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Abstract

Vesicles are self-assembled spherical aggregates of amphiphilic molecules with rich structural variety. They have attracted increasin
attention due to their possible applications in pharmaceutics and cosmetic fields, but also from a more fundamental point of view. In this work,
we present vesicle formation from mixtures of commercial surfactants. We show how mixing of two non-ionic surfactants can lead to vesicle
formation by adjusting the packing parameter of the mixture. High-frequency viscosity data can be described in terms of an effective hard
sphere system applying the Lionberger—Russel model. Thus, we were able to estimate the hydrodynamic volume of the vesicles and hen
their average size, which agrees well with the structures observed by transmission electron microscopy. Finally, we show that oil-in-watel
emulsions prepared with the adjusted surfactant mixture have two orders of magnitude higher viscosities compared to similar emulsion:
stabilised with an anionic surfactant, demonstrating the significant impact of the vesicles on the rheological and hence creaming behaviour c
emulsions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction employed as templates for chemical reactip®s8]. Fur-
thermore, vesicular structures can also be used as rheology
Amphiphile molecules (e.g. surfactants, block copoly- modifier[9].
mers) can build a large variety of structures in water. Depend-  Vesicles can be formed from different types of amphiphile
ing on the amphiphile-type, on its concentration and on molecules, cationic vesicld40], for instance, are made of
external parameters such as temperature or salinity, theseequimolar mixtures of anionic and cationic surfactants; lipo-
structures vary from spherical or rod-like micelles, lamellaror someg1] are formed from phospholipids, whereas non-ionic
sponge structures to reverse micelles. Knowledge of param-surfactants lead to niosom@4. Diblock copolymers with
eters leading to this wide family of structures is important similar hydrophilic-hydrophobic properties as surfactants
both for industrial applications and from a more fundamental may also form vesicleld 1]. Several kinds of vesicular struc-
point of view. tures have been reported upon in the literature: from ultra-
Discovered in the middle of the 196(4], vesicles small unilamellar vesicles (USUV), multi-lamellar vesicles
retain increasing attention. They consist of one or more (MLV) to giant unilamellar vesicles (GUV). These structures
amphiphile bilayer(s) that surround an aqueous core. Theirdifferin size and number of bilayers forming the shEity. 1).
encapsulation properties lead to a wide range of applica- In this article, we describe vesicle formation from a com-
tions including pharmaceutical scien@3] and cosmetics  mercial surfactant mixture that is used within the cosmetic
[4,5]. Vesicles have also been proposed and successfullyindustry. We show how mixing two surfactants can induce
vesicle formation by adjusting the mixture’s packing param-
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Fig. 1. Different kinds of vesiclefl2]. SUV, USUV, LUV, MLV, and GUV correspond to small unilamellar vesicles, ultra-small unilamellar vesicles, large
unilamellar vesicles, multilamellar vesicles, and giant unilamellar vesicles, respectively.

average vesicle size, which agrees well with results from elec- 150 rpm and subsequently homogenised with a T25 Ultra-
tron microscopy measurements. Turrax at 13000 rpm for 1 min. The samples were cooled to
In order to evaluate the influence of vesicles on the rhe- room temperature under moderate stirring at 150 rpm, and
ological properties of emulsions, we prepared oil-in-water then stored at room temperature.
emulsions stabilised with the adjusted surfactant mixtureand  For the emulsion measurements, 20vol.% paraffin oil
compared these emulsions with emulsions stabilised with (Riedel-de-H&n) with a viscosity of 230 mPas was emul-
an anionic surfactant (sodium dodecyl sulfate, SDS). While sified in water stabilised by a CremopfoA6/Cremophof
the SDS-stabilised emulsions have viscosities that agree wellA25 mixture (7:3) and sodium dodecyl sulfate (SDS, 99%
with the theoretical estimate of emulsions having a 20% vol- ABCR Karlsruhe), respectively.
ume fraction of the dispersed phase, the emulsions containing Transmission electron microscopy (TEM) measurements,
vesicles have a two orders of magnitude higher viscosity, as well as optical microscopy experiments were performed.
demonstrating the significant impact that vesicles can haveFor the investigation of surfactant vesicles in the TEM a
on the viscosity and in turn, e.g. the creaming behaviour of small sample droplet is shock frozen in liquid ethane at
an emulsion. —183°C and freeze-fractured in an evaporation chamber.
Freeze-etching by ice sublimation at elevated temperature
(—120°C) results in a topographical presentation of the vesi-
cle phase at the fractured surface. This topography is repli-
cated by oblique evaporation of a thin Pt/C layer, which now
Several samples with various concentrations of surfactantcontains the morphological information of the vesicle. At

