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Monodisperse Vesicles Stabilized by Grafted Polymers
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We have anchored an amphiphilic polymer on a fluid surfactant membrane. The polymer stabilizes
the formation of vesicles over a wide composition and temperature range. The vesicles observed by
light and neutron scattering are spontaneously spherical and monodisperse, and one can control their
radius in the range 15—150 nm. They exhibit small shape fluctuations driven by their bending elasticity
which we study quantitatively by dynamic light scattering. The polymer does not much influence the
membrane rigidity in the range of the grafting density investigated but, nevertheless, locks the curvature
of the vesicles. [S0031-9007(97)03033-0]

PACS numbers: 82.70.-y, 61.25.hq, 68.15.+e

One of the most successful ways of stabilizing colloidalco-surfactants [14—16]. For practical reasons (availability
particles against aggregation is to graft polymer chains atf the chemical species in the deuterated form), we have
their surface [1]. In favorable cases, the grafted chainshosen to use as an initial model system a ternary mixture
induce steric interactions between approaching surfacesf sodium dodecyl sulfate [SDS, GKCH,);;OSO;Na],
repulsive enough to prevent their sticking [2]. Recently,an anionic surfactant, octanol, and brine (2% NaCl in wa-
this idea has been applied to soft objects such as vesiclésr by weight), which has recently been studied in detalil
or liposomes, i.e., closed shells of self-assembled lipid bif16]. The amphiphilic polymer we use is a commercially
layers [3], mimicking one of the possible functions of the available polyoxyethylene-stearate, a single chain analog
outer polysaccharide layer of some biological cells. Poly-of the PEG-lipids, known as Myrj 59. The hydrophobic
mers suitable for this purpose are, for example, the sostearate group[(CH,);7CHs] is covalently linked to
called polyethylene glycol (PEG)-lipids with a hydrophilic the end of a relatively short PEG chain containing 100
polyethylene glycol chaif—(CH,CH,0),,—] covalently = monomers (molecular weight, M\& 5000 D). We note
attached to a double chain phospholipid molecule. Théhat there is nothing special about this system since we
resulting “hairy” vesicles, designed for drug delivery, arehave observed similar phenomena by using other surfac-
efficiently protected against attacks by the immune systertants, in particular, a cationic one and other amphiphilic
when injected in the blood [4]. co-polymers. In each case, the addition of co-polymers

Anchoring chains on vesicles may, however, lead tcstabilizes a vesicle phase and leads to monodisperse
more complex phenomena than grafting polymers orvesicles of controlled size. We discuss here this new and
solid undeformable surfaces. The chains may affect thgeneral phenomenon according to the neutron and light
equilibrium structure of the lipid aggregates, their shapescattering experiments that we have performed, including
fluctuations, and elastic properties. These effects hava quantitative observation of the shape fluctuations of
been investigated theoretically [5—9] but not yet experithe vesicles, which, until now, has only been studied
mentally, in contrast to the more documented effects obn nonspontaneous giant phospholipid vesicles by light
the adsorption and confinement of homopolymers by sumicroscopy [3].
factant membranes [10—12]. Numerous studies on “PEG- Myrj 59 is provided by Sigma, all other chemicals
membranes” have focused mainly on the structure of they Aldrich. To avoid the formation of nonequilibrium
bilayers and their interactions [13], and not on the influ-spherulites we dissolve the constituents in pure water
ence of grafted polymers on the formation and stabilitywhere only micelles form. The final sample is then
of vesicles. This influence is actually difficult to track in obtained by adding an equal volume of brine at a salinity
the case of PEG liposomes, because they are formed f 4%. The mixture becomes progressively opalescent.
a rather violent nonequilibrium process of extrusion andAt ambient temperature, the turbidity increases slowly
filtration, and also because their lipid bilayers are almosand saturates after a time, varying between one week (for
undeformable at a length scale of 100 nm, which is thesmall polymer concentration) and 6 months (for higher
size of these objects. polymer concentrations). One way of accelerating this

This is the reason why we have focused our in-process is to heat the samples. For example, sample b,
terest on more flexible surfactant vesicles, formedshown in Fig. 1, heated at 3& for 7 min reaches the
spontaneously at thermal equilibrium, and studied theisame state as the same sample held 4&CX6r 4 months.
interactions with an amphiphilic polymer anchored on thelt thus appears that thermal aging is a way of monitoring
surfactant bilayer. Thermodynamically stable vesicles cathe fusion and growth of the vesicles. If not specified,
be obtained with several mixed systems of surfactants anithe samples are kept at 36 for 10 min and brought
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Myrj/Brine oscillations can be deduced from the form factor of a
vesicle of radiusR: P(g) = 2m(An)? 3 D2q % si®(¢R),
where An is the contrast,% is the surface of the
interface, andD is the thickness of the membrane.
The oscillations are damped by the size and shape
polydispersity. Neglecting for the moment the shape
polydispersity and describing the size distribution of the
vesicles by a normalized Schultz-Flory function [18],

