomes of Span 80 (20 mol/m?3) and CTAB (4 mol/m3) are positively charged structures.
In the absence and presence of low salt concentration (20 mol/m3), the mixed niosomes are spherical,
very stable in the bulk, and smaller in size than those of Span 80 alone. However, for high NaCl
concentrations (50 and 80 mol/m3), mixed niosomes slightly increase in size due to associations
between them, but they remained stable for 32 days in which neither rupture nor formation of
precipitates occur. Synergism between surfactants is observed in salt-free water formulations and with
20 and 50 mol/m?3 of NaCl, in which the formation of aggregates occurs at a concentration lower than
the ideal. For these formulations, the niosomal bilayer is rich in CTAB, compared to the ideal state.
Mixed niosomes formulated in presence of 80 mol/m3 of NaCl are unstable over time, and antagonism
between surfactants was found in this formulation. These results shed light on the possibility of using
CTAB adsorbed on mixed niosomes, taking advantage of its antiseptic and antibacterial properties
highly appreciated by the industry, and solving the limitation imposed by its high Krafft temperature.
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Figure 1. Optical density values of 20 mol/m?3 Span 80 niosomes in water in presence of CTAB.
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Figure 2. Mean hydrodynamic diameter (Z-average) and PDI (data over columns) of 20 mol/m3 Span
80 niosomes in water in presence of CTAB.
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Figure 3. Pseudo-phase equilibrium diagram of CTAB — Span 80 niosomes in water.
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Figure 4. Surface tension vs. logarithmic concentration of CTAB in pure water and NaCl solutions (20,
50 and 80 mol/m?3) at 25 °C.
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Figure 5. Surface tension vs. logarithmic concentration of Span 80 in pure water and NaCl solutions
(20, 50 and 80 mol/m3) at 25 °C.
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Figure 6. Surface tension vs. logarithm of the total concentration of surfactants, for mixed formulations
of Span 80 and CTAB (4/20 CTAB/Span 80 molar ratio) in pure water and NaCl solutions (20, 50 and 80
mol/m?3) at 25 °C.

30 -
(@ 1 —a—CTAB (0.8 mol/ims) | CTAB (molim?)| Size (hm) | Area (%)
] —e—cCTAB (0.92 mol/m?) L5 b0 2
2571 —a—cTaAB (0.97 mol/m?) 2 Q| 32
- ' . 5 2.20 30
1 7 CTAB (1 mol/m3) 10 135 3
=20 | —%—CTAB (15 mol/m?)
S —a— CTAB (2 mol/m?)
215 CTAB (5 molim?)
%)
aC) CTAB (10 mol/m3)
= ]
— 10 ]
/ll
0 : . . -m'_‘ J \\‘ .
0.1 1 10 100 1000 10000

Size (nm)

19



35

(b) ] —=—CTAB (0.1 mol/m3) | CTAB (mol/m?)| Size (nm) Area (%)
30 ] —e—CTAB (0.3 mol/m?) 0.7 6.75 84
] —#+—CTAB (0.5 mol/m?) 08 653 16.0
25 1 ——CTAB (0.7 mol/m?) 115 ggg iig
S ] ——CTAB (0.8 mol/md) i e '
20 1 . 18 32.0
@ 15 j =+—CTAB (1.5 mol/m?) 5.98 48.0
3 1 ——CTAB (2 mol/m?)
= 10 ] CTAB (5 molim?)
] —+—CTAB (10 mol/m?)
5 ]
0 ] M ATATA AN PACKSE
0.1 10000
Size (nm)
20 -
(©) { ——cTAB NaCl (mol/m?) | Size (nm) | Area (%)
18 1 ——CTAB + NaCl (20 mol/im?) 0 135 20
16 { —8—CTAB + NaCl (50 mol/m3) 20 5.98 48.0
14 ] =#—CTAB + NaCl (80 mol/m3) 50 6.13 66.0
< ] 80 9 97.0
< 12
‘2‘ 4
5 10
@ ]
o 8
= ]
- 6
4
2
0 Y
0.1 1 10 100 1000 10000

Size (nm)

Figure 7. DLS results of CTAB dispersions in pure water and in presence of NaCl measured 24 h after
formulation. a) CTAB in pure water. b) CTAB in 20 mol/m3 NaCl solutions. c) Formulations of 10 mol/m3
CTAB in pure water and 20, 50 and 80 mol/m? NaCl solutions. Data in the inserted tables correspond
to the small micelles.
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Figure 8. DLS results of 20 mol/m3 Span 80 niosomes without and with NaCl (20, 50 and 80 mol/m3)
measured 7 days after preparation.
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Figure 9. Evolution of BS profiles over time for 20 mol/m? Span 80 niosomes in pure water (al and a2)
and in 20 (b1 and b2), 50 (c1 and c2) and 80 mol/m?3 (d1 and d2) NaCl solutions, measured for 7 days
(a1, b1, c1 and d1) and 32 days (a2, b2, c2 and d2) after preparation.