2. Materials and methods

were prepared with the following chemicals: Cremofhor
A6 and CremophSt A25 are non-ionic BASF surfac-
tants. Cremoph&t A6 is a mixture containing 75% of a
poly(ethylene oxide) alkyl ether (€ with i=16-18 and
(j))=6) and 25% stearyl alcohol. CremopfloA25 is a
poly(ethylene oxide) alkyl ether with longer ethylene oxide
chain length (¢E; with i = 16-18 andj) = 25). The densities
of CremophoP A6 and Cremophd&t A25 are about 0.9 and
1.02 g/ml (60°C), respectively.

Water and the surfactants were mixed in various com-

positions at 80C under stirring (Heidolph IKA stirrer) at

roomtemperature the replicais cleaned from adhering surfac-
tant material in a chromic—sulfuric acid mixture and imaged
in a transmission electron microscope (freeze-fracture
TEM).

Dynamic viscosity measurements were performed at
23°Cwith arotational viscometer (Physica MCR 300, double
gap concentric cylinder system according to DIN 54453) cov-
ering the shear rate range from 1 to 1008,swith accuracy
better than 5%. Small amplitude oscillatory shear experi-
ments in the kHz range were carried out with a torsional
resonator (titanium cylindefies= 19 and 57 kHz]13]. This
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allows the measurement of the complex shear mod@lus TEM showed that these crystalline aggregates are coex-
(=G’ +iG") and the complex shear viscosity (=1’ +in"), isting with vesicular assemblieBi@). 3). Although vesicular
respectively. structures (of diameters ranging from 0.5 teu®) were

found for all surfactant ratios, decreasing the Cremophor
A6/CremophdP A25 ratio appears to increase the vesicle

3. Results and discussion number Fig. 3).
In the following, we will discuss a possible origin
3.1. Microscopy for the enhanced vesicle formation upon decreasing the
CremophoP A6/CremophoP A25 ratio. In order to aggre-
The weight ratior, of Cremophd? A6/CremophdP A25 gate into vesicular structures, surfactants have to meet certain

was varied corresponding to 10:0, 9:1, 8:2, 7:3, and 6:4, conditions regarding their geometrical structlir4], namely

and the appearance of the resulting molecular structures wag packing parameter smaller, but close to 1 or, in other words,
monitored by optical microscopy and TEMi{js. 2 and R an HLB value around 10.

In a solution of 1wt.% Cremoph8rA6 (i.e. a mixture With respect to its HLB value~10-12), Cremophd&t

of stearyl alcohol and Ceteareth-6), large crystal structuresA6 could be regarded as meeting the conditions necessary
were obtained (with a size-10-100um, Fig. 2a). When for vesicles formation. However, at room temperature the

CremophdP A25 was added to Cremoplfoi6, i.e. upon surfactant is a wax and heating is necessary for dissolving
decreasing the weight ratig the crystallites were found to  the emulsifier. An increased temperature, in turn, causes the
decrease in sizé={g. 2b—e). HLB to decrease, raising the temperature gradually weakens

Fig. 2. Optical microscopy photographs of 1 wt.% Cremof$ha6 (a), and Cremoph8rA6/A25 mixtures £ =9:1 (b);r=8:2 (c);r=7:3 (d);r =6:4 (e)) in
water.
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Fig. 3. TEM pictures of a solution containing 1 wt.% of Cremoha6 (a); al
r=6:4 (e)) in water.

the hydration forces between the hydrophilic moiety of non-
ionic surfactants and water, reducing the water-solubility of
these surfactantd 5]. Consequently, at the temperature of
mixing, 80°C, the HLB might be lower than 10.

In contrast, Cremoph8rA25 is well water soluble, lead-

nd 1wt.% Cremoph8rA6/A25 mixture ¢ =9:1 (b);r=8:2 (c);r=7:3 (d);

ples containing concentrations ranging from 0.25 to 2.5 wt.%
of a Cremophd? A6/A25 mixture with fixed weight ratio
(r=7:3) were investigated.