F(R,R,Z) = (ZTZ”)Z+1 F(§il) e~ @+DR/R e deduce, by
adjusting the parameters in the range < 1, the average

\ . Spo g¢ radius of the vesicle® and the polydispersity index,

c
gsicles

icelle:

. related to the standard deviation of the radii distribution
ss Spheruli . of = ﬁ The asymptotic behavior of the scattering
————— intensity at a large scattering vector shows that we always
SDS/Brine Octanol/Brine get unilamellar vesicles and provides information on the
membrane thickness and composition [17].

FIG. 1. Section of the phase diagram of the systtm The most synthetic evidence for the existence of

SDS/octanofMyrj 59 in brine (' = 300 K, NaCl = 2%) at L apia . " ; : :
fixed concentration of SDS (0.5%). At the center, the con-the pecull_ar hairy vesicles forme.d in this St,Udy IS
centrations are (SD®.5% = 5 g/l, octanol 0.5% = 5 ml/{,  Perhaps given by the neutron scattering observation of the

Myrj 0.5% = 5 g/l). The compositions of samples a, b, samples under a contrast condition, where the surfactant
¢, and d are, respectively, a: (0.5, 0.28, 0.3), b: (0.5, 0.4and co-surfactant do not contribute to the scattering.
0.5), c: (0.5, 0.7, 0.8), and d: (0.5, 0.9, 1). The dotted "”eghis condition is achieved by making the samples with

represent zones not investigated or difficult to evaluate, an .
continuous lines represent coexistence with other structure ,erdeuterated SDS and octanol in heavy water. Let us

micelles, or spherulites. Points a, b, ¢, and d are in the puréonsider a sample close to the saturation line (point ¢ in
vesicle zone. Fig. 1). Plottingg®I(g) againstg as shown in Fig. 2, we

recognize, at smal (¢ < 0.4 nm™'), the oscillations of
. the form factor of a shell, which is here only revealed by
back to ambient temperature for at least one day befor ; G
. e grafted polymer. We have to take into account in this
observation. ; !
case the rather large thickneksof the polymer bilayer,

The stabilizing effect of the polymer on the vesicles is_ =~ ~. . .
. .~ which is of the same order of magnitude as the vesicle
clearly observed on the phase diagram of the system in its

water rich part (water volume fraction larger than 97%)average radiu and causes the fast decay of the quantity

2 —1 H
(Fig. 1). Whereas the binary octafi8DS vesicles only 4 I(q) between 0.2 and.4 nm™". Assuming a constant
. . . density profile over the whole width of the polymer
exist for a well-defined co-surfactaisurfactant ratio, . ) X = o
bilayer, we find, by adjustmenk = 22 nm,L = 15 nm,
and are destroyed by small changes of temperature an

composition, ternary vesicles remain stable over a wid ghd Z = 135. As it is known for grafted polymer
P ’ Ay ?ayers [17], the behavior of the scattering intensity at a
range of composition and temperature (betweerfClLO

i —1
and 60°C). large scattering vector (herg¢ > 0.4 nm™ ') cannot be

As already observed [16] the vesicles without polymermterpreted in terms of interfacial concentration profile.

have a very broad size distribution. Neutron scattering
spectra exhibit the characteristic behavior of the intensity

I(g) scattered by a locally flat layer of finite thickneBs *1(q) 008 P T
[17): ¢%1(g) = Io[1 — %] with D = 1.8 nm over the (10®m=)

whole range of scattering vecter investigated. Static ]
and dynamic light scattering spectra do not allow a size 0.06 7

determination and only show that polydisperse objects
with radii larger than 200 nm are present in the samples.
The addition of polymer drastically changes this behavior. 0.03
The simplest observations are made by light scattering
or neutron scattering with nondeuterated constituants in
heavy water. For sufficiently small vesicles of radius

Oocoooooooo
00000 -

R smaller than 50 nm, for which we can record data in 0
the relevanty range with a good resolution, the neutron 0 0.5 1
scattering intensity oscillates strongly aroungl @ decay. g(nm’’)

