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1. INTRODUCTION


Mixture of anionic and cationic surfactants gives a variety of highly swollen lamellar phases, in addition to spotaneous vesicle phases.  Both vesicle and lamellar phases result from the formation of anion-cation surfactant pairs which act as double-tailed zwitterionic surfactants.  Such pseudo-double-tailed surfactants are expected to form bilayers, segregation of the surfactants may lead to a spontaneous curvature.  However, the stability of the spontaneous vesicles against aggregation and the existence of highly swollen lamellar phases suggest that an additional repulsive interaction is operating in addition to conventional double-layer electrostatics.  And, it is not well understood how the polymer is incorporated into the bilayer s of catanionic surfactant mixture, what is the effect of the membrane flexibility on the addition of the polymer, and the effect of anchoring polymer on multi-lamellar vesicle phase. [1-5]

In this paper we describe quaternary lamellar system of cationic, anionic surfactant, water and an amphiphilic polymer. We anchor an amphiphilic polymer on two different catanionic systems having different mechanism of vesicle stabilization. We show that the polymer molecules are fully incorporated into those surfactant bilayers of MLV phase using electron microscopy and small angle x-ray scattering.  However, the bending modulus of surfactant mixture strongly affects the resultant microstructure.  The hydrogel, called L(,g, is created from highly swollen MLV phase made up of the hydrogenated catanionic surfactant mixture, suggesting low membrane elasticity in the catanionic mixture. The low bilayer bending constant was revealed by measuring the vesicle size distribution determined from cryo-TEM.  However, the polymer confinement in catanionic surfactant having relatively high bending modulus does not change any microstructure of the system, showing identical MLV phase.  The experimental results indicate that MLV phase is also stabilized by same mechanism as the unilamellar vesicles.
2. EXPERIMENTAL SECTION

Various mixtures of cationic and anionic single-tailed surfactants that form spontaneous vesicles in dilute aqueous were used in this study. Those two catanionic surfactant mixtures, which is Cetyltrimethylammonium tosylate (CTAT) / sodium dodecylbenzenesulfonate (SDBS) and cetyltrimethylammonium bromide (CTAB) / perflurooctanoic acid (FC7) [6,7], in water self-assemble into a variety of phases.  Partial phase diagrams of two catanionic systems show that unilamellar vesicles form only in the water rich corner of the phase diagrams, and an increase of the total concentration leads to the formation of the liquid crystalline lamellar L( and MLV phase over a wide range of composition [6].  The first surfactant mixture studied consists of a (66/33 by molar ratio) mixture of CTAT/SDBS in deionized water.  The other is a mixture of CTAB/FC7 (1/2 by weight ratio). The amphiphilic polymer we use is a commercially available polyoxyethylene-stearate, a single chain analog of the PEG-lipids.  The hydrophobic stearate group is covalently linked to the end of a relatively short PEG chain containing 100 monomer (molecular weight, MW~5000). All samples were prepared in 13mm diam glass test tubes and carefully cealed.  Samples were prepared by weighing in the appropriate amounts of cationic, anionic surfactants, PEG-surfactant, and water.  Samples were centrifuged to collect all components at the bottom of the tube and then subjected to ~1hour of sonication to break up any clumping.  After mixing with a Vortexer the samples were centrifuged again and left to stand for 1-4weeks before phase determination.
3. RESULTS & DISCUSSION

The stabilizing effect of the polymer on the lamellar phase was observed on the a series of SAXS powder scans corresponding to the peaks of a lamellar structure along a line of increasing polymer weight ratio at constant weight fraction of membrane.  In all scans, one observes a series of (00L) reflections due to the lamellar periodicity, and the lamellar structure is conserved upon the addition of the polymer. The confinement of polymer molecules inside the surfactant membranes causes an increase of the average bilayer thickness.  Also the number of harmonics increases regularly with increasing polymer concentration, indicating that the polymer stabilize the lamellar liquid crystalline phase.  Domain sizes of lamellar regions decreased increasing polymer concentration.