As shown inFig. 4, the dynamic viscosity of the solutions
shows Newtonian behaviouy {ndependent of the shear rate)

ing to clear and isotropic solutions, which can be understood at low surfactant concentrations and becomes progressively

by the formation of surfactant micelles. The HLB of this
surfactant is higher than those of Cremopha6 (~15-17).
Additionally, the theoretical cloud poifit6] of Cremopha?
A25 lays around 165-16%, hence well beyond the mix-
ing temperature. As CremoplfoA25 keeps a high (even so
slightly reduced) HLB value although at elevated tempera-
tures, the addition of CremopHorA25 might increase the
HLBf of the surfactant mixture to a value that allows for
vesicle formation although at elevated temperatures.

3.2. Viscosity

shear-thinning as the surfactant content increases. Already
at 1 wt.% surfactant concentration, the resulting viscosity is
about 10 times higher than the viscosity of water (0.93 mPas
at 23°C). Assuming a compact micellar structure the viscos-
ity increment due to the surfactant can be estimated according
to Einstein[17]. For 1.5wt.% of surfactant this increment is
expected to be about 4%. This discrepancy with the mea-
sured viscosity clearly indicates, that the surfactant solution
exhibits another structure occupying a much higher hydro-
dynamic volume.

We have also measured the high-frequency viscosity in
dependence on the surfactant concentrattag. 5). For dis-

In order to probe the interactions between the vesicular perse systems high-frequency viscosity data provide accurate
structures, viscosity measurements were performed. Sam-access to the particle volume fractign Assuming spheri-
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Fig. 4. Apparent viscosityy vs. shear ratey of solutions containing
CremophdP A6/A25 (in a weight ratio of 7:3) at 23C.

cal particles with “hard sphere” excluded volume interaction
dispersed homogeneously in a Newtonian fluid, the high-
frequency viscosityy’ is related tap according to the model

of Lionberger and Russ§l2]:

1+ (3/2)p(1+ ¢ — 0.18%2)
1—¢(1+ ¢ —0.18%2)

wheren,, is the limiting value of the high-frequency shear
viscosity (here measured at 57 kHg) the viscosity of the

Moo _

- 1)
I

continuous phase (about 0.93 mPa s, as the viscosity of wateiB =

at 23°C), and¢ is the volume fraction of the disperse phase
(including water entrapped within the vesicles).
We have made use of E{]L) for estimating the volume
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volume fractiongps:

oy = ,3¢s (2)

From the fitinFig. Swe obtain g value of about 21 1, sup-
porting the existence of vesicular structures, in good agree-
ment with the TEM experiments$-(g. 3).

Above 1.25-1.5wt.% CremopHdmixture, some devia-
tions appear between theory and experimefits. ), which
could be either due to a change in vesicle size depending on
surfactant concentration, a distribution of vesicle size or to
the occurrence of another, probably lamellar strucfLigs.

The obtainegB value can now be used to estimate an aver-
age vesicle radius and compare this with the radii observed in
the TEM images. If we assume for simplicity that all vesicles
are unilamellar and have the same size and that all emulsifier
molecules are located within the vesicle shell, tidgrcan
be related to the vesicle radisand shell thicknesk and
estimated as

¢s=n x 4TRL ®3)

wheren is the total number of vesicles. The total vesicle
volume is accordingly given by

¢v = }’l%ﬂ'RS

4)
Introducing Eqgs(3) and(4) into Eq.(2) leads to
3L

The bilayer thickness may be roughly estimated. Its max-
imum value can be estimated by approximately two times

(5)

fraction of the disperse phase. The obtained disperse phaséhe length of a stretched CremopfioA25 (Ceteareth-25)

volume fraction is much larger than the volume fraction of the
surfactant solely; and we can define an expansion fgdtoat
relates the measured volume fractigpwith the surfactant

n'/u
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Fig. 5. High-frequency viscosity (57 kHz) values for solutions containing
CremophdP AB/A25 (in a weight ratio of 7:3) at 23C. The solid line indi-
catesthefitaccording to E({.). We assume that the contribution of crystallite
particles to the viscosity is negligible. Note that in the high-frequency shear

experiment the sample is exposed to a small amplitude shear field, the max-

imum strain is typically on the order of 0.001. Thus, we are probing the
equilibrium structure of the fluid, vesicle deformation can be ruled out.

molecule (17.5nm), hence 35.0 nm. In reality, one has to take
into account that water molecules are bound to the ethylene
oxide chain; however, the order of magnitude should be rep-
resented correctly by this simplified model. This value is only
an upper estimate, since the major part of the bilayer is made
of CremophoP A6 (Ceteareth-6) molecules, the maximum
length of which is 6 nm. Consequently, a length in the order
of 12 nm may be considered as more realistic.

