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Description of course:

Lipid bilayers constitute the membrane that encloses every animal cell and many of its interior
structures, including the nuclear envelope, the organelles and the endoplasmic reticulum. They
possess some of the features of conventional engineering shell structures such as flexural resis-
tance, but they are unusual in that they also possess the properties of two-dimensional curved
fluid sheets. This combination is responsible for a myriad of remarkable mechanical and physical
responses that make lipid bilayers a unique and fascinating topic of study. The basic molecular
mechanism responsible for this range of behavior is the lipid molecule. It is polar, with one end
– the molecular tail - being hydrophobic, and the other – the head group - hydrophilic. The
lipids constitute the two leaves of the bilayer, with the hydrophobic tails juxtaposed in such
a way as to exclude the surrounding aqueous solution. Thus the bilayer is the product of a
self-assembly process driven by a clear physical mechanism.

One of the most important conceptual aspects of the subject is the profound interplay it exhibits
between mechanics and geometry. Thus the field makes essential use of advanced topics in the
differential geometry of surfaces.

The course consists of carefully crafted overviews of the basic theory and its various enhance-
ments and extensions from several points of view, including self-contained surveys of differential
geometry and variational methods that are essential to a proper understanding, overviews on the
foundations of the subject from various perspectives, and further developments encompassing
a range of coupled-field phenomena.

This is a unique course devoted to modern developments in this exceptionally active field of
research, ranging from models based on continuum theory to recent developments based on
statistical mechanics.

Topics:

A general (or rough) outline of the course is as follows:

• Differential geometry of surfaces

• Description of deformation and flow – body fixed (convected) curvilinear coordinates and
surface fixed coordinates

• Survey of liquid crystal theory in 3 dimensions

• Dimension reduction to a 2D surface theory of lipid bilayers

• Elastic and the classical Canham-Helfrich model

• Flow of lipids in the surface – the effect of intra-surface viscosity. Coupling with surface
shape evolution.

• Diffusion of transmembrane proteins as a continuum

• Electromechanical interactions

• Non-standard models: Lipid tilt, thickness effects
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• Irreversible thermodynamics of arbitrarily curved lipid membranes: Coupled effects of
bending, intra-membrane surface flow, intra-membrane phase transitions, diffusion and
chemical reactions on membranes

– Entropy production

– Linear irreversible thermodynamics

– Onsager regression relations

• Basics of equilibrium statistical mechanics

– Ensembles: Microcanonical and Canonical, Boltzmann distribution

• Statistical mechanics of Helfrich Hamiltonian – Capillary fluctuations

• Statistical mechanics of Non-standard models – effects of lipid tilt and thickness

• Phase-transitions of lipid membranes

– Survey of Phase-transitions in lipid bilayers

– Ginzburg-Landau theory of phase-transitions

– First order phase-transitions and critical phenomena

• Basics of non-equilibrium statistical mechanics

– Langevin equation and Fokker Planck equations

– Fluctuation-Dissipation theorem

• Diffusion of transmembrane proteins

– Stokes drag for objects in fluids – extension to 2-dimensions

– Stokes paradox in 2-dimensions and Oseen’s corrections

– Saffmann-Delbruck theory for diffusion of transmembrane proteins – Extension by
Hughes, Pailthorpe and White

– Survey of experiments for diffusion of proteins

– Generalized Langevin Equation for lipid membranes

• Forces between inclusions in lipid membranes
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• Research Papers : We utilize the relevant journal articles in elucidating the concepts.
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