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Abstract. The effect of shear on
lyotropic lamellar phases is studied by light scattering

and microscopic observations. We found that in a
certain range of shear rate the lamellar phase

organizes itself into spherical multilayer vesicles of well controlled size. The size is shown to vary

as
the inverse of the square root of the shear rate. A simple explanation in terms of

a
balance

between shear stress and elastic forces is given.

Surfactant molecules in solution aggregate very often into two dimensional structures called

membranes. These membranes are often organized in space into a long range ordered structure

named the lamellar phase (lyotropic smectic A) [I]. The larnellar phases
are usually found

at relatively high concentrations in surfactant (20-60 $l) but they may remain stable for very
dilute systems (< 10 $l) [2]. lvhen lainellar phases are dispersed in an excess amount of solvent

they might lead to metastable structures named vesicles. These vesicles are closed spherical
objects which

can
encapsulate

a
certain amount of solvent with one membrane (Small

or Large
Unilamellar Vesicles: SUV

or
LUV) or several membranes (Multilamellar Vesicles: MLV, also

called spherulites). When phospholipids
are used they are

also called liposomes and they have

many very important applications for drug delivery [3] and cosmetology [4]. Sometimes MLV

form spontaneously by dissolving dry phospholipids in water [5]. However, for practical uses,

technological methods have been developed to improve the control of the size, the polydispersity
and the encapsulation ratio (defined

as the volume of solvent inside the vesicles over the total

volume of solvent) [6]. These techniques
are based

on
preparing

a
lamellar phase dispersed

in an excess solvent and shearing this mixture either by extrusion or sonication. We have

observed that, under certain conditions,
a pure lamellar phase in the absence of excess solvent

sheared at a constant rate leads to highly nionodisperse multilamellar vesicles with
a very high

encapsulation ratio (90-95 $l). The size
can be controlled very precisely (better than 10 $l

in radius) by varying the shear rate (typical values for the vesicle diameter: from 0.5 ~m to

10 pm) [7]. The novelty of this method has to be opposed to the classical techniques involving
shearing in an

uncontrolled ~vay a
mixture of lamellar phase with

an excess solvent. In addition
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to the fact that it leads to much better quality particles as a result, it brings
a proper scientific

perspective and enables
us to understand better the basic mechanism involved in the vesicle

formation.

Lamellar phases
can be prepared according to the phase diagram of the particular system

studied. To illustrate this, we will describe a
phase made of ACT and brine (water + sodium

chloride). Depending upon the degree of salinity, the lamellar phase is stable at room temper-
ature from 70 $l to 3 $l of surfactant corresponding to a

repeating distance d of the lamellar

phase ranging from 30 1 to 700 1 [8].
We apply a constant shear rate to this phase by using a home made Couette cell which

permits
a

light scattering observation. The cell consists in two concentric glass cylinders; for

stability reasons the outer cylinder can rotate at a constant velocity while the inner one remains

stationary. Depending upon the cylinder used we can choose the gap between the two cylinders
in the range 0.5 mm to 4 mm.

The shear rate is defined
as

the ratio between the velocity of the

outer cylinder to the gap size. Light scattering observation is made by sending a laser beam

through the cell perpendicularly to the cylinder walls and by observing at small angles on a

screen
situated at some

distance (from 3 to 50 cm) from the cell.

For typical observations, we have used
a

lamellar phase prepared with 17 $l of ACT in 83 $l

of brine (15 g/I of Nacl). This lainellar phase has a d-spacing of around 1501 [8]. Once

placed into the cell and sheared at a constant rate of about I to 400 s~~
one can

observe on

the screen a
ring of scattering. A second ring corresponding to the second order peak is often

observed. As the shear rate is increased, the size of the ring becomes larger indicating smaller

and smaller sizes (see Fig. I). The characteristic time to reach the steady state (ring size

constant) depends
a lot on the system and on the shear rate. Generally, the higher the shear

rate, the faster the steady state is reached. The radius of the ring of scattering indicates that

a characteristic size of the order of
a

few ~m exists in the structure. This size, which is larger
than the repeat distance of the smectic (lamellar) order, corresponds to the diameter of MLV

formed under shear. The polydispersity in size, estimated by the width of the peak, leads to

values that
are

usually better than 10 $l.

a) b) c)

Fig. 1. Ring of scattering observed for AOT/brine sample at different shear rates a) 7 s~~,
b) 20 s~~, c) 50 s~~

After readiing a steady state, we stop the shear suddenly and observe that the ring persists
with the

same
size. This shows that the structure has been quenched. Then, the sample (that
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has now the appearance of
a

homogeneous cream) is removed from the cell and a transparent
cell is filled. If the cell is put into a

laser beam, the
same

ring of scattering is observed,
indicating that the structure was

isotropic and not destroyed by the treatment [9]. The cell

can also be put in
a regular light scattering set-up and the scattered intensity measured

as a

function of the scattering vector: a
peak is observed at the position of the maximum observed

on
the screen. If the cream is observed under

a
phase contrast microscope (lens x100)

a

uniform texture is observed with
a

characteristic length corresponding to the one observed

with light scattering (see Fig. 2a). The structure can be further characterized by dilution of

the cream formed under shear. Indeed, one may add some solvent (brine 13 g/I) to the cream

(around 50 $l in the case of Fig. 2b) and observe this solution under the microscope. We can

clearly notice a dense phase of spherical droplets (see Fig. 2b), these droplets
are

multilayer
vesicles of the same size as that determined by light scattering. The multilayer nature of the

spherulite has been checked by X-ray and neutron scattering. We conclude that the phase that

has been prepared under shear is a very dense phase of spherulites. The multilayer nature of

the spherulites is easily revealed in diluting the initial cream with pure water instead of brine.