With the g value obtained in the present experiments
and a bilayer thickness of 12nm, we calculate a radius of
756+ 40 nm, which is in good agreement with the observed
radii range of 500—-1000 nm from the TEM images. The rel-
atively good agreement of the data with this simple model
indicates that the assumption of unilamellar vesicles is rea-
sonable, suggesting that the percentage of multilamellar vesi-
cles is, if existing, rather small.

3.3. Effect of vesicles on the viscosity of an emulsion

Structure formation and viscosity of the surfactant play
also an important role for the flow behaviour of complete
emulsion formulations. This is demonstrated for a model
emulsion of 20% paraffin oil-in-water using the Cremoghor
A6/A25 mixture (7:3) as surfactant. As shownrfiy. 6a, the
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H,0 / SDS/ oil
102} —w— 75.8%12.5%/21.7% oil droplet and cannot contribute to the formation of vesicles.
» —o— 73.9%/5.0%/21.1% The emulsion viscosity increases when surfactant concentra-
A 71.9%17.5%120.6% tion is raised to 5%, since then more surfactant is available

—v— T0.0%/10%720.0% for vesicle formation. Further addition of surfactant leads to a

drastic drop of emulsion viscosity. This is due to the change in
dropletsize, as given IRig. 7 [20] The corresponding strong
increase of internal surface traps surfactant molecules, which
can no longer contribute to the vesicle and/or lamellae for-
10" 107 10° mation. Obviously, this effect outweighs the effect of droplet
B size by far, since with decreasing droplet diameter, the vis-
cosity is expected to go up, due to the increase of particle
Fig. 6. (a) Viscosity vs. shear rate in dependence comparing the viscosity interactions and Brownian motion contribution to the viscos-
of the pure surfactant solution with those of an emulsion containing 20% ity. Going from 7.5 to 10% surfactant concentration results in
paraffin oil. The dashed line shows the theoretical value for a suspension with g slight increase in viscosity, showing that again more surfac-
20% disperse phase volume fraction with hard sphere repulsive interaction. 4t s ayajlable for vesicle formation. Finally, the emulsion
(b) Flow curves of an SDS-stabilised emulsion containing 20% paraffin oil . .
for comparison. Independent of the surfactant concentration, the viscosity rheomgy can be understood in terms of mU|tlphase system
is close to the theoretical value. including oil droplets and large surfactant vesicles at least
qualitatively.
emulsion viscosity is clearly much higher than expected for  The thickening effect of the vesicles is essential for the
a homogeneous suspension of particles/droplets with hard-stability of such emulsions against creaming. The emulsion
sphere or even short-range repulsive interaction (dashed linemade up with Cremoph8rdoes not exhibit any creaming
in the Fig. 6a), which can be easily estimated according to within a storage time of weeks or month, while the SDS-

:(/S

the well-known Quemada equati¢iB]: stabilised system creams within hours.
-2
n_ (1 __¢ ) (6)
® Pmax 4. Summary
with ¢max=0.61 and¢=0.2 the emulsion viscosity is
expected to be 2.2 mPas. In this article we have presented vesicle formation from

For comparison, we have prepared similar emulsions sta-commercial surfactant mixtures. We show how changing
bilised with SDS. The viscosity of these emulsions is close the composition of the surfactant mixture enhances vesicle
to this estimated valud~(g. 6b). formation by adjusting the effective HLB of the surfactant

The emulsion viscosity made up with 2.5% of mixture. By applying the Lionberger—Russel model to high-
CremophdP A6/A25 mixture is close to that of the surfactant  frequency viscosity measurements we were able to estimate
solution itself. Obviously, the vesicles and/or the lamellar net- the hydrodynamic volume and the average size of the vesi-
work built up by the surfactant molecules are the dominating cles, whichisin good agreementwith the electron microscopy
contribution to the viscosity of the emulsion. The somewhat data. Our results demonstrate that the high-frequency vis-
lower viscosity of the emulsion is presumably due to the fact cosity data can provide a valuable indication for vesicle
that part of the surfactant is adsorbed to the surface of theformation.
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