The data of d!luted ngples are perfectly d_escribed by #1G. 2. Small angle neutron scattering spectrum of polymer
model of noninteracting spherical shells with a narrowin sample c. The continuous line is the fitted form factor of

size distribution. The position and periodicity of the thick polydisperse spherical shells.
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We observe in this range the monomer correlations irable by phase contrast microscopy and called spherulites
the inner structure of the polymer layer. The absoluten Fig. 1.

value of the intensity is consistent in this case with the Since we were able to observe the inner structure of
hypothesis of the total anchoring of the polymer on theour largest vesicles, we attempted to detect their eventual
surfactant membrane. We obtain an area per polymeanternal modes of deformation by dynamic light scattering

chain3, = 14 = 2 nn?. The average distance between[19]. We have reported in Fig. 4 the normalized dynami-

. . . I(q, . .
chams(E},/Z = 3.7 nm) is smaller than the thickness of a cal structure factor% as a function of time for two

polymer monolayer (7.5 nm). The chains are thus slightlyscattering angles corresponding ¢& = 0.8 and gR =
interpenetrated and interact at the surface. The value & The curve recorded at smajiR clearly represents
7.5 nm is of the same order of magnitude as the outethe exponential relaxation due to translational Brownian
radius of a pure polymer micelle, 8 nm, which we havemotion. The second curve afR = 3 is not a pure
measured independently. More qualitatively, we concludexponential, and the relaxation at small times is faster than
that the deformation of the chains and the resultinghe translational relaxation.

chemical potential are of the same order of magnitude in Defining an effective diffusion coefficienD.s by
both situations, as it should be for saturated grafting athe initial slope of Iog% versusg?t, we obtain the

equilibrium. results shown in Fig. 5, plotted in reduced units. The
The size of the vesicles depends strongly on their comdata define again a master curve with a pronounced
position, aging time, and temperature, but the polydispermaximum aroundgR = 3. This is exactly the feature
sity remains small in the whole range of stability of the expected for small shape fluctuations of a spherical shell
vesicle phase, witl ranging between 13 and 20. The ra- driven by bending elasticity which has until now only
dius of the vesicles decreases almost linearly as both polyseen observed in microemulsion systems by neutron
mer and octanol are added to the membrahgdes from  spin echo spectroscopy [20]. By considering only size

70to 18 nm along line a-d of Fig. 1). For a given concenpolydispersity and quadrupolar deformations, we obtain

tration the size increases with aging time and temperaturerom [20]:

This last point is illustrated in Fig. 3, where we report

the static light scattering intensity of six diluted samples§Deff(q) _ kT

of identical composition (sample b) heated at°65for 67

various times between 5 and 120 min. The mean radius X <h " 2[4. () — xjs( )]2 A )

increases from 40 to 114 nm. The data, plotted’d$q) 1 2 AR g 0))

Zﬁiigsint?ﬁerresnlgee. ? iag%b@ge;‘.fa_:_lhci): Stf?swssﬁri?qepgziir wherex =.qR, j, is the spherical(ql?;)()essel fungtiqn of order

lar, that the membrane area and the vesicle polydispersity 7 the viscosity 02f water, and” the static ntensity

(Z = 16) are not changed by the thermal process. Notdormalized to1/24* at largeg. The & coefficient is

that heated for a longer time the vesicles keep on growinglefined as: = R/R;, R, being ;ﬂ% hydrodynamic radius.

but as their size increases at a constant surfactant concerer @ Schultz distribution; = Z57.

tration, their interactions increase and the system builds As seen in Fig. 5 this expression reproduces satisfacto-

multilamellar vesicles of diameter0.5-1 um, observ- rily the experimental results without adjustable parameter,
Z andI(q,0) being given by static experiments (Fig. 3).
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FIG. 3. Static light scattering data for vesicles (sample b
diluted 5 times) of different radius in the representatidii(q) FIG. 4. Typical relaxation functiong(q,)/I(q,0) measured
VS gR: (¢) R = 39 nm, (X) 57 nm, (+) 70 nm, (¢) 80 nm, by light scattering in semilogarithmic representatidm) gR =
(0J) 106 nm, and¢) 114 nm. The continuous line is the fitted 0.8 and(e) gR = 3. The straight lines have the initial slope of
form factor of polydisperse thin spherical shells. the relaxation functions.
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D L e —— we think that it exists in our system. This symmetry
v A i ] 7 breaking has been described in detail for polymer chains
(mus™) PRy vy in the brush regime [5,6]; it may also be at work at the
400 [ w0t ] grafting densities studied here since even isolated chains
. tend to bend a membrane [7]. Finding evidence for this
| asymmetry will, of course, be the challenge for future
L experiments.
200 |- We thank M. Adam, D. Andelman, M. Geoghegan,
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