Freeze-fracture electron microscopy images, obtained using the method described in Chiruvolu et al [7], clearly show the microstructural changes induced by the addition of the polymer. The images show a well defined multi-lamellar vesicle (MLV) phase CTAT/SDBS/water system instead of high swollen lamellar phase, and the interlayer distances are in very good agreement with the SAXS-determined values (not shown here).  The MLVs are densely packed and have a large polydispersity.  Addition of a small amount of polymer dramatically changes the microstructure and macroscopic properties.  As the polymer concentration increased, domain sizes of MLV regions decreased, and organized into defects interconnected by additional bilayers.  Confinement of the polymer causes the MLV to be smaller, highly interconnected MLV.  Even higher concentration of polymer further induces the smaller MLV structure.  These interconnections between the spherulite defects give rise to an infinite network.  The phase called L(,g is identical to the new lamellar gel discovered by Warrier et al [8].  These images suggest that the polymer associate even prior to formation of the liquid crystalline defects, as suggested by theory, or that the inclusions may be nucleation sites for the high curvature defects found in the gel phase.  From the FF-TEM and x-ray results, we confirm that the high defect density and decrease in domain size with the polymer concentration lead to high viscosity of the mixed polymer - catanionic system.  More interestingly, it is likely that MLV phase is highly fluctuating arising from low bending rigidity of the membrane.  In other words, the MLV phase is stabilized by the Helfrich undulation repulsion.  Hence, those defects are likely induced by the steric requirements of the wedge-shaped polymer lipid, coupled to thermal fluctuations of the low bending modulus bilayers.

To understand the nature of the interlayer interactions for the MLV phase, we measured the bending modulus of those catanionic surfactant systems by an analysis of the vesicle distribution determined by cryo-TEM.  A thin layer (<200nm) is formed on a holey carbon grid (Lacey substrates, Ted Pella, Redding CA). The samples are equilibrated in a humidity and temperature controlled chamber.  An excess sample was blotted with a piece of filter paper, then plunged into a mixture of liquid ethane and propane cooled by liquid nitrogen.  The frozen sample is then transferred to a Gatan cold stage (Gatan Model 626, Gatan Pleasanton, CA) at ~-170oC, and imaged at 100kV using a JEOL 100CXII TEM.  Bright field phase contrast TEM micrographs were obtained by a low dose procedure using a Gatan CCD camera. For spherical vesicles, R1 = R2 = R, and the curvature energy/area can be written in the simple form:
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 Ro is the radius of the minimum energy vesicle. The distribution of surfactant molecules between vesicles of aggregation number M, which corresponds to the minimum energy radius, Ro (M = 4πR02/Ao, in which Ao is the mean molecular area), relative to vesicles of aggregation number N and radius R is determined by a balance between entropy and curvature energy:
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XM , µM and XN , µM are the mole fraction and chemical potential per molecule of vesicles of size M and N, respectively.  The chemical potential difference is the change in curvature energy per molecule:

  

[image: image3.wmf]  

m

N

-

m

M

(

)

=

4

p

R

2

f

N

=

8

p

K

1

-

R

R

o

æ 

è 

ç 

ö 

ø 

÷ 

N




      (3)

Inserting Eqn. 5 into Eqn. 4 and substituting M = 4πR03/Ao and N = 4πR3/Ao gives the vesicle size distribution as a function of the spontaneous radius of curvature, Ro and the bending constant, K:
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CM and CN are the molar or number concentrations of vesicles of size M and N.  