In this case, microscopic observations (phase contrast) show that the droplets are swollen due

to the difserence in osmotic pressure (see Fig. 2c).

a) b) C)

Fig. 2. Structure of the cream observed under phase contrast microscope (Norlnarsky, lens 100).
The cross on figure c) corresponds to a length of10 ~m. a) Structure directly transfmred from the
shear cell (Couette) after shearing an AOT sample for 20 mn at 50 s~~. b) Structure after a 50 S~
dilution with

a
brine solution (13 g/I of Nacl). c) Structure obtained by dilution with pure water.

To estimate the encapsulation ratio
we measure the conductivity (x) of the

cream before
dilution and compare it to the conductivity of the brine (xo) We have found an encapsulation
ratio better than 90 $l (x/xo

"
0.065). We can also estimate this encapsulation ratio by

diluting the basic preparation in
a

controlled way and
measure

the volume occupied by the

spherulites by microscopic observation,
we get about the

same result as the conductivity. The

very high value obtained indicates that the spherulites are deformed when packed together,
this is confirmed by neutron scattering observation [9].

By light scattering, we have measured the evolution of the size as a function of shear rate

(see Fig. 3). As clearly shown in figure 3, the typical size decreases
as

the inverse of the square
root of the shear rate.
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Fig. 3. Measurements of the characteristic size (diameter D) of the spherulites obtained with the

AOT/brine sample
as a function of the inverse of the square root of the shear rate (see Eq. (3) in the

text).

Many difserent systems have been studied including nonionic surfactant, ionic surfactant in

brine, direct and inverted (water layers surrounded with surfactant diluted with
an

oil rich

solvent [2]) bilayers and they all exhibit the
same feature which is the appearance of a droplet

structure in some regime of shear rate. In particular, we have applied this method to a
lamellar

phase made of soy lecithin (45 $l), cholesterol (15 To) and water (40 To) and found that we can

make liposomes with controlled sizes between 0.6 and 3 ~m.
The region where the spherulites are formed is bounded by two transitions (instabilities)

toward different states of orientation [10]. At
a

low shear rate (< 0.5 s~~ for the sample
described previously), the lainellar phase is mainly oriented with the velocity in the plane of

the layers and the gradient of the velocity is perpendicular to the layers; however,
a

lot of

defects (probably dislocations) exist. At an interinediate shear rate (from 0.5 to 400 s~~) the

spherulites are formed. At
a

higher shear i-ate (> 400 s~~) we usually find a phase with the

same global orientation as that obtained at a lower shear rate [9] but with
no defect in the

direction of the velocity.

We can
understand the formation and evolution of the spherulites within some very simple

hand-waving arguments. Let us assume
that under shear the preferred orientation is given by

the velocity in the plane of the layer and the gradient of velocity perpendicular to the layers,

as
observed at very low and high shear rates. Within this orientation the gap in which the

]amellar phase is moving is of the order of I mm with
a precision which is of the order of 5/100

mm. The fact that the lainellar phase experiences dilation in the perpendicular direction that

is much larger than the penetration length I ill] (which is of the order of d) leads to the

well known undulation instability [12]. Consequently, the lainellar phase develops defects that

are only slightly anisotropic at a
low shear rate [13]. This is the first state observed that has

already been describe(I in the literature for thermotropic liquid crystal (smectic A) [13]. In this

state, the system flo~vs by moving dislocations [14]. For intermediate shear rates, the sample is

forced to move
faster and the dislocations cannot follow. In this state the system bifurcates to

another orientation and fornis small spheres rolling on each other to allow the flow to proceed.
At

a
higher shear rate the lattice of dislocations corresponding to an undulation unstability is
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so
anisotropic [13] that

no
dislocations are left in the direction of the velocity and the oriented

state is becoming again the most stable
one.

In the intermediate region, we can calculate the characteristic size in balancing two forces:

an
elastic one fey and the viscous force fv;s [15]. The elastic force stored in

a
spherical droplet

with
a

density of membranes per unit length I Id is:

fei
=

4~(2
« + k) Id (1)

where K and it are the mean and Gaussian elastic constant of the membrane, respectively [16].
The viscous force that a droplet experiences in

a
flow is [15]:

fv;s
= n

R~i (2)

with j being the shear rate, q the viscosity of the solution at the relevant frequency (measured
with

a
dynamic viscometer [10]) and R the spherulite size. Balancing (I) and (2) we can

calculate the equilibrium size for the steady state:

R
=

fi(3)
7

the shear rate dependence of equation (3) can be quantitatively checked by measuring the

diameter D
=

2 R
as a

function of the shear rate as
is shown in figure 3. Knowing K

for ACT

(K =
3 kBT) [8] and taking q =

180 cp, d being 150 1,
we can

estimate the value of it from the

slope of figure 3, we
found: k

=
-4 kBT.

In summary, applying a constant shear to a laniellar phase leads in a definite range of

shear rate to an
orientation state composed of very dense spherical particles of controlled size.

This method
can

be used to prepare liposomes in order to encapsulate drugs for medical
or

cosmetical purposes [7] but it can also be used to prepare well controlled colloidal particles.
Indeed, it is possible to polymerize laniellar phases [17] and then stabilize the spherical object.
Starting with

a
lamellar phase in which the solvent or the membrane is doped with other

material (such
as the ferrosmectics [18]), one could imagine preparing colloidal particles loaded

with specific products.
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