Figure 10. TEM images of 20 mol/m3 Span 80 dispersions in pure water (a) and in 20 mol/m?3 (b), 50
mol/m3 (c) and 80 mol/m3 (d) NaCl solutions. Scale bars: 0.2 um (a, b), 0.1 um (c) and 50 nm (d).
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Figure 11. Evolution of BS profiles over time for Span 80 (20 mol/m3) and CTAB (4 mol/m3) mixed
niosomes in pure water (a) and NaCl solutions: (b) 20 mol/m?3, (c) 50 mol/m?3, and (d) 80 mol/m3,
measured for 32 days after preparation.
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Figure 12. TEM images of mixed niosomes of Span 80 (20 mol/m?) and CTAB (4 mol/m3) in pure water
(a, b) and in 20 mol/m3 (c, d), 50 mol/m? (e, f) and 80 mol/m?3 (g, h) NaCl solutions. Scale bars: 1 um (c,
e), 0.5 um (a, g), 50 nm (b, f, h) and 20 nm (d).
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Table 1. Surface activity parameters of CTAB, Span 80 and CTAB + Span 80 (4/20 molar ratio) in the
presence and absence of NaCl at 298 K.

NaCl  CMCx 10® yemcx 10®  7eme x 103 Trmax Amin —AG%  —AG%us
(mol/m3) (mol/dm3) (N/m) (N/m) PCo  CMC/Cao (mol/m?) (A%/molec) (kJ/mol) (kJ/mol)
CTAB
0 0.978 36.19 35.81 2.78 0.59 3.78E-06 43.94 27.14 36.62
20 0.698 36.07 36.20 3.83 4.67 4.17E-06 39.82 27.97 36.59
50 0.496 35.85 35.82 3.90 3.97 4.73E-06 35.12 28.82 36.47
80 0.072 35.56 36.73 4.69 3.53 5.26E-06 31.58 33.59 40.52
Span 80
0 0.392 31.90 40.10 3.46 1.13 6.45E-05 2.97 58.81 59.58.
20 0.391 30.24 41.76 3.51 1.26 6.14E-05 2.70 58.73 59.52
50 0.375 28.48 43.52 3.62 1.54 7.92E-05 2.10 59.04 61.04
80 0.347 27.50 44.50 3.61 1.43 6.36E-05 2.61 59.41 61.02
Span 80 + CTAB
0 0.407 33.51 38.49 3.46 1.18 4.07E-05 4.08 57.45 58.39
20 0.401 28.24 43.76 3.47 1.19 5.57E-05 2.98 58.70 59.49
50 0.395 28.68 43.32 3.48 1.18 5.59E-05 2.97 58.77 59.54
80 0.401 28.58 43.42 3.47 1.18 5.69E-05 2.92 58.69 59.46
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Table 2. Average values of diffusion coefficients Ds and Des calculated by Egs. 10 and 11 for the different
CTAB, Span 80 and CTAB + Span 80 formulations in the absence and presence of salt.

Surfactant (mlila/cnlﬁ) Ds(m2/min)  Def(m?/min)  Det/Ds (mocI/0m3)
CTAB 0 1.10E-11 2.18E-12 0.20 0.5
20 3.65E-11 2.88E-12 0.08 0.5
50 5.20E-11 2.24E-12 0.04 0.5
80 1.28E-11 4.53E-11 3.55 0.5
Span 80 0 2.42E-10 7.48E-10 3.10 0.3
20 2.03E-10 1.05E-09 5.19 0.3
50 4.00E-10 1.47E-09 3.68 0.3
80 7.83E-10 1.27E-09 1.62 0.3
Span 80 + CTAB 0 7.66E-10 1.03E-09 1.35 0.3
20 3.02E-10 1.48E-09 4.89 0.3
50 2.59E-10 1.81E-09 6.98 0.3
80 7.97E-10 2.89E-10 2.76 0.3

Table 3. Results of DLS and {-potential of 20 mol/m? Span 80 niosomes measured 32 days after
preparation.

Formulation Size (nm) PDI C-potential (mV)
Span 80 without NaCl 205 0.289 -41.9
Span 80 with 20 mol/m?3 Nacl 179 0.151 -52.4
Span 80 with 50 mol/m?3 Nacl 803 0.550 -17.2
Span 80 with 80 mol/m? Nacl 1158 0.405 -12.4

Table 4. Size, PDI and {-potential for the different formulations of the mixed niosomes of Span 80 (20
(mol/m3) and CTAB (4 mol/m?3) 32 days after preparation.

Formulation Size (nm) PDI C-potential (mV)
Span 80 + CTAB 90.16 0.276 51.0
Span 80 + CTAB + 20 mol/m3 NaCl 120.6 0.252 74.8
Span 80 +CTAB + 50 mol/m?3 NaCl 224.6 0.293 67.7
Span 80 +CTAB + 80 mol/m? NaCl 211.1 0.262 52.3

Table 5. Physicochemical parameters for Span 80 and CTAB mixed niosomes in pure water and in
presence of NaCl, evaluated from surface tension measurements.
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(mlila/Cnl";) Ln (C{W/Céw) X" (mgll/zmS) X1 M f1 f2 (kJA/?ne:)l)
0 0.921 0.074 0.436 0.46 -6.512  0.150 0.252  -4.010
20 0.403 0.100 0.422 0.46 4890 0223 0371 -2.675
50 -1.492 0.131 0.391 0.44  -3.997 0.285 0.461 -2.441
80 -1.491 0.471 0.203 0.39 2333 2356 1436  1.391
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