Cryo-TEM images show uniformly distributed throughout the sample, and no multilamellar vesicles were observed.  A small vesicle was occasionally embedded within a large vesicle. The measured distribution was fit to Eqn. 5 (solid line and points) to determine R0 and K and showed good agreement between the calculated and measured distribution.  Ro  = 60 nm, which is consistent with corresponding light and neutron scattering measurements.  The best fit to Eqn. 5 gives K = 0.7 ± 0.2 kBT.  Therefore, membrane elasticity of the catanionic surfactant mixture is low enough to create gel formation by the addition of the amphiphilic polymer.
We also have anchored the polymer on another catanionic surfactant system CTAB/FC7/water).  In previous work, cryo-TEM determined that the bilayer elastic constant is ~6kbT, indicating that the hydrocarbon - fluorocarbon (CTAB/FC7) bilayers are much stiffer than that of hydrocarbon - hydrocarbon bilayers (CTAT/SDBS), and the vesicles are stabilized by spontaneous curvature.  Suprisingly, however, addition of the polymer on MLV phase does not affect any morphology of the catanionic surfactant (CTAB/FC7). However, MLV are maintained after the polymer are anchored, thus, the polymer does not create gel-like morphology in the high elastic properties. Given the large difference in the membrane bending properties, we believe that the bilayer bending constant strongly affect the morphology of the polymer/catanionic surfactant system.  For the CTAT/SDBS system, it is likely that thermal undulations (Eqn. 1) due to the small values of K stabilize the hydrogenated multi-lamellar vesicles, and lead to the proliferation of interconnected, high curvature defects.  However, the larger bending constant suggests that the CTAB/FC7 multi-lamellar vesicles are stabilized by the large energy costs of deviations from the spontaneous curvature.  Thus, the lateral segregation of large head group polymer-lipids does not overcome the high stiff bilayer in MLV phase. Given the large difference in the membrane bending properties, we believe that the bilayer bending constant strongly affect the morphology of the polymer/catanionic surfactant system.  For the CTAT/SDBS system, it is likely that thermal undulations (Eqn. 1) due to the small values of K stabilize the hydrogenated multi-lamellar vesicles, and lead to the proliferation of interconnected, high curvature defects.  However, the larger bending constant suggests that the CTAB/FC7 multi-lamellar vesicles are stabilized by the large energy costs of deviations from the spontaneous curvature.  Thus, the lateral segregation of large head group polymer-lipids does not overcome the high stiff bilayer in MLV phase.


It is noteworthy that hydrogenated catanionic surfactant mixtures are always not created. Based on our OM, EM textures, morphological change of most catanionic surfactant mixtures having MLV phase was quite similar to that of the CTAT/SDBS system.  In other words, addition of amphiphilic polymer on MLV phase composed of catanionic surfactant mixture dramatically increase viscosity arising from membrane defects interconnected by bilayer sheets.  However, in some short chain catanionic surfactant mixtures, the lamellar structure was not conserved upon the addition of amphiphilic polymer.  In most case, the lamellar phase in catanionic surfactant mixture transformed to micellar phase.  Because the polymer itself has tendency to self-assemble into micell phase, the polymer may competitive to the self-assemble ability of anion-cation surfactatn.  Therefore, if the ability of self-assemble in lamellar structure of catanionic surfactant is weaker than that of the polymer, the mixed polymer / catanionic surfactant system results in a micellar phase, which is different structural behavior from double-tailed zwitterionic surfactants.

Conclusion

In conclusion, we have achieved an experimental realization of an amphiphilic polymer grafted onto the fluid membrane of a MLV phase composed of catanionic surfactant mixture. The comparison with the polymer-free series clearly reveals the polymer specific contribution to the effective repulsion between bilayers.  Addition of a small amount of the polymer stabilizes the formation of MLVs over a wide range composition.  Freeze-fracture EM results unambiguously show that addition of the PEG-lipid to these swollen MLV phases induce interconnected high curvature defects and lead to gelation.  Thermal fluctuations of the membrane generate segregation of the polymer into an appropriate region, which further self-assemble into lamellar defects.  We found that as the polymer concentration increases, the domain sizes of lamellar regions decrease. However, we find that the bending modulus of the catanionic surfactant bilayer strongly affect the morphology of the polymer-catanionic surfactant mixtures: The gelation mostly results from highly fluctuating bilayer, which leads to the proliferation of interconnected, high curvature defects.  Stiff bilayer of MLV phase in CTAB/FC7 does not create gel-like morphology, indicating that the MLV is stabilized by different mechanisms.
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